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VHCF7 Preface 

On behalf of the German Association for Materials Research and Testing (DVM) we 

would like to welcome all participants to 

VHCF7 

Seventh International Conference on Very High Cycle Fatigue 

July 3 to 5, 2017, Dresden, Germany 

The Seventh International Conference on Very High Cycle Fatigue resumes the successful 

series of previous conferences starting with VHCF1 1998 in Paris (FR) followed by VHCF2 

2001 in Vienna (AT), VHCF3 2004 in Kyoto/Kusatsu (JP), VHCF4 2007 in Ann Arbor (US), VHCF5 

2011 in Berlin (Germany) and VHCF6 2014 in Chengdu (China). 

 

Today the fatigue behavior of materials for number of loading cycles surpassing the classical 

fatigue limit has become a question of major interest. More and more components are 

subjected to load scenarios with numbers of loading cycles up to 108 or even beyond, a 

range which is either called gigacycle or ultrahigh cycle fatigue, but most often is referred to 

as Very High Cycle Fatigue (VHCF). A survey on publications focusing on VHCF on behalf of 

the 6th international conference in 2014 by Wang and Khan revealed that VHCF has the 

highest impact in the domain of fatigue publications. Topics such as damage mechanisms, 

crack initiation and fatigue crack growth behavior are still of major interest as are recent and 

future trends in the experimental techniques related to VHCF studies. While in the past 

research findings were mainly focused on metallic materials, the scope of research has 

meanwhile strongly broadened taking all classes of materials into consideration. In 

particular, the material group of composites has drawn significant attention. Moreover, the 

development of simulation models to predict damage accumulation in the VHCF regime and 

the application of statistical methods to describe VHCF-specific fatigue life variation have 

become a matter of intensive research activities. With an increasing number of 

experimentally obtained as well as simulated VHCF data, the question of reliable fatigue life 

prediction models based on probabilistic models can now be dealt with on a sound basis. 

Several coordinated nation-wide research programs, such as e.g. the German Research 

Foundation funded priority program “Infinite Life” have contributed to an explosive increase 

in new findings and insights into VHCF, justifying high expectations in a lively discussion of 

latest scientific issues as well as application driven matters. 

 

In the tradition of the earlier VHCF conferences, the objective of the conference is to provide 

a worldwide platform for scientific communication, discussion and activities for all those 

interested in both fundamental aspects and practical applications. The conference 

comprises invited plenary lectures by outstanding international scientists, invited talks, 

contributed oral presentations and posters to the scientific topics focusing on  

 practically all metallic material groups (ferrous materials, non-ferrous materials such 

as Al, Mg, Ti, Ni, etc.), 

 composites and advanced materials and materials for micro electro mechanical 

systems (MEMS), 

 latest developments regarding experimental techniques in high frequency testing as 

well as damage detection methods 

 computational simulation models to predict VHCF behavior and 

 statistically based fatigue life prediction models.  
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On behalf of the Scientific Committee and the Conference Organizers we are very glad 

to welcome you in Dresden, the Capital of Saxony. We wish to thank all the authors, 

session chairs, members of the committees and numerous others who gave their 

important contributions to this conference and are looking forward to a successful and 

fruitful scientific exchange. 

 

Dresden, July 2017        Martina Zimmermann 

Hans-Jürgen Christ 
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VHCF7 Welcome Address by the President of DVM 
 
 
On behalf of the German Association for Materials Research and Testing (DVM) I want to 
give all delegates a very warm welcome to 
 

VHCF7 Seventh International Conference on Very High Cycle Fatigue 
 
The VHCF series started in 1998 with VHCF1 in Paris further events took place in 2001 
(VHCF2, Vienna, Austria), 2004 (VHCF3, Kyoto/Kusatsu, Japan), 2007 (VHCF4, Ann Arbor, 
USA), 2011 (VHCF5, Berlin, Germany), 2014 (VHCF6, Chengdu, China) and now 2017 
again in Germany in Dresden. 
 
VHCF7 is hosting over 110 engineers and scientists from 16 nations worldwide, who are 
working in the field of Very High Cycle Fatigue. We are proud to have the opportunity to 
welcoming you all again in Germany and we will do our best that this conference will also be 
well remembered in your global VHCF community. 
 
Especially for the selection and arrangement of all scientific contributions – the essentials of 
the conference - we want to thank the chairpersons of VHCF7, Martina Zimmermann and 
Hans-Jürgen Christ, as well as all the members of the Organizing Committee, the Scientific 
Committee and the International Advisory Committee. 
 
VHCF7 is supported moreover by a range of distinguished national and international 
associations and committees.  
 

DGM Deutsche Gesellschaft für Materialkunde e.V. (DE) 
ESIS European Structural Integrity Society 

FEMS Federation of European Materials Societies 
IGF Gruppo Italiana Frattura (IT) 

ICF International Congress on Fracture 
JSMS The Society of Materials Science (JP) 

SF2M Société Française de Métallurgie et de Matériaux (FR) 
TMS The Minerals, Metals & Materials Society (US) 

WAW Wissenschaftlicher Arbeitskreis e.V. der Universitäts-Professoren der Werkstofftechnik (DE) 
 

Our thanks go to them for promotion and publication of this conference and its topics. 
 
We also highly appreciate the support of Fraunhofer IWS Dresden, IABG Dresden and IMA 
Materialforschung und Anwendungstechnik Dresden. All management aspects have been 
handled by our DVM-Office in Berlin. Sincere thanks to you all for your outstanding work. 
 
On behalf of the DVM board and the whole VHCF7 team I am wishing you all a very 
successful conference with three really inspiring days in Dresden. 

Prof. Dr.-Ing. Hans-Albert Richard, University of Paderborn 
DVM President 
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Tribute 

 

On occasion of VHCF7  Seventh International Conference on Very High Cycle 

Fatigue in Dresden, July 03-05, 2017, DVM German Association for Materials 

Research and Testing  takes pride in arwarding the  

 

 

 

DVM Honorary Membership on  

 

 

Professor J. Wayne Jones  

University of Michigan, Materials Science and 

Engineering, Ann Arbor, MI, US 

 

Since 1987, the DVM Honorary Membership is 

awarded to foreign scientists for outstanding 

achievements concerning the technical and 

scientific cooperation with Germany in the field 

of materials research and testing. The Honrary 

Membership is usually awarded during an 

international DVM conference. 

 

 

 

 

 

 

 

A list of all DVM Honorary Members as well as other laureates of DVM awards 

can be found on the DVM website, www.dvm-berlin.de. 
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Y. Hong , Q. Jiang , C. Sun 
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Surface defects/notches of materials have remarkable influence on the behavior of 
crack initiation and early growth for very-high-cycle fatigue (VHCF). Thus, the 
mechanism of crack initiation and early growth for VHCF induced by surface 
defects/notches is an important topic requiring further research. In this paper, we 
performed fatigue tests with rotary bending method on specimens with different types 
of surface defects/notches for a structural steel, such that to investigate the effects of 
surface defects/notches on the behavior of crack initiation and early growth for VHCF. 
The S-N data show the degradation of fatigue strength due to the existence of surface 
defects/notches, which is described by relevant models. The observations via SEM 
and TEM on the region of crack initiation and early growth demonstrate the detailed 
microstructure morphologies and selected area X-ray diffraction patterns, which reveal 
the micro-mechanism of crack initiation and early growth for VHCF with the effects of 
surface defects/notches. The results are compared with the case without surface 
defects/notches. 
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FROM DEFECTS TO MICROSTRUCTURE NEIGHBORHOODS: A REVIEW OF 

ULTRASONIC FATIGUE STUDIES AT THE UNIVERSITY OF MICHIGAN 
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States 
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Fatigue lifetimes in the very high cycle fatigue (VHCF) regime are controlled by fatigue 
crack initiation and, in some cases, small fatigue crack growth behavior. A fundamental 
aspect of this behavior is that a hierarchy of microstructure features can be identified 
that directly influences fatigue life through their influence on initiation and small fatigue 
crack growth behavior. In many commercial alloys features such as porosity or 
inclusions are critical. In other advanced alloys where such features are minimized 
microstructural variability and the characteristics of specific microstructural 
neighborhoods become the dominant influence on fatigue life. This presentation reviews 
research over the past fifteen years at the University of Michigan that has used 
ultrasonic fatigue methodologies to investigate the influence of microstructure on fatigue 
behavior in the VHCF regime for a wide range of structural alloys. Alloys examined using 
ultrasonic fatigue include cast aluminum alloys, wrought magnesium alloys, titanium 
alloys and nickel base superalloys.  Emphasis will be placed on how the research 
findings from this broad range of alloys can inform alloy design and fatigue life 
prediction. 
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This paper is focused on the problem of crack initiation in two-phase titanium alloy VT3-1 
(similar to Ti-6Al-4V) under different loading types including tension-compression, tension-
tension and torsion. Fatigue tests were performed on this Ti-alloy produced by two different 
techniques: forging and extrusion. All the tests were carried out on ultrasonic fatigue testing 
machine [1] working at 20 kHz in continuous regime with constant amplitude loading. The 
‘run out’ limit for all the fatigue tests was not less than 109 cycles. After the fatigue test all the 
broken specimens were observed by scanning electron microscopy (SEM). 
 
It was found that both (forged and extruded) materials show a permanent decreasing of the 
fatigue strength versus the number of cycles. It was reported as for axial loading [2, 3] as 
well for torsion loads [2, 4, 5]. However, the crack initiation mechanisms are not the same for 
forged and extruded titanium alloy. In the case of axial tests on forged VT3-1 the fatigue 
crack can initiates as from agglomeration of alpha-platelets, as well from individual alpha-
platelet. Moreover, borders of macroscopically large microstructural elements with similarly 
orientated alpha-platelets (‘macro-zones’) have a significant influence on crack initiation 
mechanism in the forged alloy. In the case of extruded VT3-1 the critical feature of 
microstructure is an agglomeration of alpha-platelets. 
 
The study of the mean stress effect on the VHCF behavior of VT3-1 has shown an important 
influence of macroscopically large microstructural element borders on crack initiation 
mechanism. The presence of large microstructural elements reduces the VHCF resistance of 
the forged Ti-alloy. The extruded material does not exhibit ‘macro-zones’ and the mean 
normal stress effect on its fatigue strength can be estimated by using Gerber’s parabola. 
Axial tensile results were compared with ultrasonic torsion results in order to investigate an 
effect of the loading type on the VHCF behavior and crack initiation mechanisms in forged 
and extruded VT3-1. Some similarities in crack initiation and propagation scenarios were 
outlined between tensile and torsion loads. 

4



FATIGUE BEHAVIOR OF TWO-PHASE TITANIUM ALLOY IN VHCF REGIME

A. Nikitin 1,2), A. Shanyavskiy 3), T. Palin-Luc 4)

1) MAI – National Research University, Volokolamskoe, 4, Moscow, Russia
2) ICAD, 2nd Brestskaya, 18/19, Moscow, Russia

3) Aviation Register, Sheremetievo-1, PO Box 54, Chimlovskiy state, Russia
4) Arts et Metiers ParisTech, I2M, CNRS, Esplanade des Arts et Metiers, Talence, 

France

ABSTRACT

This paper is focused on fatigue crack initiation and early growth in two-phase titanium alloy 
VT3-1 (similar to Ti-6Al-4V) under VHCF loads. The material was produced by two different 
processes:  forging  and  extrusion.  Each  kind  of  material  was  investigated  under  three 
different loading types (push-pull, pull-pull and fully reversed torsion). Fracture surfaces of 
the tested specimens were analyzed by scanning electron microscopy (SEM)  for  getting 
information on crack initiation sites and surrounded fracture surface zones. The results of 
such analysis  were  compared with  microstructure  of  the titanium alloy  for  establishing  a 
crack initiation and early crack growth mechanisms. It was found that crack initiation in this 
alloy  is  caused  by  single  or  an  agglomeration  (“cluster”)  of  alpha-platelets.  Under  fully 
reversed tension the fatigue life seems to depend on the geometry of alpha-platelets clusters 
whereas  under  tension  tension  loading  such  dependence  was  not  observed.  However, 
materials with larger alpha-platelets clusters (macro-zones) have a lower VHCF resistance. 
The comparison of tension and torsion VHCF test results show a higher slop of the S-N 
curve  under  torsion  than  under  tension  for  both  forged  and  extruded  titanium  alloys. 
Nonetheless, some similarities in crack initiation and propagation scenarios were outlined 
between tension and torsion loadings.

KEYWORDS

Crack initiation mechanism, Ultrasonic torsion, Titanium alloy, Microstructure

INTRODUCTION

The problem of fatigue resistance in aeronautic industry is very important [1]. Some elements 
of turbojet engine can experience many cyclic loads at high frequency (vibrations) [2]. Acting 
for a long time they could load the material in the gigacycle regime. The problem of VHCF 
resistance of structural aeronautic materials is not a simple task due to complex interaction 
between VHCF strength of  materials  and their  microstructure.  As it  is  well  known,  crack 
initiation  in  gigacycle  regime  is  related  to  the  accumulation  of  micro-plasticity  at 
microstructural defects [3]. The aeronautic titanium alloys are typically assumed as defect 
free materials. Nonetheless, it was experimentally shown that subsurface crack initiation may 
occur in such materials after 108 cycles or more [4]. The crack initiation in this case is related 
to microstructural features of the alloy such as individual alpha-platelets or its agglomeration 
(“clusters”).  The  analysis  of  fracture  surfaces  in  titanium  alloys  has  shows  that  a  more 
common mechanism of subsurface crack initiation is faceted fracture [5].  Regardless that 
many research groups have observed fractured facets in titanium alloys [5-10] a common 
explanation  for  its  formation  is  still  under  discussion.  This  is  also  due  to  the  fact  that 
morphologies of fracture facets are different. Some authors have observed single fractured 
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facet at the crack initiation site [9, 11] while others show multi facets fracture [5]. Sometimes 
the fractured facet exhibits a perfectly smooth fracture plane while sometimes a kind of relief 
can be observed on fractured facet surface [5]. These different features of facet morphology 
lead  to  different  interpretation  of  crack  initiation  mechanisms.  The flat  facet  formation is 
supposed to be due to cleavage or quasi-cleavage fracture of alpha grains that is similar to 
the mechanism observed in HCF regime [12]. The quasi-cleavage fracture is explaining by 
high  strain  incompatibility  between  phases  in  two  phase  titanium  alloys.  The  rough 
morphology of facets is formed due to cyclic slip activity within alpha grains [11, 12]. It is 
important to note that there is no information about the material (i.e. the phase) where both 
smooth and rough facet  formations were found. Therefore a technological  process could 
affect dominant crack initiation mechanisms. In order to study a possible effect of production 
process the material for present tests was obtained by two different procedures: forging and 
extrusion.  Addiction  of  titanium alloy  to fractured surface crack  and strain  incompatibility 
could also lead to unusual fatigue behavior under mean stress [12, 13]. In order to study the 
effect of  mean stress in the VHCF regime, some tests on the VT3-1 titanium alloy were 
performed with two different loading ratios. Moreover, there are just a few results on the 
same titanium alloy subjected to different loading types.  In practice some components of 
turbojet engine, such as blades, could experience different loadings types and R ratios. For 
example  the blade can be subjected to high frequency vibration  superimposed on static 
centrifuge force leading to positive loading ratio. Another possible loading type is torsion due 
to non uniform and not stationary distribution of air pressure on the blade. Therefore, the 
study of loading type and R ratio on fatigue crack initiation and early growth in aeronautic 
titanium alloy is  an important  problem. This  paper  is  focused on the investigation  of  the 
fatigue strength of a two-phase titanium alloy in VHCF regime under different loading types 
and R ratios.

MATERIAL, EXPERIMENTAL PROCEDURE AND RESULTS

Material

The investigated material is the alpha-beta titanium alloy, VT3-1, that is commonly used for 
aeronautic applications in Russia. Its standard chemical composition is presented in Table 1. 
The main alloying elements are aluminum, molybdenum and chromium. 

Table 1: Chemical composition of VT3-1 titanium alloy (%w)

Fe C Si Cr Mo N Al Zr O H
0.2 - 0.7 < 0.1 0.15 - 0.4 0.8 - 2 2 - 3 < 0.05 5.5 - 7 < 0.5 < 0.15 < 0.015

For  this  study,  the  VT3-1  titanium  alloy  was  produced  by  two  different  technological 
processes: forging and extrusion. The forged VT3-1 specimens were machined from a real 
compressor disk of the turbojet engine D30 that is usually installed on Tupolev 154 aircraft. 
The disk was in service on a Tu-154 aircraft for 6,000 flights before VHCF tests. This period 
is a regular lifetime for such elements guaranteed by the company. After the in-service the 
turbine disk was replaced by a new one and subjected to non-destructive analysis for fatigue 
crack detection. No notable degradation of the material (fatigue cracks, localized plasticity or 
defectiveness)  was  detected  after  these  6,000  flights.  The  extruded  titanium  alloy  was 
produced as cylindrical bars with an external diameter of 10 mm. Extruded titanium alloy was 
treaded for having  a needle like microstructure that was similar to the forged VT3-1 alloy. 
The microstructures of both forged and extruded VT3-1 titanium alloys are illustrated in fig. 1. 
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Fig.1: Microstructure of (a) forged and (b) extruded VT3-1 titanium alloys after etching.

The microstructure of these titanium alloys contains elongated alpha-platelets separated by 
very  thin  beta  phase.  These  alpha-platelets  are  bigger  in  forged  titanium  alloy  than  in 
extruded  one.  The  microhardness  of  extruded  VT3-1  is  slightly  higher  than  the 
microhardness of the forged titanium alloy: 373 HV500 and 364 HV500 respectively. 

Test conditions and results

Fatigue tests were performed with an ultrasonic fatigue testing system at 20 kHz in 
laboratory air. Hourglass specimens were used for both tensile and torsion tests, details are 
given  in  [4,  7].  Fatigue  tests  were  either  stopped  automatically  when  the  resonance 
frequency dropped below 19.5 kHz or manually, when the fatigue life becomes greater than 
109 cycles.  The results of the tension fatigue tests under fully revered loading (R=-1) for 
forged and extruded VT3-1 titanium alloys are shown in figure 2.

Fig. 2: Results of VHCF tests under tension (R=-1) for (a) forged and (b) extruded VT3-1 
titanium alloys.

The S-N curve for the forged VT3-1 is characterized by a large scatter of fatigue life, fig.2a. 
Such spread of fatigue data is not uncommon for two-phase titanium alloy and was already 
reported for Ti-6Al-4V alloy [5, 6]. The fatigue strength of the extruded titanium alloy is slightly 
higher than for the forged VT3-1. However when considering the scatter of the fatigue data 
one can say that under fully reversed tension the fatigue strength is the same. Both S-N 
curves have a clear decreasing tendency. The scatter of the fatigue life is higher for forged 
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VT3-1 than for the other alloy. This can achieve three orders of magnitude at certain stress 
levels. Unlike results of push-pull tests, the results of tension tests with positive mean stress 
are quite different for forged and extruded titanium alloys, figure 3.

Fig. 3: Results of pull-pull VHCF tests (R=0.1) for (a) forged and (b) extruded VT3-1 titanium 
alloys.

Under tension (R=0.1), the VHCF strength of the extruded titanium alloy is higher compared 
to the forged one. The resistance of the forged titanium alloy against VHCF with positive 
mean stress is very low and cannot be correctly assessed neither by Gerber, nor Goodman 
models. The slop of the S-N curves is lower under tension with positive mean stress than 
under fully-reversed tension. However, under torsion this conclusion is not valid. Indeed, the 
results of torsion tests in VHCF regime, illustrated in figure 4, show the higher slop of the S-N 
curve between all the obtained results.

Fig.  4:  Results  of  torsion (R=-1) in  VHCF regime for  (a)  forged and (b)  extruded VT3-1 
titanium alloys [7].

In order to compare the results of torsion and tension tests the Von-Mises equivalent stress 
amplitude were calculated. A similar comparison was already donein HCF regime [14]. In the 
case of  HCF result  the Von-Mises equivalent  stresses gave a good agreement  between 
tension and torsion fatigue results.  In the case of VHCF these calculations gives a good 
agreement between tension and torsion data for the forged VT3-1. But for the extruded one 
the Von-Mises equivalent  stress amplitudes in  torsion are always  higher  than that  under 
tension. 
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Fracture surfaces

SEM analysis  of  the  fracture  surfaces on forged and extruded  VT3-1 titanium alloy  has 
shown subsurface crack initiation  for  both kinds of  Ti-alloys.  Moreover, subsurface crack 
initiation  was  observed  for  all  the  studied  loading  types  including  torsion.  Examples  of 
subsurface crack initiations under tension and torsion loadings are shown in figure 5.

Fig 5: Subsurface crack initiations under (a) tension (R=-1) and (b) torsion (R=-1) loadings in 
VHCF regime.

Detailed  analysis  on  crack  initiation  site  has  shown  different  types  of  subsurface  crack 
initiation. In the case of forged titanium alloy both flat and rough fractured facets were found 
under  tension loads.  In  the case of  extruded VT3-1 the crack initiation  is  related to the 
fracture of alpha-phase platelets agglomeration. Therefore there is no evidence of flat facet 
fractures. Similar crack initiation from agglomerations of alpha-grains was observed in forged 
titanium  alloy.  However  the  typical  size  of  alpha-grains  within  these  agglomerations  is 
different for forged and extruded alloys. In the case of extruded VT3-1 the alpha-platelets are 
extremely thin (less than 1 micrometer in width) while in the case of forged alloy the alpha-
grains  within  agglomeration  are  large.  Thin  alpha-platelets  are  also  observed  in  forged 
titanium alloy, but  they mainly  forms large  zones (up to 1 millimeter)  that  are known in 
literature as ‘macro-zones’ [15]. In both cases the crack initiation site is located in the bulk of 
the material.  At the center of  the fatigue crack no inclusion was observed, but a broken 
microstructural element can be seen. In the case of torsion load such microstructural element 
is less recognizable because of fracture surface destruction due to crack lips friction (wear).  
The crack initiation site is surrounded by a zone that is optically darker (red dashed line on 
Fig.5). This zone limits a subsurface stage of fatigue crack propagation. The morphology of 
this zone is smoother than the relief of the next bright zone.

DISCUSSION

The analysis of the S-N curves for the two Ti-alloys under the different loadings has shown a 
permanent decrease of the VHCF strength versus the number of cycles, Fig. 2 – Fig. 4. But 
these slopes are not the same for the different loading types. The higher slopes is under 
torsion.  S-N curves slopes for  the extruded VT3-1 are slightly  lower  than for  the forged 
titanium alloy. The VHCF strength of the extruded alloy is higher than that of the forged one. 
This  can be explained  by its  higher  mechanical  resistance under  monotonic  quasi-static 
loading:  the  ultimate  tensile  strength  (UTS) of  the  extruded  VT3-1 is  1100 MPa against 
980 MPa for the forged one. Forged titanium alloy has a large scatter of fatigue life According 
to [8]  the large scatter  of  fatigue life  is  usually  observed in  Ti-alloys  under  stress levels 
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corresponding to the transition in crack initiation mechanisms from surface to subsurface. In 
the case of VT3-1 titanium alloy the large scatter is observed for subsurface crack initiation 
only. All  the fatigue data beyond 107 cycles, fig.2a, show subsurface crack initiations. The 
analysis of the fracture surfaces has shown that the morphology of subsurface crack initiation 
sites  is  quite  varying.  Behind  fractured  facets  the  crack  initiation  from  alpha-grain 
agglomerations, ‘macro-zone’ borders and primary beta-phase grains were found. The crack 
initiation  is  located  at  different  distances  from  the  specimen  surface  but  there  is  no 
correlation between internal location and fatigue life. Similar result was already reported for 
titanium alloys [9]. However, a correlation between fatigue life and crack initiation mechanism 
in forged VT3-1 can be outlined.  It  was  found that  internal  crack initiation  is  caused by 
different features of microstructure such as agglomerations of coarse alpha-platelets, large 
macro-zones  and  single  facets.  The  crack  initiation  from  macro-zones  borders  and 
agglomerations lead to shorter fatigue life compared to the crack initiation from single facets. 
This result is well correlated with results of [10] where these authors state the fatigue life 
dependence from alpha-grain size. They observed that larger alpha-grain size of titanium 
alloy lead to shorter fatigue life. The  size of agglomerations and macro-zones in forged VT3-
1 is larger than single facet. 

Regarding the difference of UTS it seems surprising that approximatively the same 
VHCF  strength  is  observed  under  fully-reversed  tension.  However,  the  analysis  of  the 
fracture  surfaces  of  extruded  VT3-1  has  shown  strong  heterogeneities  of  microstructure 
(figure 6) that were always observed at the crack initiation site. These heterogeneities are 
agglomerations  of  ultra  thin  alpha-platelets  that  were  formed  within  primary  beta  phase 
grains.  The  presence  of  such  features  in  the  microstructure  of  the  extruded  VT3-1 
significantly decreases the VHCF resistance of this alloy. The microstructure of forged VT3-1 
is represented by different types of alpha-platelets agglomerations from rough alpha-platelets 
grouped in areas about 20 – 50 micrometers to thin alpha-platelets grouped in macro-zones 
of several hundreds of micrometers. The high variability of agglomeration sizes and typology 
lead to large scatter of experimental VHCF results. In the two cases the key parameter is the 
type of alpha-platelets agglomeration.

Fig.  6:  Heterogeneity  of  microstructure  in  extruded  VT3-1 titanium alloy:  (a)  on  fracture 
surface after tension fatigue test in VHCF regime, (b) on micro section after polishing and 
etching.

Under  positive  mean tensile  stress,  the fatigue resistance of  the forged titanium alloy  in 
VHCF regime has an important drop. Similar result of stress ratio effect was also reported for 
forged titanium alloy Ti-6Al-4V under high cycle fatigue (HCF) loading [11]. According to [11] 
the experimental data for forged material were found below the Goodman line for loading 
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ratios from R=0.05 to R=0.7. The study of the fracture surfaces has shown an important role 
of material texture in crack initiation. The drop of fatigue resistance under positive loading 
ratios is explained by cleavage of T-textured alpha grains. The experimental data for VT3-1 
titanium alloy under VHCF loading were also found significantly below the Goodman line for 
R=0.1 while the fatigue results for extruded VT3-1 alloy were found between the Gerber and 
Goodman lines. An important decrease of the VHCF resistance under positive static tensile 
force can be explained by large macro-zones that are typical for forged titanium alloy.  The 
fatigue crack initiation  sites in  this  case were  found at  the macro-zones borders.  These 
borders  are  barriers  for  dislocation  movement  that  lead  to  dislocation  accumulation  and 
consequently play the role of fatigue crack initiation trigger.

The analysis  of  torsion crack fracture surface has shown a significant  destruction  of  the 
pattern due to crack lips wearing. This does not allow us to investigate in details the crack 
initiation  site.  Therefore  it  is  impossible  to  detect  fractured  facets  under  VHCF  torsion. 
Comparison  of  fracture  surfaces  obtained  under  tensile  and  torsion  VHCF loadings  has 
shown some similarities in patterns morphology. In both cases the fatigue crack can nucleate 
at the specimen surface, as well as in the bulk of the material. In the case of subsurface 
crack initiation several fatigue crack propagation zones can be clearly outlined. The crack 
initiation site is surrounded by optically darker area, Fig. 5, that has a very clear border. The 
darker  color  can  be explained  by  smoother  fracture  surface  morphology.  The drastically 
change of color is observed where / when fatigue crack turns from subsurface to surface 
propagation, that is when the environment start to play a role in the crack growth. Typically, 
the  developed  surface  crack  should  have  a  higher  stress  intensity  factor  (SIF)  range. 
Therefore, the fracture surface morphology change is related to change in SIF range, and, 
consequently, in crack growth rate. The same color change was observed for crack under 
tension and torsion. SIF calculation at the transition line (dashed red line in Fig. 5) gives 
more or less the same result for both tensile and torsion fatigue cracks. Thus, based on the 
analysis of tension and torsion fracture surface and SIF calculations at the border transition it 
can be outlined some similarities in crack initiation and propagation scenarios for tension and 
torsion loadings in VHCF regime.

CONCLUSION AND PROSPECTS

The results of VHCF tests on forged and extruded VT3-1 titanium alloy has shown that both 
surface  and  subsurface  crack  initiation  can  be  observed  in  this  alloy  whatever  the 
technological process and loading type (tension or torsion). The subsurface crack initiation in 
this  alpha-beta  titanium alloy  is  related  to  the agglomeration  of  alpha-platelets.  The key 
parameters in  this  case are the size and typology of  these agglomerations.  It  has been 
shown that the agglomeration of ultra thin alpha-platelets in extruded titanium alloy can lead 
to significant decrease of the VHCF resistance under fully-reversed tension. In the case of 
tests with positive tensile mean stress a critical parameter of the microstructure is macro-
zone.  The  fatigue  strength  of  forged  VT3-1  titanium  alloy  under  tension  R=0.1  has  a 
significant drop (compared to the extruded one). The fatigue crack initiates at the macro-
zone borders in such case. The analysis of the fracture surfaces obtained under tension and 
torsion VHCF loadings has shown similarities in their fracture pattern morphology with a clear 
transition from subsurface to surface crack propagation stages. The calculation of the SIF 
range at the transition crack front gives close results. These results show a similarity in crack 
evolution scenarios under tension and torsion loadings in VHCF regime. Other investigations 
should be done under higher R ratio to confirm this conclusion.
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Carbon fiber reinforced polymers (CFRP) are increasingly used for high performance 
applications such as aircraft structures which are often subjected to more than 108 loading 
cycles during their operation time of up to 30 years. To utilize the full mechanical 
performance of CFRP for lightweight applications, the very high cycle fatigue (VHCF) 
behavior has to be well understood. To realize fundamental investigations in the VHCF 
regime in an economic reasonable time period a novel and patented ultrasonic fatigue testing 
system for polymer composites was developed. This unique system enables cyclic three-
point bending at a frequency of 20 kHz and experiments up to 109 loading cycles in only 
twelve days without unacceptable internal heating of the polymer due to alternating pulse 
and pause sequences and the advantages of testing in resonance. The main principle as 
well as the specific VHCF geometry for fatigue testing of composites at 20 kHz will be 
explained. All ultrasonic fatigue experiments were monitored by IR thermography, high 
resolution force measurements as well as displacement control via Laser Doppler 
Vibrometry. The VHCF behavior up to 109 cycles has been studied for two polymer 
composites: a carbon fiber twill 2/2 fabric reinforced polyphenylene sulfide (CF-PPS) and a 
carbon fiber satin fabric reinforced epoxy resin (CF-EP). Lifetime-oriented investigations 
showed a significant decrease of the bearable stress amplitudes of CF-PPS in the range 
between 106 and 109 loading cycles. Based on light optical and scanning electron 
microscopy the fatigue damage mechanisms of CF-PPS in the VHCF regime from first fiber-
matrix debonding up to meta- and finally macro-delaminations were characterized in detail. 
The fatigue damage development in the specimen’s volume was investigated by X-ray 
computed tomography as well as X-ray refraction measurements. The ultrasonically fatigued 
thermoset composites (CF-EP) showed a significantly different VHCF behavior in 
comparison to the investigated thermoplastic composites (CF-PPS): No fiber-matrix 
debonding or transversal cracks were present on the specimen edges, but a sudden 
specimen failure along with carbon fiber breakage have been observed and will be discussed 
during the talk at VHCF 7. 
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ABSTRACT 

The increasing use of carbon fibre reinforced polymers in lightweight structures which are 
subjected to more than 108 loading cycles leads to the demand of a precise knowledge of the 
fatigue behaviour and the corresponding failure mechanisms in the very high cycle fatigue 
range. To realise fundamental investigations in the very high cycle fatigue regime in an 
economic reasonable time, a novel and patented ultrasonic testing facility for polymer 
composites was developed. This unique system enables cyclic three-point bending tests at a 
frequency of 20 kHz and fatigue experiments up to 109 loading cycles in less than twelve days. 
To avoid critical internal heating of the fatigue specimen as well as to ensure suitable fatigue 
testing conditions, the experiments are performed in resonance and in pulse-pause control. 
Furthermore, the fatigue specimens are monitored by IR thermography, high-resolution force 
measurements and displacement control via Laser Doppler vibrometry. In the present work, 
the fatigue behaviour within the very high cycle fatigue range of carbon fibre 4-H satin fabric 
reinforced epoxy resin was characterised by light optical and SEM investigations during 
interruptions of constant amplitude tests. Lifetime-oriented investigations showed a significant 
decrease of the bearable stress amplitudes of the epoxy composite in the range between 107 
and 109 loading cycles. Based on phenomenological investigations, two different characteristic 
fatigue damage mechanisms for the thermoset matrix composite could be determined. 

KEYWORDS 

Carbon fabric reinforced epoxy, cyclic three-point bending, ultrasonic fatigue testing, polymer 
composites, damage evolution, failure mechanisms, VHCF of composites 

INTRODUCTION 

To utilize the full mechanical potential of carbon fibre reinforced polymers (CFRP) for cyclically 
loaded lightweight applications, it is mandatory to understand the fatigue behaviour and the 
occurring failure mechanisms. To reach very high numbers of cycles (> 109) very long test 
periods are necessary by the use of conventional testing systems due to their test frequencies 
in the range of 5 to 150 Hz for composites. Consequently, the very high cycle fatigue (VHCF) 
behaviour of CFRP is insufficiently characterised so far. For instance, a single VHCF 
experiment up to 109 cycles at a testing frequency of 5 Hz would take at least 6.3 years. At 
present, only a few data of the VHCF behaviour of CFRP obtained by long-term experiments 
with testing frequencies in the range of 0.1 to 157 Hz are available [1-4]. To avoid excessively 
long testing periods for fatigue investigations of CFRP, there is great potential of utilising high-
frequency operating testing facilities such as ultrasonic testing facilities (UTF) for metals [5]. 
However, the significant increase of the testing frequency is often discussed as a criterion for 
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exclusion in case of high-frequency fatigue testing due to overcritical heating of the fatigue 
specimen. Nevertheless, first VHCF investigations of composites concerning the fatigue crack 
growth of glass-fibre-aluminium laminates (GLARE) have been carried out up to 108 cycles by 
the use of an ultrasonic resonance device working with a frequency of 21 kHz and a load ratio 
of R = 1 [6]. 
To obtain comprehensive knowledge about the fatigue behaviour as well as the failure 
mechanisms of CFRP in the VHCF regime in an economic reasonable testing period, a novel 
UTF for cyclic three-point bending has been developed at the Institute of Materials Science 
and Engineering (WKK), University of Kaiserslautern. Regarding the concerns of overcritical 
heating, the feasibility of ultrasonic fatigue testing for CFRP was finally achieved by pulse-
pause sequences and resonant-based testing. The UTF works with a testing frequency of 
20 kHz and online monitoring by infrared thermography, high-resolution force measurements 
and displacement control via 1D Laser Doppler vibrometry. Further details of the used UTF 
are given in Ref. [7]. To validate the oscillation behaviour of the fatigue specimens as well as 
the load amplitudes, calibration measurements were performed by a 3D Scanning-Laser-
Vibrometer (3D-SLV).  
The chosen material in this present work is a carbon fibre 4-H satin fabric reinforced epoxy 
resin (CF-EP) with a quasi-isotropic layup. Cyclic bending tests with a constant stress 
amplitude were supplemented by detailed microscopy as well as the change in specimen 
stiffness due to VHCF loading. 

SPECIMEN, MATERIAL AND TESTING PROCEDURE 

Material and specimen design for VHCF testing 

The composite investigated within this work is a commercial carbon fibre 4-H satin fabric 
reinforced epoxy Hexcel M18/1 prepreg, laminated and cured by Airbus Helicopters 
(Ottobrunn, Germany). The chosen epoxy matrix has a glass transition temperature of 
Tg ≈ 196 °C. The used 4-H satin fabric has an area weight of 200 g/m². Selected material 
properties of the aircraft qualified epoxy polymer reinforced by a quasi-isotropic 16 ply layup 
are summarized in Table 1. 
 
Table 1: Selected material properties of CF-EP 
 
Fibre volume content  55 % 

Young's modulus 
in GPa 

E11 40.0 
Mass density in g/m³  1.5 E22 40.8 
Ultimate tensile strength 
in MPa 

11-dir. 448.9 E33 4.5* 
22-dir. 411.5 

Shear modulus 
in GPa 

G12 15.0 
Flexural strength 
in MPa 

11-dir. 670.4 G13 8.5 
22-dir. 667.4 G23 8.2 

Shear strength 
in MPa 

12-dir. 236.4 
Poisson's ratio 

ν12 0.20 
13-dir. 68.8 ν13 0.05* 
23-dir. 69.6 ν23 0.05* 

* Values estimated based on literature [8] and reference material 
 
The material-specific specimen design was determined via modal analysis by fitting the 
frequency of its first bending eigenmode to the final testing frequency (Fig. 1a). The elastic 
constants required for the FEM-simulations using ABAQUS CAE were determined in a 
comprehensive study. Furthermore, the thickness of the CF-EP specimen was pre-set by the 
ply count to 4.1 mm, leaving the fit of the bending eigenmode by adjusting width and length of 
the CFRP specimen. The final dimensions are given in Fig. 1b. 
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Fig. 1: Specimen geometry for the investigated CF-EP: a) Simulation using ABAQUS CAE, b) 
Resulting specimen geometry for VHCF experiments at 20 kHz 

Testing procedure for CFRP at 20 kHz 

All presented fatigue experiments have been carried out using a novel ultrasonic fatigue testing 
facility for cyclic three-point bending. To generate the ultrasonic mechanical oscillation, the 
UTF uses the inverse piezoelectric effect. As the specimen is not a friction-locked part of the 
testing facility, the total load of the specimen consists of a monotonic preload to ensure 
permanent contact between the specimen and the loading device on the one hand as well as 
of a superimposed cyclic oscillation on the other hand. The experiments have been arranged 
in pulse-pause mode to avoid critical internal heating of the CFRP specimens during the 
ultrasonic pulses with a frequency of 20 kHz. The resulting effective test frequency at a pulse-
pause ratio of 1:20 was ~ 1 kHz. Hence, the facility is capable of performing 109 loading cycles 
in about 12 days. Additionally, the specimens have been permanently cooled with dry 
compressed air. The online monitoring of the CFRP specimens was realised by 1D Laser-
Doppler vibrometry, IR-thermography and piezoelectric force sensors. The setup of the 
patented [9] testing system is shown in Fig. 2 [10]. 
 

 
Fig. 2: UTF for cyclic three-point bending of CF-EP at 20 kHz testing frequency [10] 
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The high testing frequency as well as the data acquisition with a recording rate of 500 kHz and 
the online data processing required a robust process control ensured by a real time 
environment and a specifically developed LabVIEW procedure. Further monitoring was 
realised by the power-time function of the ultrasonic generator, the so called dissipated energy, 
the eigenfrequency of the specimen calculated based on the Laser-Doppler vibrometry data 
as well as the thermogram of the infrared camera. These parameters also operate as abort 
criteria for the VHCF experiment for predefined critical values. 

EXPERIMENTAL RESULTS 

Constant amplitude tests 

The fatigue behaviour of CF-EP up to 109 loading cycles has been investigated in cyclic three-
point bending tests at constant load amplitudes and a final testing frequency of 20.26 kHz. To 
characterise the fatigue mechanisms and the damage development microscopically, the 
constant amplitude tests (CAT) were supplemented by interrupted CAT. No significant 
difference in specimen lifetime between interrupted CAT and conventional CAT could be 
detected. The lifetime-oriented results of the fatigue experiments are summarized in Fig. 3. 
The shear stress amplitudes in 13-direction and the corresponding ratio of the maximum cyclic 
shear stress to the monotonic interlaminar shear strength (ILSS) are plotted versus the number 
of cycles to delamination NDel. 
 

  
Fig. 3: VHCF results for constant amplitude loading of CF-EP M18/1 (cyclic 3-point bending) 
 
Load increase tests served to evaluate a suitable load level for the VHCF investigations [11]. 
The overall load was chosen with respect to the chosen composite laminate. The fatigue tests 
of CF-EP were performed at stress amplitudes in the range of 11.5 MPa ≤ τa, 13, EP ≤ 20.5 MPa 
and a corresponding load ratio of 0.05 ≤ Rτ ≤ 0.33. The maximum cyclic displacements were 
in the range of 29 – 52 µm. To guarantee a permanent contact of the specimen to the loading 
device and to obtain an equal stress ratio of τm/τILSS in reference to a previously investigated 
material [10,11] a pre-deflection of each specimen is mandatory. The mean stress was set 
according to the maximum cyclic amplitude to τm, EP = 22.7 MPa with a resulting monotonic 
displacement of 166 µm. Data in the HCF range (N < 107) could not be generated so far as a 
consequence of experimental setup boundaries. 
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The results show an exponential decrease of the bearable shear stress amplitude over the 
number of cycles to delamination, appropriately fitted by a power law, given in Fig. 3. A 95 % 
prediction interval marked by dashed lines depicts a significant variance of the measured data 
of CF-EP caused by the difficulties of defining consistent abort criteria and NDel-criteria, 
respectively. The VHCF behaviour of CF-EP is characterised by two primary modes of 
damage: Damage mode I and II. Therefore, a suitable NDel-criterion was defined either by a 
reconstruction of the monitoring parameters due to insufficient sensitivity of abort values or by 
overcritical heating and microscopic verification of macro-delaminations. Both damage modes 
are accordingly marked in Fig. 3. No fatigue damage was observed at the specimen’s surface 
for the run outs at lowest cyclic amplitudes. In summary, there seems to be no infinite life for 
the investigated material for the applied fatigue loading conditions. Nevertheless, the fatigue 
shear strength for the thermoset CF-EP at 109 cycles could be determined to 
τa, 13, EP = 15.7 MPa corresponding to more than 50 % of the ultimate monotonic shear strength.  

Microscopic analysis of failure mechanisms for VHCF loading 

For the characterisation of the fatigue failure mechanisms as well as the damage progress 
during VHCF loading, light optical and SEM investigations were performed. The investigations 
have been carried out before starting the VHCF experiment, during CAT interruptions, in case 
of specimen failure at NDel or after reaching 109 cycles. The failure mechanisms as well as the 
damage development of the chosen laminate were characterised by different fatigue damage 
modes with either “sudden death” failure in the bottom specimen area or fatigue failure in the 
shear deformation dominated areas, respectively. The fatigue characteristics observed for 
damage mode I are shown in Fig. 4a, corresponding to the marked specimen (*) in Fig. 3, and 
Fig. 4b by means of a light optical overview of the specimen’s edge surface at NDel as well as 
a SEM micrograph of an actual fracture surface.  
 

  
Fig. 4: Microscopic fatigue damage characterisation: a) Sudden fatigue failure of CF-EP – 
damage mode I (*); b) Detail of delamination area (tilted micrograph); c) shear stress 
dominated failure – damage mode II (**) 
 
No progressive fatigue damage was determined for damage mode I, neither during CAT 
interruptions nor by monitoring parameters. Instead, the fatigue behaviour is characterised by 
a sudden specimen failure along with fracture of specimen fragments at specific areas like the 
bottom middle of the specimen. The damage initiation reproducibly occurs in between the 90° 
ply and the 45° ply, see Fig. 4b, corresponding to high local stress gradients as a result of the 
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layup and the applied cyclic three-point bending. Furthermore, the layup of CF-EP induces 
additional stresses due to the free edge effect. For damage mode II, specimen failure in terms 
of macro-delaminations induced by cyclic shear stresses between the loading device and the 
shoulder unit was determined for 25 % of the experiments with finite lifetime, also illustrated 
exemplarily in Fig. 4c by means of the marked specimen (**) in Fig. 3. Damage mode II is 
characterised by intra- and interlaminar cracks in the areas of highest shear stresses at 45° 
within resin-rich regions, 90° and 45° rovings. For low and high cycle fatigue loading the 
corresponding fatigue-induced damage progresses nearly over the entire lifetime for CFRP 
starting from the first cycles. In contrast to the knowledge described in literature, the examined 
damage mode II for CF-EP shows similar states but starting at approx. 80 % of NDel and 
progressing with far superior velocity. No fibre-matrix debonding was present on the 
specimen’s edges. The fatigue damage did develop with micro-/meta-delaminations growing 
to macro-delaminations across several plies with a significant increase in surface temperature 
due to internal friction as well as the loss of specimen stiffness. 
Both damage modes indicate excellent fibre-matrix interface properties due to the broad 
absence of fibre-matrix debonding, which is confirmed by the cohesive fracture surface, see 
Fig. 4b. The sudden specimen failure in case of damage mode I and the fast damage 
progression in case of damage mode II subsequent to the fatigue induced crack initiation are 
indicating brittle material behaviour of the epoxy matrix in case of VHCF loading at ultrasonic 
frequencies. 

Stiffness degradation 

Additionally to microscopy, the stiffness degradation for several specimen has been measured 
ex-situ during the interrupted CATs. The measured residual stiffness values were referred to 
the initial stiffness S0 determined before each VHCF experiment. The normalized specimen 
stiffness S/S0 versus the normalized number of cycles to delamination N/NDel for CF-EP is 
plotted in Fig. 5. 
 

 
Fig. 5: Stiffness degradation vs. lifetime for selected CF-EP specimen under VHCF loading 
 
Each data point represents the mean value out of five measurements. The standard deviation 
is not plotted due to high consistency within the repeated measurements. The data showed 
versatile stiffness degradation for the different damage modes and a run out. While the 
specimen with lowest shear stress amplitude reveals no considerable loss in stiffness, damage 
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mode I is characterised by a slight degradation of about 2 % up to 70 % of NDel and a 
subsequent loss of another 2 – 3 % in the range of 70 % - 80 % of NDel followed by the 
characteristic sudden specimen failure at the end of the lifetime. Damage mode II is 
characterised by an initial stiffness degradation of about 3.5 % up to 65 % of NDel with 
subsequent damage progression in terms of meta delaminations starting at about 80 % of NDel 
and followed by macro delaminations. The initial stiffness degradation is caused by a 
transversal crack in the bottom area of highest tensile stresses. So this kind of crack is not 
significant for damage mode II as it remains stable after reaching the bending induced 
boundary tensile stress value for further crack growth. Additionally, the transversal crack is not 
located in the area of shear stress induced delaminations. 

CONCLUDING REMARKS 

The VHCF behaviour of a carbon fibre 4-H satin fabric reinforced epoxy resin was 
systematically investigated up to 109 loading cycles at a testing frequency of 20 kHz. To 
perform the VHCF experiments in an economically reasonable time period, a ultrasonic fatigue 
testing facility for cyclic three-point bending was developed and used for the investigations. 
Pulse and pause sequences with a ratio of 1:20 as well as permanent specimen monitoring by 
IR thermography ensured the reliability of the used UTF. The effective test frequency of ~1 kHz 
enables fatigue experiments up to 109 cycles in only 12 days. The material specific specimen 
design was determined via modal analysis by fitting the frequency of the first bending mode to 
the testing frequency. 3D scanning laser vibrometry measurements have been carried out in 
preparation of the experiments to confirm the calculated oscillation mode at the working 
frequency of 20 kHz and for analysing the exact tensile and shear strain distribution. Constant 
amplitude tests were performed at low shear stress amplitudes and positive stress ratios up to 
the ultimate number of 109 cycles. The bearable shear stress amplitudes showed an 
exponential decrease over the number of cycles to delamination NDel. No infinite life for the 
investigated epoxy-based composite could be determined under the applied loading 
conditions. Nevertheless, a fatigue shear strength at 109 cycles for CF-EP of τa, 13, EP = 15.7 
MPa was evaluated from lifetime-oriented investigations. The microscopic investigations of the 
CF-EP specimens revealed two different damage modes, characterised by sudden specimen 
failures in representative areas with high local stresses or by shear stress induced macro-
delaminations. The analysis of the change in specimen stiffness during the interrupted VHCF 
tests showed a comprehensive progress with regard to the damage mode. 
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The Center for PRedictive Integrated Structural Materials Science (PRISMS) is a major 
Materials Genome Initiative effort creating a unique scientific framework for accelerated 
predictive materials science and Integrated Computational Materials Engineering (ICME). There 
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integrated multi-scale computational tools for predicting microstructural evolution and 
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repository and virtual collaboration space for curating, archiving and disseminating information 
from experiments and computations.  The third element of the PRISMS framework is set of 
integrated scientific “Use Cases” in which these computational methods are tightly linked with 
advanced experimental methods to demonstrate the ability of the PRISMS framework for 
improving our predictive understanding of magnesium alloys, in particular precipitate evolution 
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Two types of fatigue crack initiation origins in metallic materials after very high cycle fatigue 
have usually been observed. One is that fatigue crack initiation starts at subsurface inclusion 
or defect, another is that fatigue crack initiation starts at subsurface matrix. This paper 
provides an analysis on the fatigue crack initiation mechanisms in a nickel base alloy and 
some steels using micro plasticity and material mechanics. The fatigue behaviors from 
damage to crack initiation for these two cases were studied. For fatigue crack initiation at 
subsurface inclusion, the stress concentration can cause cyclic plastic deformation near the 
inclusion and lead to the following two consequences: intrusion and extrusion at the internal 
free surface near the inclusion and the grain fragmentation. The former can lead to damage 
and eventually crack initiation; the later can cause the formation fine grained area. High 
plastic strain localization and cyclic plastic deformation will lead to dislocation annihilation 
and formation of vacancies or nano pores at the dislocation subcell boundary, which is early 
stage of fatigue crack initiation. For fatigue crack initiation at subsurface matrix, the results 
show that cyclic plastic deformation can occur very locally even with an applied stress that is 
much lower than the yield strength. Local impingement and interaction between slip bands 
and grain or twin boundaries can lead to the fatigue damage. The crystallographic properties, 
Schmid factors and orientations of grain and boundaries play very important roles to the 
fatigue damage. Subsurface fatigue crack initiation in the matrix is one of very high cycle 
fatigue mechanisms. 
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ABSTRACT  

In high-strength steel, inclusion-initiated fracture is known to occur in very high-cycle 
fatigue (VHCF) region; however, the fracture behavior under cyclic shear stress has 
not been elucidated yet. In this study, ultrasonic torsional fatigue test and ultrasonic 
axial fatigue test were performed on a high caribon chromium steel to compare the 
fracture behaviors. The influence of load type on VHCF characteristics was also 
examined. Both the torsional and axial fatigue tests resulted in fracture originated 
from inclusions, and an optically dark area (ODA) was observed in the vicinity of 
each fracture origin; however, no difference in load type was recognized in the 
relationship between the ⊿K value, obtained from the inclusion size and ODA size, 
and number of cycles. Nevertheless, there is a difference in the kind of inclusions at 
the origin. It has been found that, in the case of the torsional fatigue test, the 
inclusions elongated in the rolling direction tend to cause the fracture. 

KEYWORDS  

Cyclic torsion, cyclic tension, very high cycle fatigue, bearing steel, internal fracture   

INTRODUCTION  

In the VHCF regime beyond 107cycles, fatigue cracks tend to initiate from internal non-
metallic inclusions in high strength steel and numerous studies have been carried out in 
attempts to clarify the mechanism [1]. In the VHCF, most of fatigue life is spent on crack 
propagating [2], which forms characteristic fracture surface called ODA and so on, around 
inclusion. However, the mechanisms of internal crack initiation and the propagation are not 
well understood yet. It is also known that important car-engin parts, such as coil spring and 
bearing, is applied very high number of cyclic shear stress and sometimes the fatigue 
fracture, which is initiated from an inclusion, occured. Therefore it is necessary to clarify the 
mechanism of the fracture under cyclic shear stress, but there is almost no study because it 
is difficult to conduct fatigue test beyond 108 – 109 cycles with conventional  torsional fatigue 
testing machine in realistic time. Recently, a torsional-load type ultrasonic fatigue machine 
which can apply cyclic shear stress has been developed [3]-[4], and the study of inclusion 
initiated fracuture under shear stress in the VHCF has started. Xue et al. [4] performed an 
ultrasonic axial fatigue test and an ultrasonic torsional fatigue test to the same high strength 
steel and found that the type of inclusion at the fracture origin is different, i.e. the axial load 
type is CaO-Al2O3 and the torsional load type is MnS. In a previous investigation[5], crack 
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initiation behaviors are different denpending on inclusion type, i. e. in a case of the initiation 
from oxide type inclusion, it propagates in a mode I manner, in a case that the crack initiates 
from MnS inclusion, it initiates and propagates in shear mode at first, then branches and 
propagates in a mode I manner. These result may mean that the influence of inclusion type 
is different depending on the load type. In this investigation, an ultrasonic axial fatigue test 
and an ultrasonic tortional fatigue test were conducted to same bearing steel and the fracture 
behaviors were compared to investigate the influence of loading type on fracture behavior 
under VHCF. 

MATERIAL AND METHOD  

A high carbon chromium steel was used in this study. The chemical composition, which is 
based on bearing steel JIS-SUJ2, is summarized in Table 1. An ingot was melted in air to 
increase oxide inclusion and hot-forged to bar (65). The material was spheroidizing 
annealed and rough-machined, then the heat-treated as follows; oil quenching from 1123K 
for 20min, then tempering at 438K for 150 min. The microstructure is martensite structure 
and the Vickers hardness was 698. Lots of spherical inclusion, expected oxiside inclusion, 
were found on the mirror-polished surface. After heat treatment, the material were machined 
to the specimen shape shown in Fig. 1. For torsional fatigue test, the dumbbell-shaped 
specimen was used as well as the hourglass-shape specimen to increase risk volume, which 
was applied 90% stress of maximum stress. It was 2.85mm3 and 8.71mm3 for the hourglass-
shape specimen and the dumbbell-shape specimen respectively. The risk volume of axial 
fatigue specimen was 33.7 mm3. These specimens were sampled as the direction of sample 
axis become parallel to forging direction. Every specimen was mirror-polished and given 
additional compression residual stress by shot-peening to prevent surface-initiation fracutre. 
As shown in Fig. 2, the compressive residual stress in the 45° direction of the specimen axis 
was measured by X-ray diffraction from the surface to 300m depth with electro polishing. 
The compressive residual stress at the surface was about 500 MPa, this increased to about 
1200MPa at 20m depth, and then decreased to about 125MPa at 300m depth.  

C Si Mn S Cr Al N O Fe 

0.95 0.25 0.33 0.0015 1.47 0.019 0.033 0.0048 balance 
Table 1: Chemical compsitions (mass%) 

Torsional fatigue test as well as axial fatigue test were conducted with ultra sonic torsional 
fatigue test machine (Shimadzu USF-2000T)  and ultrasonic axial fatigue machine 
(Shimadzu USF-2000) under fully reversed torsional and axial loading condtion respectively 
and the frequency was 20kHz. The specimes were cooloed with compressive dry air durting 
testing.Cyclic loads were applied intermittenly to keep the temperture of specimen under 
50°C. Fracture surface was observed by scanning electron micro scope (SEM) and optical 
micro scope (OM). When an inclusion was found at fracture origin, the kind of inclusion was 
identified by energy dispersive X-ray spectroscopy (EDX). Inclusion size √area𝑖𝑛𝑐 and ODA 
size  √areaODA were calculated using actual area which is measured from SEM image and 
OM image using image analysis software. 
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Fig. 1: Specimen shapes for ultrasonic fatigue test 

.  

 
Fig. 2: Distribution of residual stress                                   Fig. 3: Fatigue test results 
 

RESULTS AND DISCUSSION 

Fig. 3 shows the result of fatigue tests. As the result of fracture surface observation 
mentioned later, open plots and solid plots mean surface fracture and internal fracture 
respectively. Additional note means the kind of inclusion, i. e. “A” and “M” denotes Al2O3 type 
inclusion and MnS type inclusion respectively. In torsional fatigue test, the fatigue life was 
increased with decreasing shear stress amplitude and both of surface fracture and internal 
fracture were occurred. Sakanaka et al. conducted ultrasonic torsional fatigue test between 
105 ~ 109 cycles with bearing steel without shot-peening, no internal fracture was found [3]. 
In this study, it is supposed that internal fracture was occurred due to increasing inclusion by 
air-melting and surface strengthening by shot-peening. The S-N curves of the dumbbell-
shaped specimen and the hourglass-shape specimen were almost same, excluded the plot 
of a=775MPa around N=2x107 cycles which was fractured from huge inclusion, the influence 
of risk volume was not found. So since here, the results of both torsional specimen shapes 
were handled without distinction. On the other hand, the fatigue life of axial fatigue test was 
also increased with decreasing stress amplitude and only internal fractures were found. 

Fig. 4 shows overview of fractured torsional specimen. Under torsional loading, the fracture 
surface was formed on the direction of 45 ° to specimen axis which is perpendicular to the 
direction of maximun principle stress, so it is considered the fatigue crack was propagated in 
mode I manner. Fig. 5 shows SEM images and OM images of  fracture origins. An incluson 
was found at all inetnal fracture origin and ODA was also found around inclusion, excluded 
the specimen fractured a=775MPa around N=2x107 cycles. When a crack propagates in 
shear mode, a smooth fracture surface is formed by abrasion. However no smooth fracture 
surface was found but the ODA was found as well as axial fatigue test. Therefore it is also 
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considered the crack was propagated in a manner of mode I. On the other hand, under axial 
loading, the fatigue crack was propagated in a manner of mode I and ODA was also found. 

Fig. 4: Fractured surface                                   Fig. 5: Fracture origin 

 
Fig. 6 √area𝑖𝑛𝑐 and N relationship                Fig. 7 √areaODA and N relationship 

 
Fig. 6 shows the relationship between inclusion size √area𝑖𝑛𝑐  and number of cycles. 
Inclusion sizes at fracture origin were  √area𝑖𝑛𝑐 = 10~80μm for torsional fatigue test and  
√area𝑖𝑛𝑐 = 5~20μm  for axial fatigue test. Over 108 cycle region, there is no clear 
dependency between √area𝑖𝑛𝑐 and number of cycles. Fig. 7 shows the relationship between 
ODA size  √areaODA and number of cycles. The ODA sizes were  √areaODA = 30 ~ 60μm 
and √areaODA = 20 ~ 40μm for torsional loading and axial loading respectively, but clear   
dependency between √areaODA and number of cycles were not found.  

As shown in Fig. 3, under axial loading, all fracture origin were Al2O3 type inclusion, but MnS 
type inclusions were also found on half of fractured specimens. In previous investigation [5], 
it was found that a crack propagates in a manner of mode I from the beginning when it 
initiates from Al2O3 type inclusions. But when a crack initiates from MnS type inclusion, it 
initiates in shear mode at first and it branches and propagates in a manner of mode I. In this 
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case the shear crack was initiated from the inside of MnS type inclusion, therefore it is 
supposed that the projection area of inclusion to the plane of maximum shear stress 
becomes larger than its to the plane of maximum principle stress then a crack was initiated in 
shear mode. In this study, those specimens were sampled as the direction of specimen axis 
became pallarel to forging direction then MnS type inclusion was elongated to the direction of 
maximun shear stress. Therefore some MnS type inclusion became the origin under torsional 
loading. In contrast, under axial loading, the projection area of MnS type inclusion becomes 
smaller to the plane of maximum principle stress, and then the MnS type inclusion didn’t 
become the origin. 

 To considering the influence of loading type to crack propagation, the relationship between 
number of cycle and stress intensity factor range Kinc and KODA, which were calculated with 
inclusion size and ODA size respectively, were compared. The stress intensity factor range 
can be calculated using Eq. (1) developed by Murakami [6]:  

Δ𝐾𝐼 = ∆𝜎 ⋅ 𝛼 ⋅ √𝜋√𝑎𝑟𝑒𝑎         (1)  

where s is the tensile stress range α is 0.50 for internal cracks. Only tensile part of the 
applied stress is assumed to be effective. As mentioned above, fatigue crack was 
propagated by the maximum principal stress spr under torsional loading, the effective stress 
amplitude spr, eff,a was calculated as follows considering stress gradient: 

  𝜎pr,𝑎 = 𝜏𝑎           (2) 
  𝜎pr,eff,𝑎 = 𝜏𝑎 ∙ (1 − 𝐷

𝑅⁄ )         (3) 

a is maximum shear stress amplitude at specimen surface, D is the position of the fracture 
origin in respect to the specimen surface and R is radius of specimen. 

 
Fig. 8: Kinc and N relationship               Fig. 9: KODA and N relationship 

 
As shown in Fig. 9, Kinc decreased as fatigue life increased and didn’t have a tendency to 
converge to constant at least by 109 cycles under both of axial loading and torsional loading. 
On the other hand, as shown in Fig. 10, KODA was about 3~5MPam1/2 and almost constant 
with respect to the fatigue life. Both relationships didn’t depend on the type of inclusion. 
These tendencies and the KODA value agree to those observed under axial loading and 
previous studies [5]. Those results suggest that fatigue crack propagates in a manner of 
mode I forming ODA even if under torsional loading and when K reached constant value, i.e. 
KODA, it transits to the normal crack propagation without forming ODA.  
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Hence when internal crack initiates from inclusion under torsional loading, the initiation 
behaviour could be influenced by inclusion shape. These are two type of behaviour, in case 
of shear crack initiation and tensile crack initiation, and in both case, crack propagates in a 
manner of mode I forming ODA around inclusion and then it change the behaviour to normal 
crack propagation when its K reached KODA. Ishida et al. reported almost all fatigue life 
was spent to crack propagation with ODA forming. It is supposed that it is also dominant 
under torsional loading. Therefore it is important to obtain the material design method to 
prevent the crack propagation with forming ODA by clarifying the relationship between crack 
and microstructure. Furthermore there is still possibility that inclusion property, such as 
hardness or adhesion to matrix, could affect the fatigue life before crack initiation. Thus more 
investigation is needed to clarify the fatigue fracture mechanism under torsional loading. 

CONCLUSION  

Torsional fatigue test and axial fatigue test until VHCF were conducted using ultrasonic 
fatigue test with same high carbon chromium steel. The following conclusions may be drawn: 

I. In case of crack initiation under torsional loading, crack initiation from elongated 
inclusion, such as MnS type inclusion, could be occurred as well as Al2O3 type inclusion. 

II. Crack propagates in a manner of mode I with forming ODA at first even if under torsional 
loading and it transits normal crack propagation when it reaches KODA. 

III. KODA values under torsional loading and axial loading are almost same because both 
crack propagation could be occurred in a manner of mode I. 
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ABSTRACT 

When a plastic deformation occurs in a metallic material subjected to a mechanical loading, 
the major part of the provided mechanical energy is transformed into heat, which results from 
heat sources related to the intrinsic dissipation. In fatigue tests the first damages appearance 
on the specimen surface is the Persistent Slips Bands (PSB) occurrence, which has been 
correlated to the heat sources and dissipation for a body cubic centered α-iron [1].  
In this paper, tests are performed on plate specimens in the VHCF domain using piezoelectric 
fatigue machine working at 20 kHz on an α-iron (0.008% carbon) and steels with different 
carbon contents (0.12 wt% for C12 steel and 0.65 wt% for C65 steel). The thermal conductivity 
of each material has been measured by the transient plane source method. During the fatigue 
tests, the temperature recording is achieved by an infrared camera. From the temperature 
recording, the intrinsic dissipation is calculated using a 1D expression of the heat diffusion 
equation, taking into account the different thermal conductivities. Observations through a 
Scanning Electron Microscope on the specimen fracture surfaces are related to stage I of crack 
initiation for each material. 
 
KEYWORDS  
 
Very High Cycle Fatigue, Armco Iron, Steels, Crack Initiation, Self-heating, Conductivity, 
Dissipation  
 
INTRODUCTION 
 
Cyclic loading in a material results into damage, crack initiation and propagation stage. These 
stages were studied on an α-iron by C. Wang [2] in the VHCF domain using an infrared camera 
(IR) to record the temperature field on the specimen surface during the tests. Indeed, when 
the plastic deformation occurs in a metallic material subjected to a mechanical loading, the 
major part of the provided mechanical energy is transformed into heat which results from heat 
sources related to the intrinsic dissipation [1]. 
 
The objective of this study is to perform tensile and fatigue (in the VHCF domain) tests on an 
α-iron and steels with different carbon contents (0.12 wt% and 0.65 wt%). The temperature 
field on the specimen surface was recorded during the tests. For the fatigue tests, the intrinsic 
dissipation is calculated using a 1D expression of the heat diffusion equation taking into 
account the different thermal conductivities of α-iron and steels. Scanning Electron Microscope 
observations of the fracture surfaces complete the results. 
 
MATERIALS 
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The studied materials are a polycrystalline α-iron and two steels. The carbon content is 0.008 
wt% (α-iron), 0.12 wt% (C12 steel) and 0.65 wt% (C65 steel). The microstructure is ferrite with 
equiaxed grains for α-iron and proeutectoid ferrite-pearlite for the steels whose contents are 
given in Table 1. In these steels, the pearlite is lamellar and formed of alternate ferrite lamellas 
(88 wt%) and cementite Fe3C lamellas (12 wt%). 
 

Material Proeutectoid ferrite (wt%) Pearlite (wt%) � (W·m-1·K-1) 
α-iron 100 0 76.9 
C12 87 13 60.7 
C65 16 84 42.3 

 
Table 1: Proeutectoid ferrite/pearlite contents and thermal conductivity results 
 
The thermal conductivity � of each material has been measured by the transient plane source 
method. The method and results details are given in [3]. Table 1 gives the obtained values for 
α-iron and steels. In pure metals, the thermal conductivity is mainly due to the free electrons-
phonons (quasi-particles coming from the lattice vibration) collisions. With the carbon content 
increasing, the thermal conductivity strongly decreases. This result has been attributed to the 
pearlite content increasing and more precisely to the cementite Fe3C which has no free 
electron which modifies the electron mean free path. 
 
EXPERIMENTAL PROCEDURE 
 
The tensile tests were performed at a strain rate of 10 mm/min on a mechanical tensile 
machine. The specimens have 1 mm thickness, 50 mm initial length and 12 mm width.  
The fatigue tests were performed using a piezoelectric fatigue machine designed by C. Bathias 
and co-workers [4]. To facilitate the surface temperature measurements using an IR camera, 
a 1 mm flat specimen was used for fatigue testing [2]. The resonance system was tuned to 
work at 20 kHz and consisted of the specimen, special attachments and the piezoelectric 
fatigue machine. The cyclic loading was tension-compression at a stress ratio Rσ = -1. All the 
fatigue tests were carried out without cooling. In order to record the temperature field on their  
surface, the specimens were covered with a strongly emissive black paint, and the IR camera 
acquisition frequency was 3.75 Hz. These tests consisted of a series of cyclic loadings for the 
same specimen with increasing stress amplitude. For each stress amplitude, a fatigue test was 
carried out up to 2.5×107 cycles and then interrupted. After the specimen is cooled down to the 
room temperature, another next loading step starts. 

 
EXPERIMENTAL RESULTS 
 
Tensile tests 
 
Fig. 1 gives the conventional tensile curves for the 3 materials. From these uniaxial tensile 
tests, the tensile mechanical properties were deduced, as shown in Table. 2. 
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Fig. 1 Conventional tensile stress-strain 
curves measured for α-iron, C12 and C65 

Fig. 2: Temperature evolutions during 
interrupted tests 

 

Material Lower yield stress 
(MPa) 

Upper yield stress 
(MPa) 

Ultimate tensile 
stress (MPa) 

Strain at 
fracture (%) 

α-iron 288 368 320 64.4 
C12 357 392 446 30.5 
C65 467 470 860 19 

 
Table 2: Tensile tests results 
 
 
Fatigue tests 
 
The temperature evolutions measured in the center of the specimen during the interrupted 
tests are given in Fig. 2 for the C12 steel as an example. At the beginning of the fatigue test, 
the temperature increases and then stabilizes. As reported previously [5], the higher the stress 
amplitude level, the higher the temperature on the surface.  

 
Fig. 3: Temperature evolution with stress 

amplitude 
Fig. 4:  The temperature slope at the 

beginning 
 
Fig. 3 summarizes the evolution of the ∆T, equal to T-T0, with T0 initial temperature (taken at 
2.5×107 cycles) with the stress amplitude during interrupted tests. We can see clearly that the 
α-iron has the strongest ability of self-heating, followed well below by C12 and C65 steels, the 
self-heating of C12 being higher than the C65 one. For the α-iron, it seems there is only one 
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behavior whatever the stress amplitude, whereas for C12 and C65 steels, 2 slopes appear. 
Below 150 MPa of stress amplitude, the slope is lowest than above 150 MPa. In order to 
analyze deeply the temperature curves, we have calculated the slope of the temperature 
increase at the beginning (Fig. 4). As in Fig. 3, the evolution with stress amplitude of the initial 
slope of the temperature variation (Fig. 4) is different for α-iron and steels. For α-iron, the 
results are lined up together, whereas for the steels, 2 behaviors appear with the stress 
amplitude increase, and the change occurs at about 150 MPa. The slope of equilibrium stage 
(from 1×107 cycles to 2.5×107 cycles) has also been calculated. For each material, this slope 
is very weak or even zero and the temperature is stabilized (for these stress amplitudes). 
 
Scanning Electron Microscope 
 
Fracture surface observations of the crack initiation stage are shown in Fig. 5a (α-iron) and 5b 
(C12 steel). As previously reported [2], the crack initiation stage for α-iron shows the ferrite 
grains trace and their size can be retrieved. Intergranular, transgranular and mixed fracture 
surfaces are present. Details of crack initiation mechanism (related to the Persistent Slips 
Bands) have been already published [6]. For the C12 (Fig. 5b, as an example) and C65, the 
fracture surface is flatter and the ferrite grain trace is less visible. In the identified ferrite grains, 
intergranular, transgranular and mixed fracture surfaces can also be noticed. 
 
 

  
Fig. 5a) Fracture surface of α-iron [2]; b) Fracture surface of C12 steel 

 
 
DISCUSSION 
 
Normalized results 
 
Fig. 6 and 7 are the temperature evolution at 2.5×107 cycles and the slope of the temperature 
increase at the beginning of the test evolution with the stress amplitude normalized by the 
upper yield stress δupper. The results are not very different from Fig. 3 and 4. As expected, the 
difference between the 3 materials is reduced. 
 
 

a b
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Fig. 6 Temperature evolution versus the 

normalized stress amplitude 
Fig. 7 Slope of the temperature increase at 
the beginning versus the normalized stress 

amplitude 
 
 
Intrinsic dissipation  
 
The assumptions proposed by Boulanger et al. [7] are followed to estimate the intrinsic 
dissipation from the thermal imaging: constant thermophysical properties of material during the 
test, no coupling between microstructure and temperature and negligible convective terms in 
the particulate derivative. The heat equation is then written as: 

���� � div
��
 � ���� � �� � � 

where �  is the mass density, �  the specific heat, ��  denotes the local temperature time 
derivative, �� � �����������������
�
  (with �  the thermal conductivity) the conduction heat flux, ���� 
represents the thermoelastic source, �� the intrinsic dissipation and � the external volume heat 
supply. The detailed calculation of �� has been developed in [1], assuming isothermal cross-
sections of the sample. 
 
The intrinsic dissipation evolution for each material with the stress amplitude and the 
normalized stress amplitude are given Figs. 8 and 9. The heat sources are always higher for 
the α-iron than for steels. 
 

 
 

Fig. 8 Intrinsic dissipation evolution with 
stress amplitude 

Fig. 9 Intrinsic dissipation evolution with 
normalized stress amplitude 
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Comparison of the three materials 
 
Two parts must be considered: on one side, the stabilized state given by the ∆T and the �� 
measured at 2.5×107 cycles, and on the other side, the ∆T initial slope at the beginning of the 
test. 
 
The ∆T (normalized or not, Fig. 3 and 6) measured at 2.5×107 cycles (i.e. at the temperature 
stabilization), and the intrinsic dissipation �� (Fig. 8 and 9) is much higher for α-iron than for 
C12 and C65 steels. This behavior is firstly in relationship with the microstructure. The 
dislocation gliding is mainly in ferrite grains, so it is normal that the heat sources are more 
important for the α-iron with 100% ferrite than for C12 (87% ferrite) and C65 (16% ferrite). 
When the percent of proeutectoid ferrite increases, more grains are correctly oriented and 
prone to dislocations gliding. Moreover, the more important interstitial solute contents (carbon 
and/or nitrogen) in C12 and C65 are obstacles to the dislocation gliding which reduce also the 
dissipation and the heat sources. The observations of the fracture surface by SEM show that 
the ferrite grains trace is less obvious in C12 (and C65) steel, but in the ferrite grains trace, 
intergranular, transgranular and mixed fracture surface are observed.  
 
For α-iron, the fatigue mechanism in the damage stage is governed by the transition 
temperature T0. Below T0, at low temperatures and low strains amplitudes, the screw 
dislocations are nearly immobile due to the increase of the thermal stress [8]. At low 
temperature, the activation of kinks will be absent leading to a much higher Peierls stress and 
less mobility. The dislocation gliding occurs mainly by the quasi-reversible gliding of edge 
dislocations (except on the specimen surface). Multiplication of dislocations is largely 
suppressed and there is no or little cyclic hardening. Above T0, the gliding of screw dislocations 
increases. So, the behavior depends on the fatigue test temperature. Moreover, the 
temperature T0 depends on the strain rate. This T0 temperature is shifted to higher 
temperatures at higher strain rates. At a strain rate of 10-4 s-1, for α-iron, T0 lies around room 
temperature. In the VHCF domain, the strain rate is around 60-80 s-1 for α-iron and T0 will 
increase substantially. The dislocation behavior for the 3 materials in the VHCF regime 
probably corresponds to the dislocation behavior observed below T0, with almost no cyclic 
hardening. Indeed, the slope of the stabilized stage (from 1×107 cycles to 2.5×107 cycles) is 
nearly zero (Fig. 2). The behavior below T0 with the gliding of only edge dislocations probably 
will be the behavior for the 3 materials whatever the stress amplitude. The same �� evolution 
slope with the normalized stress amplitude (Fig. 9) for α-iron and steels (above ∆σ/δupper = 
~0.35 for the C65) proves there is only one mechanism which operates. For C12, when 
considering ��, the slope change disappears. Additional fatigue tests are needed at very low 
stress amplitudes for α-iron and C12. The stress amplitude threshold for the occurrence of 
Persistent Slips Bands must be also studied. 
 
At the beginning of the test (Fig. 4 and 7), the mobile dislocation rate measured by the slope 
of ∆T follows the same trend as explained previously. The slope is higher for α-iron, and the 
higher the stress amplitude, the higher the mobile dislocation rate. As reported by Mughrabi 
[8], the cyclic hardening for α-iron which occurs is limited to the thin surface layer. The very 
low work hardening rate for C12 and C65 is also due to the proeutectoid ferrite content 
decrease which reduced the dislocation gliding. 
 
For these levels of stress amplitude, the cyclic work hardening for these materials operates 
only at the beginning of the test. After 107 cycles, ∆T is stabilized. This part of the curve 
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corresponds to the balance between the constant heat dissipation sources and the energy loss 
by conduction inside the specimen and convection and radiation at the specimen surface. 
 
CONCLUSION 
 
Tensile tests and fatigue tests in the VHCF domain were performed on α-iron (0.008 wt% 
carbon) and C12 (0.12 wt% carbon) and C65 (0.65 wt% carbon) steels. During the fatigue 
tests, the temperature was recorded by IR camera, allowing to calculate the intrinsic dissipation 
��. 
 
At the beginning of the test, the initial slope of ∆T increases with the stress amplitude for the 
3 materials. The ∆T rate is higher for α-iron and reduced for the 2 steels due to the pearlite 
attendance. 
 
In the stabilized domain, the ∆T remains constant in agreement with the dislocations gliding 
behavior of bcc materials below the transition temperature T0. The intrinsic dissipation 
balances with external exchanges, and consequently, no work hardening occurs. 
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ABSTRACT 
In this study, the fatigue characteristics of the low alloy steel in the tensile strength level 
around 1000MPa for solid type crankshaft are investigated. The fatigue tests including 
very high cycle region using test specimens taken from actual size crankshaft and 
bar-shaped forging with different cleanliness were conducted. The fatigue fracture 
occurred from the surface, the inclusions in the surface and internal inclusions under the 
axial loading, although the fatigue fracture in the 109 cycles did not occur in this series of 
the tests.The relationship between the fatigue lives and the nonmetallic inclusion sizes 
is studied in the aspect of fracture mechanics. It is shown that the fatigue lives of 
fracture from surface and internal inclusions are evaluated with the inclusion size and 
the stress intensity factor, ΔK. The relationship between the threshold of the stress 

intensity factor range, ΔKth and the nonmetallic inclusion sizes is also studied. This 
suggests that the fatigue strength from internal inclusions but also inclusions in the 

surface can be improved through controlling the nonmetallic inclusion to smaller size. 
 
KEYWORDS 

Internal inclusion, Surface inclusion, area  evaluation, Fatigue strength 
 
INTRODUCTION 
Light weight and compact size design of mechanical products are both important from 
viewpoints to save the global resources, to improve the energy cost performance, and 
to realize totally the low carbon society. This trend is also very common in the 
engineering application of diesel engines in the business area of the ship manufacturing. 
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Thus, high strength crankshaft of the diesel engine is one of the most important subjects 
in the ship manufacturing business.  
It is well known that fatigue strength is influenced by non-metallic inclusions [1]. Fatigue 
strength can be improved by reducing the amount and size of non-metallic inclusions. 
The non-metallic inclusions are mainly sulfide and oxide, the volume fraction of sulfide 
and oxide depends directly on the sulfur and oxygen content. Therefore, Kobe Steel has 
developed “super clean steel making process” by vacuum ladle refining furnace that is 
the way to reduce sulfur and oxygen [2]. Furthermore, since the rotation frequency of 
the 4-stroke diesel engines is about 300 to 1000 rpm, so total rotation frequency 
reaches 107 cycles in about only one month, and 109 cycles until completion of a life of 
the four-stroke diesel engines (about 20 years). Nevertheless study cases and 
knowledge of the very high cycle fatigue properties of low alloy steel used for solid-type 
crankshafts are not enough [3]. Therefore, in order to confirm long-term reliability of 
super clean steel, the investigation into very high cycle fatigue property was carried out. 
 
MATERIAL AND TESTING 
 
Material 

Fatigue specimens are taken from the ingot with weight of 12～65Ton. The chemical 

composition is listed in Table 1. Conventional steel and super clean steel are prepared 
with the control of sulphur, oxgen content (S<20ppm, O<15ppm) and the slag 
composition. These ingots are forged to the bar-shaped forging with the diameter of 450

～620 mm and the forging ratio is over 3, or RR-forged crankshaft with the pin diameter 

of 415mm. These materials are heat-treated to be with 800～1100MPa tensile strength. 

As shown in Fig.1, the fatigue specimens are taken from 45 degrees to the forging 
direction at the D/4 position equivalent to the fillet surface region in the case of 
bar-shaped forging, and from 45 degrees to crankshaft axis at pin-filllet portion in the 
case of RR-forged crankshaft. 

Table1 Target of chemical composition of material 

 
 
 
 

Material C Si Mn Ni Cr Mo S O
Max. 0.42 0.25 0.9 1.50 2.00 0.25
Min. 0.34 0.65 1.00 1.00 0.23

<30
ppm

<30
ppm

D/4
D

45°

45°

Cross section A-AA

A

45° 45°
Pin

Pin fillet
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Fig.1 Preparation of specimens 
High cycle fatigue test 
The fatigue tests were performed to compare 107 cycle fatigue strength of super clean 
steel with conventional steel. Rotating bending fatigue tests and tension and 
compression fatigue test were performed. In both cases the fatigue test specimens had 
a parallel part that was 10 mm in diameter and 30 mm in length. 
 
Very high cycle fatigue test 
In order to confirm the very high cycle fatigue property of the super clean steel and the 
conventional steel, rotating bending cantilevered fatigue test was conducted [4]. The 
specimens of very high cycle fatigue test with staircase method were taken from a 
RR-forged crankshaft. 
 
 
EXPERIMENTAL RESULT 
 
The result of fatigue test 
Fig. 2 shows the fatigue strength by rotating bending fatigue test of the super clean 
steels and conventional steels. The fatigue strength of the super clean steel was 
improved about 10% to the conventional steel. 
Fig. 3 shows the fatigue strength by tension compression fatigue test of the super clean 
steels using and conventional steel. In this test, two types of fracture were observed. 
Fatigue fracture from the inclusions in the surface occurred under 106 cycles and from 
internal inclusions occurred over 106 cycles. Minimum stress amplitude with failure 
specimen of fracture from the inclusions in the surface is 545MPa for super clean steel, 
380MPa for conventional steel. Minimum stress amplitudes with failure specimen from 
inner inclusion are 545MPa for super clean steel, 380MPa for conventional steel. In 
both of the fracture types, fatigue strength of super clean steel is higher than of 
conventional steel. 
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(d)
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(d)

 
 

Fig.2 Result of fatigue test              Fig.3 Result of fatigue test 
Fig.3 shows very high cycle fatigue test results. In the stress level below the high cycle 
(<107 cycles) fatigue limit, fatigue fracture did not occur between 107 to 109 cycles. It 
was confirmed that the difference of fatigue strength between the super clean steel and 
the conventional steel is maintained up to 109 cycles. These results clarified that the 
super clean steel has also high fatigue strength and high reliability in very high cycle 
fatigue region. 
 
The result of observation of fracture surface 
 
Fig. 4 shows examples of observation of fracture surface. Fractures from the surface, 
the inclusions in the surface and internal inclusions were observed. In this study,  

inclusion size of fracture surface of the specimens was √area are 20～150μm. 

 
 
 
 
 
 
                    (a)surface                (b)inclusion in the surface 
 
 
 
 
 
 
                  (c)internal inclusion             (d)internal inclusion 

Fig.4 Example of observation results of fracture surface 
 

 
EVALUATION OF THE RESULT 
 
According to Fig.3 in each fracture mechanism, surface, inclusions in the surface, 
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internal inclusions, there can be observed their own S-N curve characteristics. However 
the possibility of the fracture from internal inclusion over 107 cycles is unclear yet. To 
predict very high cycle fatigue properties, the following studies were made. 
 
Relation between fatigue lives and inclusion size 
If the effects of inclusion and crack on fatigue properties are same, initial stress intensity 
factor is shown as Eq.1 [1]. M in eq.1 means the coefficient of stress intensity factor, and 
is known as 0.65 for inclusions in the surface, as 0.50 for internal inclusions [1]. The 
relation between ΔK and fatigue lives is known as Eq.2 [3]. Fig.5 shows the relation 
between ΔK and fatigue lives by conducting fatigue test and observation of surface 
fracture. According to Fig.5, α is calculated as 25 for fracture from inclusions in the 
surface, as 44 from internal inclusions, as -0.21 from surface. Fatigue lives can be 
predicted from any stress amplitude and inclusion size by using above the coefficients it 
this study. 
 

  ⊿K=Mσa(π√area)1/2    (1) 

  ⊿K=α(Nf/√area)β    (2) 

  ⊿Kth=γ√area1/3    (3) 
 
Relation between fatigue strength and inclusion size 
Fig.6 shows the relation between ΔKth and inclusion size by conducting rotating bending 
fatigue test, observation of surface fracture and Eq.1. According to Fig.6 for both of the 
fractures from inclusions in the surface and internal inclusions, ΔKth can be in proportion 
to √area1/3 and equation3 was obtained. According to Fig.6 and Eq.3, γ is calculated as 
1.05 for fracture from inclusions in the surface, as 0.84 for internal inclusions. 
 
 
 
 
 
 
 
 
Fig.5 Relation between ⊿K and (Nf/√area)    Fig.6 Relation between ⊿Kth and √area 
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Fig.7 shows the result of predict of number of cycles to failure by Eq.1 and Eq.3. 
Inclusion size is determined as 20μm for upper limit, as 150μm for lower limit because 

inclusion sizes on fracture surface in this study were 20～150μm. It is confirmed that 

most experimental data are between the upper limit and lower limit. So it is assumed 
that this predicted S-N curve is reasonable in this study. According to Fig.7 if there is 
same size inclusion at surface and internal area, it is found that fracture doesn’t occur 
from internal inclusion under the fatigue strength of fracture from inclusions in the 
surface. Moreover, for all S-N curves the intersection of inclined portion and horizontal 
portion is lower than 107 cycles. So it is found that not the fracture from surface 
inclusions but also the fracture from internal inclusions cannot be occurred in very high 
cycle region. 
 

 

 

 

 

 

 

Fig.7 Predicted S-N curves for 40CrMo8  
 

CONCLUSION 
The following conclusions are driven from the results and discussion. 
1. According to the results of very high cycle fatigue tests any fracture wasn’t be 

observed in this study. 
2. The relations between ΔK and fatigue lives, and between ΔKth and inclusion size for 

specimens of fracture from inclusions in the surface and internal inclusions. 
3. S-N curves of the specimens of fracture from inclusions in the surface and internal 

inclusions can be predicted in the inclusion size range from 20～150μm in this study. 
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ABSTRACT 

This work is devoted to the very high cycle fatigue (VHCF) behaviour of nickel based superalloy 
Inconel 718 under fully reversed tension-compression (R=-1) at room temperature. A new 
record system has been developed to monitor the surface temperature, resonance frequency, 
displacement at the top and bottom of the specimen in order to investigate the VHCF behaviour 
of Inconel 718 loaded at 20 kHz. Specimen surface temperature distribution due to self-heating 
(without cooling) has been obtained for a large range of stress level (100-400 MPa) which is 
close to practical application. Two sets of results are presented: (i) data acquisition and 
monitoring during the ultrasonic fatigue test; (ii) self-heating results for different loading levels. 
These results can be used to improve numerical simulations of the cyclic stress strain state 
under loading at very high frequency by taking the temperature influence on the material 
properties into consideration. 

KEYWORDS 

Inconel 718, VHCF, Self-heating, Temperature distribution 

INTRODUCTION 

With the development of modern industry, many mechanical components have to designed 
against VHCF in order to support 109~1010 cycles during their lifetime. However, since the 19th 
century, fatigue strength criteria have been based on experiments up to 107 cycles. The 
importance of the fatigue strength and life assessment for an aircraft turbine loaded in VHCF 
regime can be illustrated by the accident occurred in Los Angeles in 2006 [1]. Most of 
conventional fatigue testing machines work at a loading frequency lower than 300 Hz. The 
major advantage of ultrasonic fatigue system at 20 kHz is their ability to reach fatigue limit and 
threshold crack propagation within a reasonable testing time. The development of ultrasonic 
fatigue testing method brought advantages not only about the reduced time of experiments but 
also concerning the clarification of fatigue behavior in very high cycle regime [1,2]. 

There are very few contributions about VHCF strength for Inconel 718. Chen et al. [3,4] 
investigated fracture and small crack growth under pull-push mode with a pulse-pause 
technique, so that the maximum temperature rise was controlled below 5-8°C during the test. 
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Shi et al. [5,6] carried out fatigue test on Inconel 718 with different loading frequencies by using 
ultrasonic axial loading and rotating bending loading under air-cooling to ensure that the 
specimen temperature was around room temperature during the whole experiment. 

This paper is organized as follow: the 1st part presents the experimental setup designed by 
LEME with data acquisition tools, the 2nd part is dedicated to the design of the specimen and 
the calibration of the system, while the 3rd part gives data monitored during the ultrasonic 
fatigue tests and results of self-heating phenomenon. 

  

Fig.1: Failure of a turbine disk in Los Angeles engine accident [1] 
Fig.2: Ultrasonic VHCF testing equipment 

EXPERIMENTAL SETUP 

VHCF testing equipment at ultrasonic frequency 

The VHCF equipment is shown in Fig 2. The major components of this ultrasonic fatigue testing 
system can be summarized into 3 parts [7]: 

1. Control system: National Instrument PCIe card and self-made control program to keep 
constant the initial parameters all the test long, especially displacement amplitude. 

2. Actuation system: generates sinusoidal electrical signal at 20±0.5 kHz, converts the 
voltage into mechanical displacement, and booster/horn to amplify or reduce the vibration 
in order to reach the required elastic stress amplitude in the testing section of the 
specimen. 

3. Data acquisition system: record the resonance frequency, surface temperature, 
displacement at top and bottom of the specimen all the test long. 

Material and specimen design 

Inconel 718 is a high strength, corrosion resistant nickel chromium material used from -250 to 
+700°C. It has good tensile resistance, fatigue and creep strength. Therefore, it is used in a 
wide range of industrial applications, for example the fueled rocket, aircraft component, and 
disk of gas turbine at room and elevated temperature. 
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A classic smooth specimen geometry has been designed for having a resonance frequency 
around 20 kHz. A high stress-amplification coefficient (Cs) can be generated by using such 
hourglass shape. The maximum stress at the resonance frequency is reached in the middle 
section. The geometry of the specimen has been defined from longitudinal elastic vibration 
equation [2] or modal analysis using FEM in order to obtain a tension-compression resonance 
at 20 kHz. The geometry of the specimen is shown in Fig 3a. 

  
 -a- -b- 

Fig.3: Geometry and stress amplitude from harmonic analysis 

Calibration 

The purpose of calibration is to find the relationship between the voltage from the generator 
and the displacement amplitude of the piezoelectric convertor, as well as the corresponding 
elastic stress amplitude in the middle section of the specimen. This relation is deduced by 
harmonic analysis using FEM, considering isotropic material with a linear behaviour. The result 
is shown in Fig 3b. 

Data acquisition 

In order to investigate the VHCF behaviour of Inconel 718, a new record system using 
LabView© has been developed to monitor several parameters continuously during a fatigue 
test. The monitored parameters are: 

― the resonance frequency: signal delivered by Branson ultrasonic generator, and also 
deduced from the laser displacement sensors, for validation. 

― the specimen temperature from the Flir infrared camera. 
― the displacements at the top and bottom of the specimen from the Keyence laser sensors. 
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RESULTS 

The results from an experiment up to 108 cycles under a load level of 400 MPa are illustrated 
in Fig 4. The resonance frequency (in black), maximum temperature in the test section of the 
specimen (in red), wave responses at the top (in green) and at the bottom (in blue) of the 
specimen have been grouped together using LabView program. 

 

Fig.4: Data acquisition during a test at 400 MPa and room temperature without cooling 

The maximum temperature of the specimen continuously increases from room temperature to 
230°C at the beginning of the experiment, while the resonance frequency decreases, even if 
the temperature evolution versus time is stabilized after around 2000s. Local thermal stress 
should be considered because the temperature distribution across the length of the specimen 
is non uniform (upper left graph in Fig 4). It shows that temperature goes up to 150~200°C in 
the test section, while only 50°C is obtained in both ends of the specimen. This is in agreement 
with the elastic stress distribution along the specimen axis. 

The wave responses of the top and the bottom ends are analyzed using mean value and 
amplitude (Fig 4). The amplitude is related to the required elastic stress level and stays nearly 
constant during the experiment, it seems not to be influenced by the temperature change. This 
is in agreement with the control system of the piezoelectric converter. The mean value at the 
top and bottom of the specimen can be analyzed as its elongation due to thermal expansion. 
It gradually returns to zero after the test. The detailed displacement response after 3000s is 
also recorded (shown in upper right graph in Fig 4). All the points are recorded by two Keyence 
high frequency laser sensor at a sampling frequency of 200 kHz. The continuous line is 
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deduced using Fast Fourier Transform (FFT) which gives the experimental resonance 
frequency. Excellent conformity is obtained and the opposite phase ensures the expected 
mode of vibration. 

 

Fig.5: Self-heating under different elastic stress amplitudes at 20 kHz without cooling 

The self-heating results at 20 kHz on Inconel 718 under symmetric tension compression (R=-
1) at room temperature for different stress amplitude (100-500 MPa) are shown in Fig 5. All 
the curves present the same characteristics: fast increase at the beginning and nearly flat 
behaviour after, except at 500 MPa. It can be observed that for a low stress amplitude (150 
MPa), a stable temperature of 35°C is obtained in the middle section of the specimen, while 
200°C is reached for a high stress amplitude (400 MPa). In the specimen, there is a competition 
between heat generation, conduction from the center section to the ends of the specimen and 
convection with the surrounding environment. The total balance between these phenomena 
depends on the load level. The curve related to 500 MPa presents a high temperature of 360°C 
because the specimen cracked. A quick fractography analysis indicated that there were some 
surface machining defects on the surface of the reduced section. For this test, the upper limit 
temperature of Flir A325 infrared camera was reached. 

CONCLUSION AND PROSPECTS 

A first set of experiments have been carried out to study the very high cycle fatigue (VHCF) 
behaviour of Inconel 718 under symmetric tension compression (R=-1) at room temperature. 
The analysis of temperature, frequency, displacements at the top and at the bottom of the 
specimen have been presented. Furthermore, the self-heating of the specimen has been 
described for different load levels. 
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Maximum temperature of the specimen continuously increases from room temperature to 230 
ºC during the beginning of the experiment, while the resonance frequency decreases. 
Temperature distribution across the length of the specimen is non uniform. It goes up to 
150~200ºC in the test section, while only 50ºC is obtained in both ends of the specimen. The 
difference between mean values of the waves at the top and bottom of the specimen increases 
when temperature grows. It can be analyzed as the elongation of the specimen due to thermal 
expansion, and returns to zero gradually after the test. 

All the curves of self-heating results for different loading present the same characteristics: fast 
increase at the beginning and nearly flat behaviour after. It can be observed that for low level 
of stress 150 MPa, a stable temperature of 35°C is obtained in the middle section of the 
specimen, while 200°C is reached for a high stress level of 400 MPa. The curve related to 500 
MPa presents a high temperature over 360°C because the specimen cracked. 

This can be used to improve simulation by taking the temperature influence on dynamic 
modulus, density and thermal stress into consideration. The further objective of this study will 
be dedicated to S-N curve, fracture analysis and life assessment. 
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ABSTRACT  
 
High-strength spring steel SWOSC-V with shot-peened surfaces is investigated under cyclic 
torsional and axial loading at load ratios R = −1, R = 0.1 and R = 0.35. The ultrasonic fatigue 
testing method is used to measure fatigue data in the HCF and VHCF regime. For both 
loading conditions, the S-N curves are shifted towards lower stress amplitudes with 
increasing load ratio showing a strong mean stress influence. Crack initiation under cyclic 
torsional loading is preferentially in a direction of maximum shear, at the surface for load ratio 
R = −1 and in the interior for R=0.1 and 0.35. Initial crack propagation in mode II / mode III 
continues until it reaches a well-defined stress intensity factor and then changes to mode I. 
Crack initiation under cyclic axial loading is in the interior, preferentially at inclusions and less 
frequent in the matrix. Stress amplitudes at limiting lifetimes of 10⁹ cycles under torsional 
loading, τA, and axial loading condition, σA, are compared in a Haigh diagram. Ratio of cyclic 
strength τA / σA is close to 1 for all load ratios. Influences of the much larger testing volume in 
axial loading tests as well as the beneficial influence of shot-peening on cyclic torsional 
strength serve to explain this high ratio of torsional and axial cyclic strength.  
 
 
KEYWORDS  
 
Cyclic torsion, cyclic tension, load ratio, spring steel, very high cycle fatigue, crack initiation, 
short crack  
 
 
INTRODUCTION  
 
Several technical components are predominantly loaded under cyclic torsion. Coil springs, 
drive shafts or balls and rings in bearings must sustain very high numbers of shear load 
cycles in service. The VHCF properties under cyclic torsional loading are of great interest 
therefore. Most VHCF data are, however, available for cyclic tension-compression or cyclic 
tension loading. This raises the question, if and how torsional loading fatigue properties can 
be deduced from axial loading behaviour.  
 
In this investigation the cyclic torsion VHCF properties of high-strength spring steel 
SWOSC-V are investigated at different load ratios. Cyclic tension-compression and cyclic 
tension tests at the same load ratio serve for comparison. Torsional as well as axial loading 
fatigue tests are performed using the ultrasonic fatigue testing technique [1]. Crack initiation 
mechanisms as well as VHCF strength under both loading conditions are compared.  
 
  

51



 

MATERIAL AND METHOD  
 
The chemical composition of the investigated steel is based on the high-strength spring steel 
SWOSC-V. Chemical composition of the material is shown in Table 1.  
 

C Si Mn Cr Al Fe 
0.55 1.50 0.70 0.70 0.003 balance 

 
Table 1: Chemical composition of SWOSC-V  
 
The material is melted by vacuum induction furnace and casted in a special process to 
increase inclusion size and density. The material is forged, oil quenched and tempered. 
Static strength properties are summarised in Table 2.  
 

Yield 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Elongation 
(%) 

Shear Yield 
Strength 
(MPa)  

Shear 
Strength 
(MPa)  

Vickers 
Hardness 

(HV) 
1645  1866  9  1408 1542 530 

 
Table 2: Mechanical properties of the tested material 
 
Torsional as well as axial loading fatigue tests are performed at load ratios R = −1, R = 0.1 
and R = 0.35 at cycling frequencies of about 20 kHz. The ultrasonic equipment and details of 
the experimental procedure used to perform cyclic torsion tests [2] and cyclic tension tests [3] 
at different load ratios are described previously.  
 
Specimens with a diameter of 4.2 mm in the gage section are used in torsional as well as 
axial loading experiments. Dumbbell-shaped specimens with a cylindrical gage section of 
10 mm length are used in axial loading fatigue tests. The testing volume of these specimens 
is 140 mm3. Specimens with a circular reduction of the cross section in their centre are used 
in cyclic torsion tests. The hour-glass shape of these specimens as well as the stress 
gradient due to torsional loading leads to a material volume of 5.1 mm3 that is subjected to 
greater than 90% of the nominal stress. All specimens were tested with shot-peened 
surfaces.  
 
 
RESULTS AND DISCUSSION  
 
Figure 1 shows the results of ultrasonic cyclic torsional fatigue experiments. S-N data are 
shown on in Fig. 1(a) using different colours for load ratios R = −1, 0.1 and 0.35. A 
pronounced influence of the load ratio is visible, i.e. S-N data are shifted towards lower shear 
stress amplitudes as the load ratio increases. Different symbols serve to distinguish the crack 
initiation sites. Crack initiation at internal inclusions is found solely in two of the 20 fractured 
specimens. Rather, cracks initiate in direction of maximum shear, preferentially at the surface 
for load ratio R = −1 and exclusively in the interior at load ratios R = 0.1 and 0.35.  
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Fig. 1: Cyclic torsional fatigue tests at different load ratios; (a) shows S-N data; (b) shows 

surface crack initiation (τa=650 MPa, R = −1, 4.4x108 cycles to failure); (c) shows 
internal crack initiation (τa=410 MPa, R = 0.1, 1.2x107 cycles to failure)  

 
The crack produced by cyclic torsional loading is initiated in one of the directions of 
maximum shear (parallel or perpendicular to the specimen's longitudinal axis). The initial 
mode II / mode III crack changes its path to mode I at longer crack lengths. V-shaped initial 
cracks are formed if the crack starts at the surface whereas internal shear mode fracture 
shows no distinct shape.  
 
The change from initial shear mode to tensile mode at longer crack lengths can be correlated 
with a stress intensity factor. The stress intensity factor range Δ!! for a crack loaded with 
cyclic shear stresses can be calculated with Eq. (1), as suggested by Okazaki et al. [4]:  
 
Δ!! = 2!! ⋅ ! ⋅ ! !"#!         (1)  
 
Δ!! is equal to ΔKII or ΔKIII, whichever is higher for the crack. The size of the crack is 
considered by the square root of the fractured area, !"#!.  !! is the actual shear stress 
amplitude at the crack initiation site.  !! is the nominal shear stress amplitude for surface 
crack initiation whereas it is lower for internal crack initiation due to the stress gradient over 
the cross section. The parameter β is 0.58 for internal cracks and 0.69 for surface cracks.  
 
It is remarkable that the fatigue crack changes from shear mode crack growth (mode II / 
mode III) to tensile mode crack growth (mode I) at a well defined stress intensity factor 
range, which is by mean 5.4 MPam1/2 for load ratio R = 0.1 and internal crack initiation. For 
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load ratio R = −1 and surface crack initiation the crack path changes when Δ!! reaches 
about 22 MPam1/2.  
 
Figure 2 shows the results of ultrasonic cyclic tension-compression and cyclic tension fatigue 
tests. S-N data for load ratio R = −1, 0.1 and 0.35 are shown in Fig 2(a). Increasing the load 
ratio decreases the cyclic stress amplitude the material can sustain. Crack initiation in the 
VHCF regime is in 67% of the specimens at internal inclusions and in 33% in the matrix 
without an inclusion. This is a strong difference to cyclic torsional loading, where solely 10% 
of the fractured specimens showed crack initiation at internal inclusions.  
 

 
 
Fig. 2: Cyclic tension and tension-compression fatigue tests at different load ratios; (a) shows 

S-N data; (b) shows crack initiation at an internal inclusion (σa=700 MPa, R = −1, 
5.1x108 cycles to failure); (c) shows matrix crack initiation (σa=800 MPa, R = −1, 
2.3x106 cycles to failure)  

 
Inclusions can be considered as initial cracks and a stress intensity factor range can be 
calculated using Eq. (2) developed by Murakami [5]:  
 
Δ!! = 2!! ⋅ ! ⋅ ! !"#!         (2)  
 
σa is the stress amplitude, !"#! is the square root of the fractured area, α is 0.50 for internal 
and 0.65 for surface cracks.  
 
Larger inclusions and higher stress amplitudes lead to higher stress intensity ranges 
correlating to shorter lifetimes. A minimum stress intensity range of about ∆KInc=4 MPam1/2 is 
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necessary for failure in the 109 cycle regime at load ratio R = −1. FGAs are visible at 
inclusions after tension-compression cycling with the size correlating to the stress intensity 
factor amplitude KFGA=∆K/2=3.3±0.4 MPa√m1/2, which is somewhat smaller than the often 
reported value between 4 and 6 MPam1/2 [6].  
 
VHCF strength under cyclic torsional and axial loading is compared in the Haigh diagram 
shown in Fig. 3(a). The stress amplitudes correspond to 50% fracture probability at 
109 cycles. Cyclic strengths found for both loading conditions are very similar. The ratio of 
VHCF strength under cyclic torsional loading, τA, and cyclic axial loading, σA, is between 0.98 
and 1.01. This ratio is relatively high, however, it is comparable to the result of a previous 
investigation of a similar shot-peened high-strength spring steel [7]. The high ratio may be 
explained with the following considerations:  
 
Crack initiation under axial loading condition is mainly at inclusions. Distribution of inclusion 
sizes is shown in Fig. 3(b): the larger the inclusion size, the lower fatigue lifetime and cyclic 
strength. Considering the testing volume, which is by a factor of about 27 smaller in cyclic 
torsional specimens, inclusions large enough to initiate cracks can be rarely found. 
Therefore, the deterioration of cyclic properties due to inclusions mainly affects the cyclic 
axial strength, whereas the influence on cyclic torsional strength is less pronounced.  
 
Shot peening is beneficial for the cyclic strength under torsional loading since it impedes 
surface crack initiation. No effect may be expected for the VHCF strength under axial loading 
when fatigue cracks are initiated at internal inclusions with or without surface residual 
stresses. Cracks are formed in the interior after cyclic torsional loading at load ratios R = 0.1 
and 0.35. Stresses decrease towards the centre of the specimens for torsional loading due to 
the stress gradient. Interior crack initiation is on average 290 µm below the surface, where 
the shear stress is 86% of the nominal shear stress at the surface. This means that the ratio 
τA/σA would be about 0.86 rather than 1, if local rather than nominal stresses are considered.  
 

 
 
Fig. 3: (a) Haigh diagram of shot-peened SWOSC-V spring steel for torsional and axial 

loading; (b) cumulative probability of inclusion sizes that initiated cracks in axial 
loading specimens  
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CONCLUSIONS  
 
Cyclic torsional and cyclic axial loading ultrasonic fatigue tests have been performed with 
high-strength spring steel SWOSC-V. The following conclusions may be drawn:  
 
Fatigue cracks are preferentially initiated in directions of maximum shear under cyclic 
torsional loading. Surface cracks at load ratio R = −1 and interior cracks at load ratios 
R = 0.1 and 0.35 propagate in mode II / mode III until a well-defined stress intensity factor is 
reached. Then the crack path changes to mode I. Crack initiations at internal inclusions are 
rare due to the small testing volume.  
 
Fatigue cracks start in the interior under cyclic axial loading, preferentially at interior 
inclusions and less frequent in the matrix. FGAs are visible at inclusions after tension-
compression cycling.  
 
Both, torsional as well as axial loading, show S-N curves that are shifted towards lower 
stress amplitudes with increasing load ratio indicating a strong mean stress sensitivity.  
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ABSTRACT 
 
In very high cycle fatigue, one can usually observe the fish-eye on the fracture surface and an 
inclusion is observed at the center of the fish-eye. The fine granular area (FGA) is also found 
in the vicinity around the inclusion on the fracture surface. The FGA formation mechanism is 
one of the most important subjects in the very high cycle fatigue.Thus, the authors have 
attempted to construct the FGA formation model based on the current experimental results 
obtained by the authors. In this model, FGA formation is interpreted as intermittent micro-
debondings and their coalescence during the long sequence of the cyclic loadings. 
 
 
KEYWORDS 
 
Very high cycle fatigue, interior inclusion, probabilistic model, fine granular area(FGA), crack 
growth law 
 
 
INTRODUCTION 
 
In cases of high strength steels, the fatigue fracture tends to take place from the interior 
inclusions introduced in the steel fabrication process in the very high cycle regime. Thus, the 
fish-eye is usually found on the fracture surface and the inclusion is also observed at the core 
portion of the fish-eye. Another typical aspect on the fracture is the fact that the fine granular 
area (FGA) is often found in the vicinity around the inclusion on the fracture surface [1]. 
 
Since the FGA formation period occupies more than 90% of the total fatigue life, the FGA 
formation mechanism is one of the most important subjects in the very high cycle fatigue.Thus, 
the authors have attempted to construct the FGA formation model to interpret the fatigue 
fracture process inside of FGA. In this concept, polygonization is caused around the inclusion 
before any micro-cracking during the long term cyclic loadings. Then, micro-debondings take 
place along the poligonized layer. Micro-debondings can occur isolatedly, and the debonding 
probability tends to increase near the inclusion edge at any stage of cyclic loadings. 
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TYPICAL ASPECTS OF FRACTURE SURFACES AT CRACK NUCLEATION SITE 
 
Among numerous fatigue test results for high strength steels [1,2], a typical example of the 
fracture surface in rotating bending is shown in Fig.1(a). A fish-eye is found at the top of the 
fracture surface, where an inclusion was found at the core portion of the fish-eye. The inclusion 
depth from the specimen surface is denoted by   in this paper. Fig.1(b) indicates another 
fracture surface observed at the core portion of the fish-eye, where the fine granular area 
(FGA) is clearly found in the vicinity around the inclusion. The mark of ① shows inside of the 
FGA, whereas the other mark of ② indicates outside of the FGA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Typical examples of fracture surfaces near crack nucleation site 
 
 
REPLACEMENT OF ISOLATED DEBONDINGS BY A PENNY-SHAPE CRACK 
 
Characteristic area of the FGA is divided into a lot of fine cells as shown in Fig.2(a), where 
seven circumferential areas are arrayed around the inclusion with the diameter of 2 . If the 
value of K  at the FGA front exceeds the threshold value of thK , the crack tends to grow 
following the Paris’ law in each loading cycle. Main aim of this study is the analysis of the crack 
growth behavior within the FGA. The penny-shape fine granular layer is formed around the 
inclusion during the long sequence of cyclic loadings [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2: Division of FGA and definition of apparent crack length within FGA. 

Fish-eye observed 
in high magnification 

Nf=1.30×108 
σa=1200MPa 

(a) Fracture surface with a fish-eye in rotating bending 

500µm 

 

ξ : Inclusion depth 

Fish-eye 

(b) FGA formed around inclusion 

a 
(a) Division of FGA into fine cells 

(Transvers section at crack initiation site) 
 

(b) Definition of apparent crack length within FGA 
(Longitudinal section at crack initiation site) 
 

Fine granular layer 
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Here, microscopic debondings begin to take place along the boundary between the fine 
granular layer and the matrix of the steel at a certain stage of cyclic loadings. If the number of 
debonded cells is denoted by n and the total number of polygonised cells by nt, the debonding 
probability,  NP , is given by n/nt. In addition, the crack length a which is the radius of the 
penny-shape crack in Fig.2(b) is given as follows; 

                            NrP
n
nra
t

 77                                                                  (1) 

Based on this assumption, the isolatedly debonded cells can be replaced by a usual penny-
shape crack and the crack growth behavior can be analyzed as the continuous growth of a 
penny-shape crack. In this paper, the inclusion size is fixed as m 5  and the step width of 
each circumferential area is set as mr 1 , as reasonable values making reference to the 
experimental evidence. Since the threshold value of the crack growth is given as 5 thK MPa

m , the applied stress is calculated as 1224 MPa under the condition that the  K  value 
at the FGA front has to agree with the value of thK [1]. 
 
 
PROBABILISTIC MODELS OF CRACK GROWTH WITHIN FGA 
 
As mentioned previously, the fine granular layer would be formed around the inclusion after a 
certain number of stress cycles. Fundamental view of the crack growth within the FGA in this 
study is based on intermittent micro-debondings along the boundary between such a fine 
granular layer and the matrix of the steel. At a certain stage of the cyclic loadings, a few 
polygonized cells begin to debond along the boundary. 
 
In this study, three different types of  NP  are assumed as indicated in Fig.3. In Model 1, the 
debonding probability  NP  tends to increase gradually at the early stage of the cyclic loadings. 
However, this probability tends to decrease at the final stage of the cyclic loading. Thus, the 
increasing rate of the probability  NP  gives the highest value at the middle stage. Accordingly, 
the function of  NP  reveals “S-shape” as shown by dashed curve in Fig.3.  The entire life 
range to accomplish the FGA is fixed as 5103.1 N  in the present simulation. Of course, 
  1NP  at 5103.1 N  means the final formation of the FGA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3:  Three different models on the variation of  NP . 
 
In model 2, the increasing rate of the debonding probability,   dNNdP / , is assumed to be 
constant as   65 1069.7103.1/1/ dNNdP . In this case, the variation of  NP  is 
represented by a straight chained line in Fig.3. As model 3, the power law of   NNP   is 
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accepted here to represent the crack growth behavior within the FGA. Based on the boundary 
conditions, parameters   and   are determined as follows; 
              671030.3      and       13  ,                                                                 (2) 
respectively. The variation of  NP  in Model 3 is shown by solid curve in Fig.3. 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4:  Increasing process of debonding probability in Model 1 and Model 3.  

 

For the sake of better understanding, the increasing process of the debonding probability in 
each of Model 1 and Model 3 is depicted in Fig.4. Each stage number indicates the 
corresponding stage along the abscissa in Fig.3. In Model 1, the number of debonded cells 
tends to increase following the dashed curve in Fig.3. However, the number in Model 3 keeps 
extremely small value during the long term until Stage 10. 
 
  
RELATIONSHIPS BETWEEN CRACK GROWTH RATE AND SIF RANGE 
 
Based on the definition in Fig.2(b), the intermittent increasing process of the debonding 
probability can be replaced into the continuous crack growth behavior for the usual penny-
shape crack. By differentiation of Eq.(1), the crack growth rate dNda /  is given as follows; 

                  
dN

NdPr
dN
da

 7   .                                                                               (3) 

Eq.(3) means that the crack growth rate dNda /  can be analyzed from the increasing rate of 
the debonding probability dNdP / . The applied stress in the present simulation is already given 
as 1224 MPa from the fact that the stress intensity factor range at the FGA front agrees 
with the value of 5 thK MPa m . The value of K  at the front of the interior defect is 
evaluated by applying the concept of area  as follows [4]; 

               25.05.0 aareaK   .                                                      (4) 
Thus, one can calculate the crack length a, the crack growth rate dNda / and the SIF range

K  by Eqs.(1), (3) and (4), respectively. 
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Stage 0 Stage 3 Stage 7 
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The relationships between dNda /  
and K  thus obtained are plotted 
in Fig.5. Symbol of 〇 indicates the 
experimental data on the large 
crack obtained for the same steel by 
Beswick [5]. Based on this figure, 
the following Paris’ law is confirmed 

for the usual size of the crack [6]. 
Since the threshold value is given 
as 5 thK MPa m , the 
regression line refracts toward the 
bottom at the critical value. The 
refraction point is given as 5K
MPa and  10107/ dNda . 
 
 
 
 
 
Fig.5:  Relationship between crack 
growth rate and SIF range. 
 
Finally, a particular attention should be paid to the analytical results on the crack growth 
behavior within the range of the FGA. In Model 1, the crack growth rate tends to increase 
rapidly at the early stage, but the rate tends to decrease rapidly after the highest rate of 

10101/ dNda . Then, after a certain pause, the crack tends to propagate following the Paris’ 
law of Eq.(5). In Model 2, the crack growth rate is constant during the entire period of the crack 
growth within the FGA. Thus, the analytical results are horizontally plotted at the value of 

111038.5/ dNda m/cycle as indicated by small black dots. However, in the case of Model 
3, analytical results are appearing along a curve smoothly connected to the regression line of 
Paris’ law. Comparing all the analytical results of Model 1, Model 2 and Model 3 one another, 
the result in Model 3 is supposed to give the most reasonable one. 
 
 
ANALYSIS OF THREE TYPICAL COMPONENTS OF TOTAL FATIGUE LIFE 
 
According to experimental results reported by many researchers[1-3], the fatigue life of the 
present steel (JIS: SUJ2) is expected to be 810N  at the stress level of 1224 MPa. In this 
case, the crack propagation life to form the fish-eye is calculate by integration of Eq.(5) as 
follows; 
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If the analytical results within the FGA in Fig.5 are accepted as the possible crack growth 
behavior, the fatigue life to form the entire area of the FGA is 5103.1 FGAN  from the 
debonding probability increasing models in this study. Therefore, the remaining life of the total 
fatigue life should be occupied for the polygonization (formation of the fine granular layer) 

  91.4131059.2 K
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around the inclusion. Then, if the fatigue life causing the polygonization is denoted by polyN , it 
is given by 
          7358 1099.91052.1103.110  eyefishFGAtpoly NNNN .             (7) 
Consequently, it is noted that the fatigue life to produce the fine granular layer without any 
micro-cracking has to occupy more than 90% of the total fatigue life. 
 
 
CONCLUDING REMARKS 
 
1) During a long sequence of cyclic loadings, the fine granular layer is formed around the 

inclusion, after which micro-debondings take place isolatedly along the boundary between 
the fine granular layer and the matrix of the steel. The apparent crack growth rate can be 
effectively evaluated from the increasing rate of the micro-debondings. 
  

2) Based on comparison of three different models, it was found that the model assuming the 
power law for the debonding probability increasing rate gives the most reasonable result 
for the crack growth behavior within the FGA around the interior inclusion. 

 

3) Total fatigue life is divided into three typical components of the fine granular layer forming 
life, the FGA forming life and the fish-eye forming life, respectively. In such life components, 
the component of the fine granular layer formation occupies more than 90% of the total 
fatigue life. 
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ABSTRACT 
 
In this study, the fatigue property in very high cycle regime for hydrogen-charged specimens 
of high carbon chromium steel was examined under rotating bending. In the relatively low cycle 
regime of N<106, all specimens have failed in the inclusion induced fracture mode. On the 
other hand, in the regime of N>106, the fine granular area, FGA, was observed around the 
inclusion on the fracture surface in some specimens. Furthermore, a certain inclined surface 
without inclusion was also frequently found at the crack initiation site on the fracture surface. 
From the three dimensional geometry of the inclined area at the crack initiation site, the inclined 
area without inclusion are suggested to be formed based on the crystal triple point, CTP, for 
packet boundaries of martensite in a grain. Fracture mechanics considerations were carried 
out on these characteristic fracture origin. The stress intensity factor range was calculated by 
using Murakami’s  √𝑎𝑟𝑒𝑎  model. The stress intensity factor range at the FGA front, ⊿KFGA, 
was within a range from 3.6 to 4.7 MPa√m, whereas the stress intensity factor range at edge 
of the CTP area, ⊿KCTP, was from 2.8 to 3.7 MPa√m. In the above calculations, the projected 
area of the CTP was accepted as the area of √𝑎𝑟𝑒𝑎 model. In addition, the local stress at the 
CTP area is resolved into parallel and perpendicular stress components with respect to the 
inclined surface. The stress intensity factor range for each stress component was calculated, 
and both stress intensity factor ranges were combined with energy release rate model. Based 
on this procedure, the stress intensity factor range at edge of the CTP area was in good 
agreement with the corresponding value of FGA. 

 
KEYWORDS 
 
Hydrogen charged high strength steel, rotating bending, non-inclusion induced fracture, crystal 
triple point, energy release rate model, stress components 
 
 
INTRODUCTION 
 
Various kinds of high strength steels have been used as load carrying components of 
mechanical structures in the wide variety of the engineering applications. It is well-known that 
such high strength steels are usually sensitive to environmental factors such as hydrogen and 
humidity controlling the fracture [1]. Although a lot of researches on hydrogen embrittlement 
have been reported up to now [2] [3], actual behavior of the hydrogen trapped inside the 
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material is not sufficiently clear. The authors have carried out the rotating bending fatigue tests 
for the bearing steel subjected to hydrogen charging. Thus, it was found that the fatigue life 
became shorter by applying the hydrogen charging. In addition, all fracture origins were interior 
inclusions and, therefore, any surface induced fracture did not occur [4] [5]. Artificially charged 
hydrogen may diffuse and release during the long sequence of cyclic loadings. In such a 
circumstance, there is a possibility that the service life is almost same as that of the specimen 
without hydrogen charging in the low stress amplitude and long life regime. 
 
The first aim in this study is the accumulation of experimental data causing the fatigue fracture 
at low stress level in very high cycle regime. Making reference to those data, the authors have 
found a lot of experimental results, in which no inclusion has observed at the interior crack 
initiation site. Accordingly, as the second aim of this work, a particular attention was paid to 
the crack initiation mechanism in the interior fracture mode without any inclusion.  As a result, 
it was found that the crystal triple point (CTP) in the microstructure of the steel played an 
important role to the crack initiation in the very high cycle fatigue at particularly low stress level. 
 
 
EXPERIMENTAL PROCEDURE 
  
Specimen 
 
The material used in this study was a bearing steel mainly composed of 0.96mass% carbon 
and 1.45mass% chromium, coded as SUJ2 in Japanese Industrial Standard. Specimens were 
machined by using a grinder into dimensions shown in Fig.1 after heat treatment. After 
austenization at 1108K for 40minutes, the specimens were quenched in oil at 353K. Then they 
were tempered at 453K for 120minutes and cooled in air. Diameter of the critical portion for 
the hourglass type specimen is 3mm, and the round notch radius is 7mm. The stress 
concentration factor of this specimen in bending is given as 1.06. The critical portion was 
finished into a mirror surface in order to remove grinding marks. The average value of hardness 
was given as 740HV.  
 
 
 
 
 
 
 
Fig.1: Shape and dimensions of specimen 
 
Hydrogen charge to the specimen was conducted at 323K for 24hours using the immersed 
method in which 20 mass% ammonium thiocyanate solution was used. After the hydrogen 
charge, the corrosion layer of the critical portion of the specimen was removed by buffing. All 
the fatigue tests in this program had started within one and a half hours after hydrogen charging 
in order to keep the same condition for the hydrogen content. 
 
Testing 
 
Rotating bending fatigue tests were performed by means of a cantilever-type multi-spindle 
rotating bending fatigue testing machine in the room atmosphere without any control of 
temperature and humidity [6]. The rotating speed of the spindle was 4000rpm. Fracture surface 
and crack origin of each specimen were observed by an SEM. 
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EXPERIMENTAL RESULTS 
 
Results of rotating fatigue tests are shown in Fig. 2 together with the duplex S-N curves for 
hydrogen-uncharged specimens plotted by dashed and solid lines. The hollow circle plots in 
the figure show the data of the surface inclusion induced fracture, whereas the solid circle pots 
show the results for the interior inclusion induced fracture. In addition, the semi-solid circle 
plots show the data indicating the fine granular area, FGA, around the interior inclusion. On 
the other hand, a lot of plots given by red triangles in the long life region show the data in which 
inclusion was not confirmed at the crack origin. The percentage of interior fracture origin 
without inclusion in very high cycle regime was 75%, while the percentage with inclusion was 
only 25%.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: S-N property of hydrogen charged specimens. 
 

 
SEM OBSERVATIONS 
 
Fig. 3 shows examples of SEM observations of the crack initiation site without inclusion on the 
fracture surface failed in very high cycles regime (σa=800MPa, Nf=3.56×108cycles). From the 
high magnification observation photograph in Fig. 3(b), it is found that there is a clear protrusion 
at the crack initiation site. Therefore, the opposite fracture surface of the same specimen was 
observed by FE-SEM. Since the crack initiation site had a slope, the sample was tilted and 
observed as shown in Fig. 4. From the high magnification observation photograph in Fig. 4(b), 
the crack would be supposed to take place in the vicinity indicating the characteristic three-
dimensional undulation. By paying a particular attention to the three-dimensional aspect at the 
crack initiation site in a pair of Fig. 3(b) and Fig. 4(b), the packet boundary within martensite 
grain or the prior austenite grain boundary can work as the crack starter in the very high cycle 
regime at such a low stress level. However, based on the additional observations, the authors 
have found fallowing aspects; (1) this area is smaller than the prior austenite grain size, (2) the 
inclined face is relatively coarse, and (3) precipitation of the spheroidized carbides are less 
rather than the prior austenite grain boundary. Based on these evidences, it is presumed that 
the crack initiation site is corresponding to the crystal triple point (hereinafter referred to as 
CTP) at the martensite packet boundary.  
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  (a) Low magnification                                 (b) High magnification 
Fig. 3: SEM observations of the crack initiation site on the fracture surface (σa=800MPa, 
Nf=3.56×108cycles). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) Low magnification                                 (b) High magnification 
Fig. 4: FE-SEM tilted observations of the crack initiation site on the opposite fracture surface 
of Fig. 3. 
 
 
DISCUSSION BASED ON FRAC TURE MECHANICS 
 
Fig. 5 shows the relationship between either of the stress intensity factor range at inclusion, 
FGA or CTP at the crack initiation site and the fatigue life. Meaning of the respective symbols 
is provided in Fig. 5. The horizontal dotted line in Fig. 5 indicates the threshold stress intensity 
factor range of the specimen without hydrogen charging. The stress intensity factor range was 
calculated by the √𝑎𝑟𝑒𝑎 model proposed by Murakami [7]. In the case of the CTP origin, 
√𝑎𝑟𝑒𝑎𝐶𝑇𝑃 was evaluated by the area projected perpendicular to the loading direction. In the 
long life regime exceeds 106 cycles, the specimen fails at the inclusion with the FGA and the 
stress intensity factor range at the FGA is 3.6 to 4.7MPa√𝑚. On the other hand, the stress 
intensity factor range of the CTP is within a range of 2.8 to 3.7 MPa√𝑚. It is difficult to explain 
the difference of those values depending on the presence or absence of the inclusion at the 
crack initiation site.  
 
From this point of view, by using the actual area of the CTP, the stress intensity factor range 
⊿KCTPσn and ⊿KCTPτ were calculated for the respective stress componentsσn and τ for the 
CTP plane. The shape factor for calculating the stress intensity factor range was 0.5 for the 

100μm 10μm 

50μm 10μm 
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vertical stress component and 0.58 for the shear stress component. The principle of 
superposition cannot be applied because the stress intensity factor range calculated based on 
each stress component has different modes. Accordingly, the modified stress intensity factor 
range of the CTP, ⊿K’CTP, was calculated by the following equation of an energy release rate 
model [8].  

    ⊿𝐾′𝐶𝑇𝑃 = √⊿𝐾𝐶𝑇𝑃𝜎𝑛
2 +⊿𝐾𝐶𝑇𝑃𝜏

2 .                                                                (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Relationship between stress intensity factor range and fatigue life. 

 
 

Values of the modified stress intensity factor range at each of the CTP and the FGA in the very 
high cycle regime are replotted as functions of the fatigue life in Fig. 6. As can be seen in the 
figure, the critical stress intensity factor range to restrict the crack growth is almost equal for 
both fracture modes, which is estimated to be about 4MPa√𝑚. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Relationship between modified stress intensity factor range at the CTP in very high 
cycle regime and fatigue life. 
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CONCLUSIONS  
 

(1) In fatigue tests for the bearing steel with hydrogen charging, a lot of interior induced 
fractures without any inclusion were obtained in the very high cycle regime. From the three 
dimensional geometry at the crack initiation site of the fracture surface, the crack initiation 
without inclusion is suggested to occur at the crystal triple point, CTP, for packet 
boundaries of martensite in a grain.  

(2) When the feasibility of the crack initiation due to the inclusion is less than that of the crack 
initiation at the CTP, the fatigue crack tends to take place preferentially at the CTP. Thus, 
the competition of the feasibility of each crack initiation mode governs the actual mode of 
the inclusion-induced crack initiation or the CTP-induced crack initiation. 

(3) If the ⊿K is evaluated by combination of two different modes of Mode I and Mode II in the 

CTP crack initiation, the resultant of √⊿𝐾𝐶𝑇𝑃𝜎𝑛2 + ⊿𝐾𝐶𝑇𝑃𝜏
2  can provide an acceptable 

value which is well corresponding to the value calculated for the inclusion-induced fracture 
with the FGA . 
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ABSTRACT 

In the very high cycle regime, the fatigue fracture of high strength steels tends to occur from the 
interior inclusion and, therefore, a fish-eye is usually observed at the crack initiation site. In addition, 
the fine granular area (FGA) is often found in the vicinity around the inclusion on the fracture surface. 
It is reported that the FGA formation period tends to occupy more than 90% of the total fatigue life. 
Thus, the FGA formation mechanism is one of the most important subjects in the very high cycle 
fatigue. From this point of view, the authors have attempted to construct the FGA formation model 
based on the current experimental results obtained by the authors. In this model, FGA formation is 
interpreted as intermittent micro-debondings and their coalescence during the long sequence of the 
cyclic loadings.  
Structural mechanisms of FGA origin were studied to analyze the defect induced roughness (after 
interferometer-profiler New View 5000 data) to estimate the spatial scaling invariance in term of the 
Hurst exponent in this area. Two characteristic cases were analyzed: FGA origin in the presence and 
without of interior inclusions. Close values of the Hurst exponents in both cases supported the 
assumption concerning the mechanism of the FGA origin as specific area of damage localization 
subject to characteristic law of damage kinetics –self-similar blow-up damage kinetics. Blow-up 
damage kinetics corresponds to the limit case of grain reefing (dislocation free grains) on the size of 
FGA that is given by the parameter of self-similar solution.  

KEYWORDS 

Very high cycle fatigue, Interior inclusion, Fine granular area (FGA), Self-similarity, Crack generation, 
Crack propagation  

 

INTRODUCTION 

HCF and VHCF are important fundamental and engineering problems for several areas o applications. 
Catastrophic events caused by failure of gas-turbine motors, high costs of fatigue life-time estimation 
for constructions and potential cost of development of new constructions initiated perspective 
conceptions in the area of HCF and VHCF based on the fundamental research in fatigue damage and 
reliability prediction. The kernel aspects of such programs are development of approaches using the 
results of fundamental research, modern approaches in the laboratory modeling and structural 
analysis for the prediction of characteristic stages of fatigue damage and the criticality signs under 
damage-failure transition. Recently, an increase in the strength properties of structural materials has 
been achieved by the formation of micro-and nano-crystalline structure. However, traditional methods 
of testing do not provide an estimate of fatigue life in gigacycle loading conditions (10

9
 cycles to failure) 

leading to the emergence of new techniques based on ultrasonic testing machines like [1] and 
studying the morphology of the fracture surfaces by modern methods of structural analysis. The effect 
of microstructure in pure titanium including submicrocrystalline (SMC) and Ti6Al4V alloy was studied 
in gigacycle fatigue regime and qualitative differences in the mechanisms of fatigue crack initiation in 
high-and gigacycle fatigue conditions established. 
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EXPERIMENTAL CONDITIONS AND MATERIALS 

Specimens of iron and pure titanium with different microstructure from original polycrystalline state 
with grain size of 25 μm to SMC state obtained through equal channel angular extrusion (ECAE) at 
different conditions: SMC-1 state (annealing at T = 450 °C, 8 passes of ECAE , drawing from 14 to 9 
mm at T = 200 °C, the grain size: 100-150 nm) and SMC-2 state (annealing at T = 450 °C, 4 passes of 
ECAE, the warm rolling from 12 to 8 mm at T = 350 °C, the grain size of 200 nm) and specimens of 
titanium alloy Ti6Al4V were investigated in high- and gigacycle fatigue regime using the ultrasonic 
testing machine. In order to establish the scale invariant parameter [2-4] of crack initiation and growth 
in high- and gigacycle fatigue fracture surfaces of samples were analyzed.  
Fatigue tests were carried out on the ultrasonic loading machine Shimadzu USF-2000, which imposes 
special load conditions due to the geometry of the samples (fig.1). During the experiment, the sample 
and components of the machine are in resonant oscillations which form a standing wave. In this case 
peaks of displacement are located on ends of the sample and maximum amplitude of stress is located 
in the center of sample [4]. 

 

 
Fig. 1: Geometry of specimen. Values of sizes R1, R2, L2, L1 is depends on parameters of 
material and calculates in formals at [4]. 

 

RESULTS OF FATIGUE EXPERIMENTS 

 
The result of fatigue tests are shown in the Fig. 2. Fatigue failure of Ti6Al4V after 10

9
 cycles occurred 

at stress amplitude 495 MPa. Failure of samples of pure titanium after 10
9
 loading cycles occurred at 

275 MPa stress amplitudes for the initial state and 375 MPa and 340 MPa for the states SMC-1 and 
SMC-2, respectively. Fatigue life of titanium alloy Ti6Al4V in gigacycle regime corresponds to the data 
of Bathias [5]. The SMC-1 titanium Ti-Grade 4 with equilibrium grain boundaries exhibits highest 
fatigue properties compared to the SMC-2 state with non-equilibrium grain boundaries and to the 
polycrystalline state (grain size of about 25 μm). 
Mechanisms of initiation and propagation of fatigue cracks were investigated by means of qualitative 
and quantitative analysis of the morphology of fracture surfaces. The results of observation reported in 
[6] show that during stress cycles several fine subgrains having different crystal orientations are 
formed in a thin layer (thickness is 400 nm) around non-metallic inclusion. The following mechanism of 
crack initiation under long cyclic loading was proposed: a fine granular layer caused by the intensive 
polygonization is gradually formed around the interior inclusion. The number of microdamage centers 
in this layer gradually increases and some of them coalesce. When damage spread over the entire 
fine granular layer the crack is finally formed around the interior inclusion. After the crack has grown to 
a critical size, it propagates in accordance with the Paris law kinetics: 

       mKC
dN
da

 ,     (1) 

where da/dN  is the fatigue crack growth rate, C and m are empiric constants depending on the 
material, K is the stress intensity factor. Qualitative analysis was carried out by using optical and 
electron microscopy of the surface morphology.  
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Fig. 2: Fatigue curve data for investigated materials: σ – applied mean stress, Nf –number of cycles to failure. 1 – 
Ti6Al4V Bathias [5]; 2 – Ti6Al4V; 3 – Ti Grade-4 initial state; 4 – Ti Grade-4 SMC-1 state; 5 – Ti Grade-4 SMC-2 
state. 

 

QUALITY AND QUANTITATIVE ANALYSIS OF FRACTURE SURFACES 

 
Destruction in gigacycle fatigue regime usually forms a characteristic type of fracture surface - "fish-
eye"[5-6]. Qualitative analysis by optical microscope allows us to separate zones with different 
reflectivity. First zone with a radius of 150 µm from the source of crack is very dark, then light and 
smooth area is followed, which is then replaced by darker area (fig.3).  

 
Fig. 3: Fracture surface of Ti6Al4V in gigacycle fatigue regime. 1) a= 150 µm, ΔK = 6,88 MPa m 
1/2≈ΔKth ;  2) a= 750 µm, ΔK = 21,3 MPa m 1/2; 3) a= 1400 µm, ΔK = 54,1 MPa m 1/2 ≈ ΔK1c  

 

By substituting the radius of the borders in the formula (2) for the stress intensity factor of radial inner 

cracks    )]2/([/2 aDFaK  ,   (2) 

where F is normalization function, D is diameter of the sample, these zones can be associated with 
the stages of crack nucleation and propagation. Radius a ~ 150 microns corresponds to the threshold 
value of the stress intensity factor ΔKth for this material at which the crack begins to grow. In the area 
between borders of 1 and 2, the crack grows steadily by Paris law (1). Area between boundaries 2 and 
3 corresponds to catastrophically fast growth of crack. The value of K with radius of crack 3 - 1400 µm 
corresponds to the fracture toughness.  
The surface roughness was analysed by interferometer-profiler New View 5010 to establish 
quantitative characteristics of the fracture surface. Two distinct zones with strongly different roughness 
were observed: zone I of the size ~ 100-300 μm diameter, depending on testing material in the vicinity 
of the crack origin has high fracture surface roughness, which corresponds to the area of defect 
initiation and accumulation during cyclic loading; zone II that covers rest of the fracture surface is 
smoother than the first, corresponds to the crack propagation according Paris law (1). These results 
confirm the crack initiation mechanism described in [6].  
To investigate scale-invariant properties of the fracture surface, one-dimensional profiles with different 
lengths were analyzed using two-dimensional profiles with the interferometer New View data (Fig.4).  
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The Hurst exponent was defined from the slope of linear portion of the correlation function K(r) in 
logarithmic coordinates [3,4,7]: 

       H

x
rxzrxzrK 

212 /
))()((

,   
 (3) 

where z(x) is the relief height, depending on the coordinate x; angular brackets denote averaging over 
x, H is the Hurst exponent. In logarithmic coordinates the slope of the linear plot of this function 
determines the Hurst exponent. The spatial range of linear part establishes the correlated behaviour of 
defect induced roughness in the direction of fatigue crack propagation. 

    
 
Fig. 4. New View collored image of roughness and log-log plot of correlation function K(r) in FGA. 
Grey trace show the crack propagation area.  

The correlation function (3) calculated from the profiles for both zones has two linear portions with a 
break on the scale, which corresponds to change in the mechanisms of fracture surface topography. 
Whereas functions (3) calculated separately for zones 1 and 2 reveal only one linear portion for each 
zone (Fig. 5).  
The gigacycle fatigue cracks for titanium Grade 4 were originated near the surface (70-150 μm) and 
the crack hotspot generally could not be detected based on the optical image. The roughness pattern 
analyzed according to the New View data allows one to differentiate between the zones of crack 
origination (size ~ 100 μm) characterized by roughness invariance and the rest of the crack 
propagation roughness zone. 
In samples of pure titanium Grade-4 under gigacycle fatigue regime of loading the crack was initiated 
at a depth of 70-150 µm below the surface. Whereas characteristic feature of the fracture surface of 
such images unlike the alloy Ti6Al4V is the lack of an optical image of any zone boundaries. However, 
at the height map obtained using profilometer New View 5010 we can observe the characteristic crack 
initiation zone, which roughness is different from the rest of the zone of crack propagation, its radius is 
about to 50 microns. 
Roughness of fracture surfaces of samples with the surface fatigue crack was also investigated by 
interferometer New View 5010 and analyzed with correlation function (3). The correlation function 
detects only one slope across the fracture surface of both near and far from the crack initiation point. 
The value of the Hurst exponent calculated on linear part of the correlation function corresponds to the 
fractal dimension of the profile of the crack propagating through Paris law like in second zone in 
previous case. The accumulation defects zone typical to internal crack initiation is not detected. This 
shows fundamentally different mechanisms for the fatigue crack initiation in the bulk and on the 
surface of material. 
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Fig. 5:  Correlation function built on profiles: а) inside zone 1; b) inside zone 2. 

The tests of pure iron samples in air and in contact with the liquid metal were carried out to 
investigate influence of surfactant on fatigue behavior in VHCF. For the examined material tested in air, 
there exists the presumed “fatigue limit” of 3•10

9
 cycle loading to fracture with the stress amplitude of 

160 MPa. However, the application of a thin layer of liquid gallium alloy on the surface of the sample 
reduces its fatigue life by more than 2 orders of magnitude: 6•10

6
 – 2.3•10

7
 cycles to failure. 

In the case of ultrasonic loading of the sample interacting with liquid gallium, the fatigue crack was 
initiated at the sample surface as in the case of operation of the classical cycle fatigue mechanisms. 
The edges of the cracks indicate that liquid metal penetrates into the crack during fatigue tests. The 
main role in gigacycle fatigue durability of the material is played by the process of nucleation of the 
fatigue cracks by[5,6-9], and the process of its propagation in the material takes only 2-5% of the 
"fatigue life". The fact that at the same level of the stress, fatigue fracture in the material being in 
contact with liquid metal occurs several orders of loading cycles earlier than in the air indicates that in 
general, changes in the mechanism of crack initiation occur under the influence of the surfactant. 

The analysis of fractured surfaces revealed that the crack in the presence of liquid metal is 
initiated at the surface of the material. The analysis of the chemical elements using the spectra of 
electrons reflected from the fracture in the scanning electron microscope allowed us to determine that 
the liquid metal penetrates into the material to a depth of about 200 microns and resides exclusively in 
the center of crack initiation. While crack grows further into the material it is not affected by the 
surfactant. The analysis of fractured surface roughness by profilometer shown same behavior like in 
conventional high cycle fatigue: only one area with one scale invariance parameter. Thus, we can say 
that the effect of liquid metal embrittlement is observed only at the stage of fatigue crack initiation, and 
its propagation deep into the sample is governed by the classical Paris law.  

 

CONCLUSIONS 

 
The analysis of scale-invariant properties of fracture surface allowed us to establish the qualitative 
difference in terms of the scale invariance (the Hurst exponent) of the surface roughness for the areas 
of crack initiation and propagation. The crack initiation area can be identified as the zone with 
pronounced multiscale defect interaction providing correlated behaviour over characteristic scale. The 
size of this zone and collective defect growth kinetics were studied in [9] and associated with special 
type of spatial-temporal defect organization named as collective blow-up mode of defects.  The 
scenarios of crack nucleation (in the bulk of specimen for gigacycle load and at the surface for HCF) 
reflect qualitative different kinetics of collective behaviour of defects in mentioned regimes caused by 
typical size of defects and interaction length. However, the scenario of crack propagation under 
gigacycle regime corresponds to the Paris law that reflects the similarity in the mechanisms of plastic 
flow at the crack tip that still follows the stress induced singularity in term of the stress intensity factor 
increment. The effect of liquid-metal embrittlement occurs mainly at the stage of fatigue crack initiation 
and the process of the crack growth is governed by the classical Paris law. This fact can also be 
substantiated by the results obtained by [8] under low- and high-cycle fatigue loading regimes, when a 
decrease in durability (several times) was observed despite the fact that the stage of fatigue crack 
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initiation  under  low-cycle fatigue loading is significantly shorter. The property of the surface, as the 
high power "drain" for defects is significantly reduced in the case when the proximity of the chemical 
potentials of the solid and surfactant provides "adiabatic" scenario for the process of damage 
accumulation in the bulk of material. 
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ABSTRACT 
 
The mechanism of crack initiation from small internal defects is certainly a major point of 
interest in the Very-High-Cycle Fatigue (VHCF) literature. In particular, the formation 
mechanism of the so-called ‘Fine Granular Area’ (FGA) in the vicinity of an initial small defect 
is currently under investigation. However, it is generally acknowledged in the literature that 
crack grows within the FGA even if the Stress Intensity Factor (SIF) associated to the initial 
defect is smaller than the threshold value for crack growth. A number of different theories 
concerning the crack growth within the FGA have been proposed in the literature. According 
to the Murakami theory (‘hydrogen assisted crack growth’), a crack can grow within the FGA 
thanks to the assistance of the hydrogen trapped near the initial defect and thereafter it 
propagates without the hydrogen assistance outside the FGA. Based on this theory, different 
models have been proposed for the estimation and the prediction of the VHCF response of 
materials. 
The present paper proposes a general statistical model for the estimation of the fatigue limit in 
the VHCF regime. The proposed model is based on the hydrogen assisted crack growth theory. 
Starting from a general SIF formulation for the analytical model of the hydrogen assisted crack 
growth within the FGA, a general expression for the fatigue limit in presence of defects is finally 
provided. 
 
KEYWORDS 
 
Effective stress intensity factor range, Stress ratio, Crack growth, Random fatigue limit, Defect 
size 
 
 
1. INTRODUCTION 
 
The increasing demand for high performance machinery able to sustain significant loads for a 
very large number of cycles (larger than 108 cycles) is presently driving the research on the 
Very-High-Cycle Fatigue (VHCF) response of many metallic materials. 
In the last decades, the extensive experimental investigation on VHCF has shown that failures 
mainly originate from internal defects (inclusions, pores and inhomogeneities) with a typical 
fish-eye morphology. Within the fish-eye, depending on the defect size and on the applied 
stress, fracture surfaces may show the so-called Fine Granular Area (FGA) [1] in the vicinity 
of the internal defect. The FGA (also called Optically Dark Area or ODA by Murakami, Granular 
Bright Facet or GBF by Shiozawa and Rough Surface Area or RSA by Ochi) is a restricted 
region, dark at the optical microscope, that plays a key role in the initiation of the VHCF failure, 
since its formation consumes more than the 98% of the VHCF life. Researchers still dispute 
about the actual mechanism behind the FGA formation [2], but they unanimously accept that, 
within the FGA, crack can grow even if the Stress Intensity Factor (SIF) is below the SIF 
threshold for crack growth. 
In the present paper, the reduction of the SIF threshold within the FGA is originally modeled in 
agreement with the ‘hydrogen assisted crack growth’ theory proposed by Murakami [3] and 
also with the different weakening mechanisms discussed in the VHCF literature (i.e., local grain 
refinement, carbide decohesion, matrix fragmentation or formation of persistent slip bands [2]). 
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Starting from a very general formulation for the SIF reduction, possible scenarios for crack 
growth from the initial defect are also identified and described. It is theoretically demonstrated 
that, depending on the scenario, a VHCF limit may also be present and its final formulation 
recalls the well-known expression previously proposed by Murakami [3]. An illustrative 
numerical example, based on experimental data, is finally reported in the paper in order to 
show the applicability of the proposed model and its potentialities. 
 
 
2. A GENERAL MODEL FOR SIF THRESHOLD WITHIN THE FGA 
 
It is generally acknowledged that crack can grow within the FGA even if the SIF is below the 
SIF threshold of the material. Regardless of the physical justification for this unexpected 
experimental evidence, crack growth can occur in the FGA only if a local reduction of the global 
SIF threshold of the material is accepted. 
The following assumptions permit to define a general model for the local reduction of the SIF 
threshold within the FGA: 

1. the global SIF threshold range, referred to as Δ݇௧௛,௚, can be expressed as [3]: 

௧௛,௚݇߂ = ܿ௧௛,௚ሺܸܪ + 120ሻඥܽௗ
ఈ೟೓,೒

,    (1) 
where ܽௗ is the projected area of the defect, ܸܪ is the Vickers hardness of the material 
in the vicinity of the defect and ܿ௧௛,௚ > 0 and 0 ≤ ௧௛,௚ߙ < 1 2⁄  (being ߙ௧௛,௚ = 0 in case of 
global SIF threshold range for long cracks) are two material coefficients. 

2. the effective SIF range for an internal defect, referred to as ݇߂ௗ,௘௙௙, is given by [3,4]: 

ௗ,௘௙௙݇߂ = ݏ0.5 ቀ
ଵିோ

ଶ
ቁ
ିఈ೏

ඥܽௗߨ√
ଵ ଶ⁄

= ඥܽௗߨ√௘௙௙ݏ0.5
ଵ ଶ⁄

,   (2) 

where ݏ is the local stress amplitude at the defect location, ܴ is the stress ratio, ݏ௘௙௙ =

ݏ ቀ
ଵିோ

ଶ
ቁ
ିఈ೏

 is the effective stress amplitude at the defect location and ߙௗ is a material 

parameter that must be estimated from experimental datasets at different stress ratios. 
According to [3], ߙௗ only depends on the Vickers hardness of the material and is equal 
to 0.226 +  .10ିସ×ܸܪ

3. within the FGA, the local SIF threshold range, referred to as Δ݇௧௛,௟, is defined as: 
௧௛,௟݇߂ = ௧௛,௚݇߂ −  ௧௛,௥,    (3)݇߂
where Δ݇௧௛,௥  accounts for the reduction of the SIF threshold range induced by the 
different weakening mechanisms proposed in the literature [2]: hydrogen embrittlement, 
local grain refinement, carbide decohesion, matrix fragmentation or formation of 
persistent slip bands. 

4. the SIF threshold reduction has the most general formulation fulfilling the following three 
basic conditions: 

a. the principle of dimensional homogeneity, for which Δ݇௧௛,௥ must be proportional 
to the effective stress amplitude and to the square-root of the defect size. 

b. the initial condition, for which Δ݇௧௛,௥ must be proportional to the square-root of 
the initial defect size when crack starts growing. 

c. the defect size dependency, for which Δ݇௧௛,௥ may depend on the defect size. 
According to the conditions a)-c), the easiest and most general formulation for Δ݇௧௛,௥ is: 

௧௛,௥݇߂ = ܿ௧௛,௥ݏ௘௙௙ඥܽௗ,଴
ଵ ଶ⁄

൫ඥܽௗ ඥܽௗ,଴ൗ ൯
ఈ೟೓,ೝ

,   (4) 
where ܽௗ,଴ is the projected area of the initial defect and ܿ௧௛,௥ ≥ 0 and ߙ௧௛,௥ ≤ 0 (being 
௧௛,௥ߙ = 0  if Δ݇௧௛,௥  is a constant value) are two material coefficients that ensure 0 ≤
Δ݇௧௛,௟ ≤ Δ݇௧௛,௚ for any ඥܽௗ value. 

5. FGA forms until Δ݇௧௛,௟ < Δ݇ௗ,௘௙௙ ≤ Δ݇௧௛,௚. 
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3. CRACK GROWTH WITHIN THE FGA 
 
In the VHCF literature [5], the crack growth rate within the FGA is usually modeled with the 
Paris’ law. Three stages can be present in sigmoidal crack growth rate diagrams related to 
VHCF failures from internal defects (see Fig. 1): the below-threshold region within the FGA (up 
to ∆݇௧௛,௚), the steady crack propagation region from the border of the FGA (with effective SIF 
range equal to ∆݇௧௛,௚) to the border of the fish-eye (with effective SIF range equal to ∆݇ி௜ா), 
the unsteady crack propagation region beyond the fish-eye border (with effective SIF range 
larger than ∆݇ி௜ா). 
 

 
Fig. 1: The three stages of crack propagation in a crack growth rate diagram for VHCF failures 
from internal defects. 
 
In order to model the below-threshold region, the modified Paris’ law proposed by [6] and 
recently considered in [4] is here adopted: 

ௗ௔

ௗே
= ܿூ൫∆݇ௗ,௘௙௙ − ∆݇௧௛,௟൯

௠಺,    (6) 

where ܿூ and ݉ூ are the two Paris’ constants related to the first propagation stage, from ඥܽௗ,଴ 

to ඥܽிீ஺,௠௔௫. 

From the border of the FGA to the border of the fish-eye (with size ඥܽி௜ா), the crack growth 
rate is modeled with the conventional Paris’ law, in agreement with the literature [5]: 

ௗ௔

ௗே
= ܿூூ∆݇ௗ,௘௙௙

௠಺಺ ,    (7) 

where ܿூூ and ݉ூூ are the two Paris’ constants related to the second propagation stage, from 

ඥܽிீ஺,௠௔௫ to ඥܽி௜ா. 
Final fracture may occur when the crack size reaches the border of the fish-eye. In these cases, 
the third stage of crack propagation is not visible on fracture surfaces and it can be neglected. 
In some other cases, crack can propagate beyond the fish-eye border until it reaches the 
border of the final fracture, with size ඥܽ௖. In these cases, a third stage of crack propagation is 
visible on fracture surfaces and it can be modeled again with the conventional Paris’ law [7]: 

ௗ௔

ௗே
= ܿூூூ∆݇ௗ,௘௙௙

௠಺಺಺ ,    (8) 

where ܿூூூ and ݉ூூூ are the two Paris’ constants related to the third propagation stage, from 
ඥܽி௜ா to ඥܽ௖. 
By taking into account the three stages of propagation, the number of cycles to failure, ௙ܰ, can 
be expressed as: 

௙ܰ = ூܰ + ூܰூ + ூܰூூ,    (9) 
where ூܰ , ூܰூ  and ூܰூூ  are the number of cycles consumed within stages I, II and III, 
respectively. 
Following the procedure usually adopted in the VHCF literature (e.g., [7]), ூܰ can be estimated 
by subtracting, from the experimental ௙ܰ, the number of cycles ூܰூ and ூܰூூ obtained through 
integration of Eqs. (7) and (8). The Paris’ constants in Eq. (7) are those typical for surface 
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cracks in the steady phase of crack growth; whereas, the Paris’ constants in Eq. (8) are for 
surface cracks in the unsteady phase of crack growth, near the final fracture. If the Paris’ 
constants in Eq. (8) are assumed equal to those of Eq. (7), the crack growth rate is 
underestimated and, consequently, ூܰூூ is overestimated. Therefore, it can be concluded that 
ூܰ,௠௜௡ < ூܰ < ூܰ,௠௔௫, being ூܰ,௠௜௡ = ௙ܰ − ሺ ூܰூ + ூܰூூሻ and ூܰ,௠௔௫ = ௙ܰ − ூܰூ. 

The difference between ூܰ,௠௜௡ and ூܰ,௠௔௫ is generally negligible if ௙ܰ is larger than 10଼ cycles. 
Thus, the average value between ூܰ,௠௜௡ and ூܰ,௠௔௫ is a good approximation for ூܰ and it can 
be used for the estimation of the four parameters ܿூ, ݉ூ, ܿ௧௛,௥ and ߙ௧௛,௥. 
 
 
4. A GENERAL EXPRESSION FOR THE FATIGUE LIMIT 
 
According to assumption 5) in Section 2, the following four distinct cases may occur: 

1. ∆݇ௗ,௘௙௙൫ඥܽௗ,଴൯ > ∆݇௧௛,௚൫ඥܽௗ,଴൯: fatigue life is finite and the FGA does not form. 

2. ∆݇௧௛,௟൫ඥܽௗ,଴൯ < ∆݇ௗ,௘௙௙൫ඥܽௗ,଴൯ ≤ ∆݇௧௛,௚൫ඥܽௗ,଴൯: fatigue life is finite, the FGA forms and 

it reaches its maximum extension, ඥܽிீ஺,௠௔௫. 

3. ∆݇௧௛,௟൫ඥܽௗ,଴൯ < ∆݇ௗ,௘௙௙൫ඥܽௗ,଴൯ ≤ ∆݇௧௛,௚൫ඥܽௗ,଴൯: fatigue life is infinite, the FGA forms but 
it does not reach the maximum extension. 

4. ∆݇ௗ,௘௙௙൫ඥܽௗ,଴൯ ≤ ∆݇௧௛,௟൫ඥܽௗ,଴൯: fatigue life is infinite and the FGA does not form. 
The transition between case 2) and case 3) discriminates between finite and infinite fatigue life 
and it occurs when, for a given initial defect size, the stress amplitude equals the material 
fatigue limit. It can be demonstrated [8] that the material fatigue limit, referred to as ݏ௟, can be 
expressed as: 

௟ݏ = ܿ௦೗
௖೟೓,೒ሺு௏ାଵଶ଴ሻ

ඥ௔೏,బ
భ మ⁄ షഀ೟೓,೒

ቀ
ଵିோ

ଶ
ቁ
ఈ೏

,   (10) 

where ܿ௦೗ = ൬
൫ଵ ଶ⁄ ିఈ೟೓,೒൯଴.ହ√గ

൫ఈ೟೓,೒ିఈ೟೓,ೝ൯௖೟೓,ೝ
൰

భ మ⁄ షഀ೟೓,೒
భ మ⁄ షഀ೟೓,ೝ ఈ೟೓,೒ିఈ೟೓,ೝ

଴.ହ√గ൫ଵ ଶ⁄ ିఈ೟೓,ೝ൯
. Eq. (10) recalls the well-known expression 

proposed by Murakami [3] and it can be obtained by imposing the condition of tangency 
between the ∆݇ௗ,௘௙௙൫ඥܽௗ൯ curve (Eq. (1)) and the ∆݇௧௛,௟൫ඥܽௗ൯ curve (Eq. (3)). 
In order to define the statistical distribution of the fatigue limit, the randomness of the global 
SIF threshold range and that of the initial defect size must be taken into account. 
An approximate ߙ -th quantile of the fatigue limit, referred to as ݏ௟,ఈ , can be obtained by 
assuming the rv logଵ଴ൣඥܣௗ,଴൧ as approximately Normal with mean ߤ√஺ and standard deviation 
 ௟,ఈ isݏ ஺. As shown in [8], the error in the approximation is generally negligible and the final√ߪ
given by: 

௟,ఈݏ ≅ ܿ௦೗
௖೟೓,೒ሺு௏ାଵଶ ሻ

ଵ଴
ቀభ మ⁄ షഀ೟೓,೒ቁഋ√ಲ

ቀ
ଵିோ

ଶ
ቁ
ఈ೏
10

ට൫ଵ ଶ⁄ ିఈ೟೓,೒൯
మ
ఙ
√ಲ
మ ାఙ೗಼೟೓,೒

మ ఃಸೌೠೞೞ
షభ ሺఈሻ

,  (11) 

where Φீ௔௨௦௦ሺ∙ሻ denotes a standardized Normal cumulative distribution function and ߪ௟௄೟೓,೒ is 

the standard deviation of the logarithm of the global SIF threshold range. 
 
 
5. APPLICATION TO AN EXPERIMENTAL DATASET 
 
In order to show the applicability of the proposed approach, model parameters are fitted to an 
experimental dataset. Description of dataset and parameter estimation is discussed in [9] and 
they will not be recalled here for the sake of brevity. Parameter estimates can be used for the 
estimation of the material fatigue limit, according to Eqs. (10) and (11). Fig. 2a shows the 
variation of the fatigue limit with respect to the initial defect size (Eq. (10)) together with 
experimental dataset. Fig. 2b depicts the variation of the percentiles with respect to the stress 
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ratio (Eq. (11)); the experimental dataset obtained for a stress ratio equal to -1 is also reported 
in Fig. 2b. 

a) 

b) 
 
Fig. 2: Fatigue limit trends with failure data: a) variation of the median fatigue limit with the 
initial defect size; b) variation of different percentiles with the stress ratio. 
 
As shown in Fig. 2, all failure data are above the considered percentiles, in agreement with the 
definition of fatigue limit. It is worth noting that scatter in fatigue limit is mainly dominated by 
the randomness the initial defect size, since the random variation of the initial defect size is 
significantly larger than that of the global SIF threshold range (i.e., ൫1 2⁄ − α୲୦,୥൯σ√୅ ௟௄೟೓,೒ൗߪ =
76.8). 
 
 
CONCLUSIONS 
 
A simple and general formulation for the reduction of the SIF threshold range in the FGA was 
proposed in the paper. It was shown that, with the proposed formulation, the different 
weakening mechanisms involved in the FGA formation can be quantitatively modeled. From 
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the proposed formulation, a general expression for the fatigue limit and a crack growth rate 
model for crack propagation from internal defect up to failure were defined. 
The model was successfully applied to an experimental dataset. The estimated fatigue limit 
was quite below all failure data. Therefore, percentiles of fatigue limit could be effectively used 
for a reliable design against VHCF failures. 
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ABSTRACT 
 
In S-N diagrams for high strength steels, the duplex S-N curves for surface-initiated fracture 
and interior inclusion-initiated fracture were usually confirmed in the very high cycle regime. 
This trend is more distinct in the loading type of rotating bending due to the stress distribution. 
In the case of interior fracture mode, the fish-eye is usually observed on the fracture surface 
and an inclusion is also observed at the center of the fish-eye. In the present work, the authors 
have attempted to construct a probabilistic model on the statistical fatigue property in the 
interior fracture mode based on the distribution characteristics of the location and the size of 
the interior inclusion at the crack initiation site. 
 
 
KEYWORDS 
 
Very high cycle fatigue, interior inclusion, statistical fatigue property, fatigue strength distribution, 
probabilistic model 
 
 
INTRODUCTION 
 
One of the typical aspects of fatigue fracture in the very high cycle regime is the fact that the 
duplex S-N characteristics consisting of the respective S-N curves for the surface-initiated 
fracture and the interior-initiated fracture as reported by many researchers [1-3]. In the case of 
interior-initiated fracture, an inclusion is usually found at the core portion of the fish-eye formed 
on the fracture surface. Thus, the interior inclusion at the crack initiation site plays a dominant 
role to govern the fatigue strength and fatigue life of the specimen. 
 
Fatigue limit of the metallic material is well evaluated by combining the hardness and the 
concept of area  for the defect size proposed by Murakami et al. [4]. Another important factor 
to control the fatigue is the location of the inclusion, since the stress distribution across the 
section has a steep slope in rotating bending. Accordingly, the fatigue property of those metallic 
materials should be analyzed as a function of the size and the location of the interior inclusions. 
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In the actual metallic materials, both of the size and the location of the inclusions inside the 
material have particular distributions depending on the fabrication process. From this point of 
view, the authors have attempted to construct a probabilistic model on the very high cycle 
fatigue property for the bearing steel of SUJ2 in rotating bending assuming two-parameter 
Weibull distribution for the inclusion size and random distribution for the inclusion locatiopn. 
 
 
EXPERIMENTAL EVIDENCE ON FATIGUE PROPERTY IN VERY HIGH CYCLE REGIME 
 
Fatigue test data for the bearing steel of SUJ2 obtained by Sakai et al. are shown in Fig.1 [1], 
where the duplex S-N characteristics consisting of the respective S-N curves for the surface-
initiated fracture and the interior- initiated fracture are obviously confirmed. Distribution curve 
attached to the right hand edge of Fig.1 is explained in the later section. 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1:  Rotating bending S-N characteristics of bearing steel in very high cycle regime  
 
Typical examples of the fracture surfaces in the surface-initiated fracture and the interior-
initiated fracture are shown in Fig.2(a)-(c), respectively. Fig.2(a) indicates the fracture surface 
in the surface-initiated fracture, whereas Fig.2(b) gives the fracture surface in the interior-
initiated fracture with a fish-eye. At core portion of the fish-eye, the fine granular area (FGA) 
was found as shown in Fig.2(c). It was reported that the inclusion depth from the specimen 
surface, ξ, is restricted within the range of ξ≦250µm in the case of rotating bending [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2: Fracture surfaces for the bearing steel (JIS:SUJ2) failed in rotating bending 
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EFFECT OF SIZE AND DEPTH OF INCLUSION ON FATIGUE STRENGTH 
 
It is well known that the fatigue limit of the steel with interior defect, w , is given by using a 
concept of area  proposed by Murakami as follows[4];      6/1

/12056.1 areaHVw     (1) 
Although this equation is proposed to evaluate the usual fatigue limit at N=107, this concept is 
analogously applied to evaluate the fatigue strength at N=109 denoted by 9w . If the area of 
the defect is replaced by a circle having the same area, we have 2area . Since the 
hardness of the SUJ2 steel in this work is HV=778. Thus, we have 

           6/1
6/1

2
9 1273/12077856.1 





  w                                     (2) 

Relationship of Eq.(2) is depicted in Fig.3. If the defect size becomes very small, such a defect 
has no effect on the fatigue strength. If such a critical size is set as m 3 , the upper bound 
of the fatigue strength is given as 10609 w MPa. On the other hand, the fatigue strength of 
the steel including the large inclusion of m 40  is given as 6899 w MPa. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig.3:  Relationship between fatigue strength 9w  and inclusion radius  . 
 
Here, in the case of rotating bending, even if the inclusion size at the crack initiation site is 
fixed to a certain size, the fatigue strength at N=109, *

9w , is governed by the inclusion depth 
of   due to the stress distribution across the section of the specimen. As reported in the other 
paper [5], such a relationship between *

9w , and   is represented by the following expression; 

                    99
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9 5.1
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                                                                             (3) 

Therefore, substituting Eq.(2) into Eq.(3), one can derive the fatigue strength as follows; 

                   6/16/1*
9 5.1
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
 





 w                                                              (4) 

This equation gives the fatigue strength at N=109 at any size and depth of the interior inclusion. 
 
 
DISTRIBUTION CHARACTERISTICS ON SIZE AND DEPTH OF INCLUSION 
 
At first, distribution pattern of the inclusion size (radius),  , is assumed to be represented by 
two-parameter Weibull distribution, since the location parameter is thought as 0min  . Thus, 
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we have the following probability density and distribution functions of the inclusion size; 
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where a is shape parameter and b location parameter, respectively. 
 
Now, if n of inclusions are included inside the critical volume in the specimen, the largest 
inclusion is supposed to be the crack starter. Based on this aspect, distribution of the inclusion 
size at the crack initiation site is given by the distribution of the largest inclusion among total 
number of the inclusions. By applying the concept of the extreme’s distribution[x], we have the 
probability density function of the largest inclusion size among n inclusions as follows; 
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where n  means the radius of the largest inclusion among n of total inclusions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4:  Probability density functions of largest inclusion size in n inclusions. 
 
Assuming m 1  at 1.00 F  and m 15  at 9.00 F  as reasonable values, Weibull 
parameters a and b are given as a=1.139 and b=7.214, respectively. Probability density 
functions calculated by Eq.(7) at the total numbers of 2, 3, 5, 10, 20 and 40 are depicted in 
Fig.4. Analytical result at n=1 gives the original distribution of the inclusion size in the critical 
volume. It is noted that the average value of each distribution tends to increase with an 
increase of the number of inclusions included inside the critical volume. Another finding is that 
the distinct variation cannot be observed in the variance of each distribution. 
 
In the actual configuration of the fatigue specimen in the present study, the critical volume 
would be supposed to be    322 16.225.0 mmlrr  . In such a situation, the total number of 
inclusions would be restricted as n=3 or 5, for example.Thus, the number of inclusions is 
supposed to be n=5 as a reasonable example in this work. Then, the probability density 
function of the largest inclusion size,  5 , is given by the curve attached an arrow in Fig.4, and 
the actual value of 5  yields within a range of 3 m - 40 m  as indicated by the grey curve. 
 
In the next place, distribution pattern of the inclusion depth from the specimen surface should 
be analyzed quantitatively. As reported in another paper[5], probability density function of the 
inclusion depth, ξ, is given as follows; 
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  









rrA
g 
 12

,  [0≦ξ≦ c ]     (8) 

where r is radius of the specimen 
(r=1.5mm) and A=0.3055. This 
probability density function is shown 
in Fig.5. In case of rotating bending, 
the inclusion depth is restricted within 
the range of c ≦0.25mm. Thus, c  
gives the upper bound of the 
inclusion depth. It is noted that the 
probability density of the inclusion 
depth tend to increase with decrease 
of the depth. 
 
Fig.5: Probability density functions of inclusion depth  0f  and  f . 
 
 
ANALYSIS OF FATIGUE STRENGTH DISTRIBUTION AT N=109 
 
If size and depth of the interior inclusion are given, the fatigue strength at N=109 can be 
calculated by Eq.(4). However, they have particular distributions as represented by Eqs.(7) 
and (8). Size and depth of the inclusion have no relation each other, both random variables 

n  and   are statistically independent. Then, the joint probability density function   ,nh  is 
given by multiplication of the probability density functions of  nf   and  g  as follows;  
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As described previously, 5n , 139.1a , 214.7b , 5.1r  and 3055.0A  in the present work. 
 
Here, when the  n  plane is finely divided giving the inclements of n  and  , probability 
that the random variables n  and   are included in any cell of   n   at the point of   ,n
provides the probability giving the fatigue strength of *

9w  of Eq.(4). Thus, 
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By repeating such calculations, one can obtain the probability density function  *

9wwh   and the 

distribution function  *
9wwH   numerically. These functions thus obtained are depicted in Fig.6.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6: Probability density and distribution functions of fatigue strength. 
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The probability density function of  *
9wwh   is also plotted at the right hand edge in Fig.1, where 

the distribution pattern of the fatigue strength, *
9w , is well fitted to the statistical aspect of the 

experimental results.  
 
 
CONCLUSIONS 
 
(1) Relationships between the fatigue strength *

9w  and either the inclusion size   and the 
inclusion depth   was quantitatively analyzed, and the fatigue strength is provided by 
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(2) By connecting the concept of extremes distribution and random distribution, the 
probability density functions of n  and   were derived as follows; 
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(3) Combining the above distributions on n  and  , the joint probability density function for 

them is derived as follows; 
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The distribution pattern of the fatigue strength at N=109 derived from this function is well 
corresponding to the experimental aspect of the fatigue strength distribution for the bearing 
steel of SUJ2. 
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ABSTRACT 
 
The present paper is an overview of recent investigations dealing with the fatigue damage in 
the VHCF regime of duplex stainless steel (DSS, 1.4462, German designation) and super 
duplex steel (SDSS, 1.4410). The fatigue damage mechanisms have been investigated under 
vacuum, air and corrosive atmosphere. For the cyclic loading of the fatigue specimens an 
ultrasonic fatigue testing machine with a testing frequency of f = 20000Hz and a stress ratio of 
R = -1 have been used. The application of light microscopy, thermography and scanning 
electron microscopy as in-situ techniques, allows the observation of the damage evolution on 
the electrolytically polished surface of the specimens during the fatigue tests. The 
investigations show a strong slip band formation within the austenitic phase for the DSS, which 
leads to crack initiation at the austenitic/ferritic phase boundaries. In comparison to that, crack 
initiation in SDSS occurs at slip bands within the ferritic phase. The fatigue life of the duplex 
stainless steels is strongly dominated by the barrier effect of the microstructure surrounding 
the initially plastified grains. 
 
 
KEYWORDS  
 
duplex stainless steel, slip band formation, crack initiation, fatigue limit, corrosion fatigue 
 
 
INTRODUCTION 
 
Duplex stainless steels (DSS) combine good mechanical properties with excellent corrosion 
resistance. Therefore, DSS are widely used for offshore applications, components in the petro-
chemical industry and in process engineering. In comparison to single-phase stainless steels, 
DSS exhibit superior mechanical properties, which is governed by the two-phase 
microstructure arrangement composed of bcc ferrite grains and fcc austenite grains. DSS are 
materials of VHCF damage type I, i.e., fatigue crack initiation takes place at the surface 
governed by local plastic deformation within grains or grain patches oriented for easy slip [1,2]. 
Local plastic deformation manifests itself as slip band formation within austenitic grains of a 
particular high value of the Schmid factor. The slip bands within the austenitic phase are 
blocked at the adjacent austenite/ferrite phase boundaries, which leads to a dislocation pile 
up. Slip band accumulation gives rise to a gradually increasing stress concentration at the 
phase boundaries, eventually leading to slip transmission and crack initiation. It was found, 
that in particular austenite/ferrite phase boundaries act as barriers against fatigue crack 
propagation and their efficiency correlates with the geometrical misorientation between the 
neighbouring slip systems [3]. It is known that the twist misorientation rather than the tilt 
misorientation of two adjacent slip systems is determining the barrier efficiency of phase and 
grain boundaries [4,5].  
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The damage behaviour of DSS depends substantially on the heat treatment and chemical 
composition, which influences directly the strength of the individual phases. The addition of 
nitrogen to SDSS leads to a pronounced solid solution strengthening of the austenite phase 
and to an increase of the fatigue strength [6,7]. When exposing DSS to temperatures around 
475 °C, a spinodal decomposition of the ferrite phase in a Fe-rich matrix phase containing Cr-
rich α´ clusters can be observed. The so-called "475 °C embrittlement" leads to a pronounced 
strength increase of the ferrite grains. The respective increase of the barrier strength of the 
phase boundaries was shown to increase the HCF strength; however atom probe 
measurements (APT) revealed a disappearance of the ´ clusters along VHCF slip bands [8]. 
 
 
EXPERIMENTAL 
 
VHCF damage mechanisms were investigated on the austenitic ferritic duplex stainless steel 
(DSS) X2CrNiMoN22-5-3 (DIN 1.4462) and the super duplex stainless steel (SDSS) 
X2CrNiMoN25-7-4 (1.4410). The materials are hot rolled to round bars with a diameter of 
25mm. The chemical compositions of the materials are given in Table 1.  
 

Table 1. Chemical composition of the duplex and super duplex stainless steel (wt. %) 

steel/ 
element 

Fe C Cr Ni Mo Mn N P S Si 

DSS Bal. 0.02 21.9 5.6 3.1 1.8 0.19 0.02 0.002 0.5 
SDSS Bal. 0.01 25.3 6.5 3.7 0.7 0.3 0.01 0.004 0.2 

 
Consistent test conditions and a homogenous microstructure were achieved by heat treatment 
for both duplex steels. Cylindrical rods of the DSSs were annealed at 1250°C for 4h, cooled 
down in the furnace at a cooling rate of 1K/min to 1050°C and then quenched in water. This 
grain coarsening heat treatment resulted in a microstructure consisting of 50 % austenite and 
50 % ferrite, with a mean grain size of 40 µm for the DSS and a mean grain size of 20 µm for 
the SDSS (see Fig. 1). 

a) 

 

b) 

 
Figure 1: Microstructure of the a) duplex stainless steel (DSS) after grain coarsening and 

b) super duplex stainless (SDSS) steel as-received consisting of austenite  
(bright) and ferrite α (dark). 

 
Vickers microhardness measurements revealed hardness values of 304 HV in ferrite and 
269 HV in austenite phase in the DSS, and 318 HV in ferrite and 302 HV in austenite phase in 
the SDSS, respectively. The higher austenite hardness of SDSS is related to a higher content 
of nitrogen. For the fatigue tests in the VHCF regime an ultrasonic fatigue testing system 
(BOKU Vienna) was used with a testing frequency of about f = 20kHz. The fatigue tests were 
carried out under laboratory air atmosphere at room temperature with a load ratio of R = -1. 
The ultrasonic fatigue testing machine was operated in pulse-pause mode to avoid any sample 
heating during cyclic loading. Additionally, the fatigue specimens were cooled with compressed 
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air. Hourglass-shaped, electrolytically polished fatigue specimens were used, containing two 
opposing shallow notches in the gauge length (notch factor k = 1.1, Fig. 2c) to allow in-situ 
observation of VHCF damage by means of light microscopy (Questar and HIROX) and high 
resolution thermography (Infratec ImageIR 8380 hp). Furthermore, the testing setup was 
modified for implementation in a high-resolution SEM (Fig. 2b).  
 

     
a) b) c) 

    
Figure 2: Experimental set-up for in-situ-tests a) using a Questar far field microscope,  

b) within the SEM and c) specimen geometry with shallow notch. 

Fatigue tests under corrosive atmosphere were realized by means of a tailor-made corrosion 
chamber. The fatigue specimens were exposed to 5 % NaCl solution salt spray. The fatigued 
specimens are investigated by means of analytical electron scanning microscopy (SEM) in 
combination with electron backscattered diffraction (EBSD) and focused ion beam (FIB). 
 
 
RESULTS 
 
Figure 3 shows the SN-diagram for the DSS in the as-received and in the embrittled condition. 
Specimens, which did not fail after 109 cycles, are declared as run-out samples. Fatigue crack 
initiation was always observed at the surface of the specimens.  

 
Figure 3: S-N diagram for duplex stainless steel fatigued at 20 kHz with a stress ratio of 

R = -1 for the as-received compared to 475 °C embrittled specimen.  
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No failure was observed for a stress amplitude below σa = 340 MPa. The pronounced scatter 
of the results in VHCF regime can be related to the influence of the microstructure. By 
continuous in-situ observation of the surface of the specimens during cyclic loading, an early 
development of slip bands of gradually increasing density within the austenite phase was 
observed. The strong dislocation pile-up due to slip band accumulation at the austenite/ferrite 
phase boundary causes crack initiation usually in ferrite grains. Two mechanisms for crack 
initiation from the phase boundaries were observed for DSS. Transgranular crack initiation is 
caused by the accumulated stress concentration by slip band formation within the austenite, 
which triggers the movement of dislocations and leading to crack initiation in the ferrite phase. 
Intergranular crack initiation was observed for phase boundaries, where the slip steps within 
the boundary plane overcome the phase boundary coherence. It is worth mentioning that even 
for stress amplitudes below σa = 340 MPa local irreversible plastic slip was identified within the 
austenite grains. Therefore, one can conclude that local irreversible plastic slip of the DSS has 
generally to be accepted for fatigue applications also in the VHCF/fatigue limit regime. The key 
issue is the balance between (i) the amount of accumulated micro strain, (ii) the barrier strength 
of the respective phase boundariesm, and (iii) the fulfilment of the conditions for eventual micro 
crack initiation.  

a 

 

b  
Figure 4: a)  SEM micrograph of a duplex stainless steel fatigued at σa=370 MPa, N=6.9·107 

with marked crack initiation area (white dashed circle) and possible slip traces 
of {111} planes (white circles) and b) the observed crack length versus the 
number of cycles. 

 
As an example, Figure 4a shows a micro crack that was initiated at an austenite/ferrite phase 
boundary. The right crack front was propagating into the adjacent ferrite grain and stopped 
firstly at an inner phase boundary (1), and secondly in front of the neighbouring austenite grain 
(2). After the next approximately 4.7·107 cycles, the crack starts spreading in both directions, 
overcomes the phase boundaries and leads to the final failure. The observation of the crack 
propagation rate and the crack path by light microscopy, reveals the microstructural barrier 
effect, cf. Figure 4b. The barrier strength depends on the slip plane misorientation between 
adjacent grains. The crack growth rate is controlled by the twist angle, because an additional 
surface within the grain-boundary plane is required for crack growth. The crack propagates on 
the plane, which shows the smallest difference in tilt and twist angle as compared to the original 
slip band in the first grain. This is documented by means of the slip trace directions marked in 
the white circles for the specific grains in Figure 4a. The fatigue behaviour of DSS is 
determined by the strength of the both phases, austenite and ferrite, respectively. Some 
samples were embrittled at 475°C, leading to a higher ferrite hardness. The embrittled 
specimens failed at loads of a=360 MPa during the fatigue tests. It was found by means of 
EBSD measurements that the slip activity seems to be localised to individual {110}<111> slip 
systems. The investigation of the fracture surfaces supports this finding by the observation of 
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a tendency to micro cleavage. Regions with lower Cr content have been found by atom probe 
tomography (APT) of ferrite slip bands of embrittled run-out samples. This correlates with the 
high dislocation activity along the slip bands, leading to a disappearance of precipitates during 
VHCF (cf. [8]). And therefore, give reasons why this effect is not significantly increasing the 
VHCF life. Contrary to that, an increase in the nitrogen concentration in DSS influences mainly 
the strength of the austenite phase by solid solution strengthening. In comparison to DSS, 
crack initiation in SDSS seems to start preferably in austenite grains, since there is less stress 
relief by slip-band accumulation. Micro cracks within the slip bands form the nuclei for a 
propagating macro crack.  
To investigate the material's response to corrosion fatigue under VHCF conditions, the steels 
were ultrasonically fatigued in a corrosion chamber using 5% NaCl solution salt spray. The  
S-N results show a strongly decreasing tendency for the fatigue strength of about 25 to 35% 
as compared to fatigue in air (cf. [9]). The repeated destruction of the passive layer under cyclic 
loading at the intrusions and extrusions along the slip band promotes the corrosion attack by 
the formation of a local electrolytic cell. The investigation of the fracture surfaces by means of 
high resolution SEM reveals a higher degree of crystalline roughness. A strong tendency to 
micro cleavage and slip planarity was found on the transgranular fracture surfaces. This is 
shown in Fig. 5c/d and Fig. 5g/h.  
 

a)  b)  c)  d)  
           50µm       

e) 
 

          20µm f) 
 
g) 

 
h) 

 

 
Figure 5: Fracture surfaces of both duplex steels at different atmospheres: a) DSS in air; 

b) DSS in vacuum; c) DSS in salt spray; d) SDSS in salt spray (e-h show the 
respective fracture surfaces in more detail). 

 
 
CONCLUSIONS 
 
To investigate the fatigue mechanism in VHCF region in DSS X2CrNiMoN22-5-3 (1.4462) and 
SDSS X2CrNiMoN25-7-4 (1.4410), ultrasonic fatigue tests were carried out. The damage 
evolution during the fatigue tests were observed by means of in-situ monitoring techniques, 
i.e., light microscopy and scanning electron microscopy. The formation of slip bands at an early 
state of VHCF loading within the softer fcc austenite phase have been revealed by in-situ 
monitoring in the SEM. Furthermore, the increasing density of slip bands in the austenite grains 
leads to a stress concentration in the neighbouring ferrite grains. The impingement of the slip 
band lines at the austenite ferrite grain boundaries leads to crack initiation. Fatigue cracks are 
formed either intergranular or transgranularly, depending on the coplanarity of the adjacent slip 
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systems. Additionally it was found that phase boundaries exhibit a higher barrier strength than 
grain boundaries. While the efficiency of the microstructural barriers against slip transmission 
is determined by the twist angle between adjacent grain, the first boundary in front of the 
initiated crack is determining the existence of a fatigue limit by its effectiveness in blocking the 
fatigue crack growth. The higher nitrogen content in the fcc austenite for the SDSS leads to a 
higher fatigue limit as compared to DSS. The 475 °C embrittlement heat treatment, which leads 
to a strengthening of the bcc ferrite, seems to have a minor effect on an increasing fatigue life 
in the VHCF regime. Atom probe tomography revealed the disappearance of strengthening 
chromium-rich precipitates within the slip band areas. The fatigue testing under corrosive 
atmosphere leads to a strong decrease in fatigue life for both steels, DSS and SDSS, resp. 
This effect can be attributed to a higher degree of irreversible plastic slip leading into a 
pronounced slip planarity and a rough fracture surface showing lots of micro-cleavage facets. 
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ABSTRACT 
 
The effects of very high cycle fatigue damage were investigated at the grain level in 
austenitic-ferritic duplex stainless steel with a mean grain size of 50 µm using a sub-micro-
meter X-ray Laue diffraction technique. A one-dimensional X-ray scan was performed in the 
vicinity of a fatigue crack between an austenitic and ferritic grain using a 2D energy 
dispersive pnCCD. Angular positions, intensities and energies of the Bragg peaks were 
recorded simultaneously by a single X-ray exposure as a function of measurement position. 
The diffraction data, show that the austenite grain is made up of two twinned regions (TB) 
divided by slip band (SB) activated along the most favored {111} slip system oriented by 45° 
w.r.t. the loading direction. Laue spots outside the SBs show a variation of different spectral 
and spatial distributions which can be explained by the presence of isolated sub-grains 
separated by polarized dislocation walls. Our findings support the scenario that dislocations 
wall formation followed by expansion of the lattice planes is a main phenomenological 
contributor to the mechanism leading to crack initiation at the grain interface and hence a 
signal for fatigue failure. The diffraction results are compatible with the optical images and 
EBSD. 
 
KEYWORDS 
 
Very high cyclic fatigue, Microbeam X-ray Laue diffraction, Crack Formation,    
 
INTRODUCTION 
 
Metallic structural materials are usually polycrystalline and show multiphase behavior. They 
are composed of many grains of mutual orientation and different structure. Many properties 
of the material, in particular static stiffness and fatigue life time are directly related to the 
nature of the particular grain-grain interaction. Thus, the boundary between grains of 
neighbored structural phases can act as barrier for dislocation movement and determine the 
propagation behavior of micro fatigue cracks and may determine crack intension caused by 
stress concentration due to the anisotropy of elastic and plastic deformations.  

Currently, two main experimental methods are used to characterize inter- and intra-granular 
interactions, the first is electron backscatter diffraction (EBSD) [1-3] and the second is 
synchrotron based X-ray Laue diffraction [4-9]. EBSD based method is suitable for surface 
studies in the nanometer scale, while XRD allows for larger volumes to be sampled (~10 µm 
at 20 keV).  
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Here we apply a new and innovative technique [10] to analyze the fatigue behavior using 
white beam X-ray Laue diffraction and a 2D energy dispersive pnCCD detector [11]. 
Simultaneous measurements of the Bragg peaks angle (2θ) and energy in a Laue pattern, 
allows for crystal structure analysis without any sample rotation in a single shot exposure. 
The achievable spatial resolution is limited only by the beam size and penetration depth of 
probing X-rays. Knowing the crystal system, the measured Laue reflections can be assigned 
to certain grains. Due to structural damage the Laue reflections often show streaking. Using 
the pnCCD one is able to measure the energy dependence along the streaks and to assign it 
to the deformation process inside the crystal [10]. 

In the present paper, we apply the technique to a sample of austenitic-ferritic duplex stainless 
steel with a mean grain size of 50 µm. Using a sub micrometer sized X-ray beam we scan 
across the grain boundary between one austenite and ferrite grain and evaluate the nature of 
a streaking Bragg peak as function of the distance to the crack. We show that the streaking 
shows a characteristic pattern changing with the probing position and indicating variation of 
strain and the formation of sub-grains.  

 
MATERIAL AND EXPERIMENT 
 
Setup 
The energy-dispersive Laue diffraction (EDLD) experiment has been performed using the 
micro-beam Laue diffraction setup of the CRG-IF BM32 beamline at ESRF [12]. The primary 
beam provides polychromatic x-ray photons ranging between 5 to 23 keV. With the help of 
two Kirkpatrick-Baez mirrors, the beam size was reduced to a spot area of (0.5 x 0.8) µm² 
(FWHM) in the vertical and horizontal direction respectively. The sample was illuminated 
under an angle of about 40o with respect to the sample surface and the detector was 
equipped nearly vertically above the sample at a distance of 6.62 cm. 
 

Sample description 
 A dog-bone shaped specimen of polycrystalline duplex stainless steel having a circular cross 
section of 3 mm and a length of 10 cm, Fig. 1. The sample was thinned in the middle to 
create a weak region. In the process, the sample was hot rolled and then annealed for 4h @ 
1250o to induce grain coarsening (Ø grain size 50 μm) and release residual strains. Next, the 
DSS cylinder was itched with acid to make the phases visible by microscopy. During these 
processes, some of the austenitic grains show twinning activities, Fig. 2a. The sample was 
then deformed in tension with a frequency of 20 kHz up to 109 cycles.  

Fig. 1: A dog-bone shaped Duplex Stainless Steel sample 

XRF AND XRD Measurements 
First one has to identify a region of interest on the sample where the EDLD experiment will 
be performed. The optical microscope images in Fig. 2a show an austenite grain surrounded 
by a ferrite one, where in the first, a relatively thick slip band system is visibly extruding into 
the ferrite grain and initiating a micro crack at the border. By recording Laue patterns using a 
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sub-micrometer X-ray beam in the neighborhood of the crack, one can resolve the 
crystallographic orientation as well as strain state.  
 
Since Nickel is found with a higher concentration in austenitic phase in comparison to ferritic 
one, spatially resolved X-ray fluorescence mapping can be used to create a topological map 
of the surface of the sample. This map is used to determine the position of interest for  X-ray 
analysis. The map shown in Fig. 2b, was recorded with spatial resolution of 5 μm without 
removing the sample.  
 
The micro crack in the ferrite phase is an example of a fatigue crack that may propagate until 
a material failure occurs. With a step size of 3 μm, an X-ray scan was performed along the 
dotted line shown in Fig. 2c, beginning in the ferrite bulk and moving towards the direction of 
the crack tip, crack base and finally into the austenite phase. The resulting Laue patterns are 
recorded on a 2D energy dispersive pnCCD detector, and show 2 Laue spots belonging to 
the ferrite phase Fig. 3a. Due to simultaneous measurement of the Bragg angle and the 
spectral distribution, the Miller indices of each Laue spot can be calculated to be 035 and 
011. The changes in the shape and intensity distribution of the Laue spot (035) are plotted as 
a function scan position Fig. 3b. 

Fig. 2: (a) XRF image of the same region of Fig. 2a valuable for monitoring the X-ray beam 
on the sample. (b) XRF scan of the surface of the sample showing the ferrite phase 
(yellow/light) and austenite (red/dark) (c) Measurement plane: 10-20 are the X-ray scan 
positions with a step size of 3μm. 

Starting from a relatively far position with respect to the grain boundary and the visible crack 
tip, the intensity map at position 10 in Fig. 3b shows a confined high intensity peak (marked 
as 1) which can be described by a 2D single Gaussian distribution, and a less intense peak 
(marked as 2). The 2 peaks belong to 2 different crystal grains, the first is the visible ferrite 
phase and the second is beneath the surface, owing to the ~10 μm penetration depth of the 
X-ray beam at 23 keV inside steel.  For further analysis, we focus on the first peak.  

Fig. 3: Laue image of the measurement point 10, the two spots are magnified in the boxes. 
Evolution of the Laue spot 035 seen for different measurement positons 10-19. 
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Moving closer to the crack tip, a systematic displacement of the Bragg peak compared to 
position 10 is observed (Fig. 3b and Fig. 4a) which indicates a relative tilt of the lattice planes 
caused by mesoscale geometrically necessary dislocations (GNDs). An increase in the 
number of GNDs causes the dislocations to group into walls and sub-grain boundaries known 
as geometrically necessary boundaries, and causes a continues lattice curvature 
redistributing the Bragg peak intensity in a “streak” with a dominant streak axis along the 
direction of curvature. This describes the state of the Laue spot from positions 13 to15, where 
the Bragg peak intensity can no longer be described by a single Gaussian profile. When the 
angular mis-orientation between the GNBs is sufficiently large, the Bragg streaking becomes 
discontinuous, explaining the response at the crack. From measurement 16 to 18 the Bragg 
peak splits into three distinguishable sub-peaks moving away from each other as the X-ray 
beam reaches the crack base. At position 19, where the X-ray beam is at the grain boundary, 
the Bragg peak dissipates into a “cloud” like diffused intensity distribution indicating loss of 
crystallinity due to the high density of dislocations. 

Fig. 4: (a) Evolution of Bragg angle (2ϴ) plotted as function of position within the area of 
interest. Peak splitting (into 3 Branches) is seen from position 13 on. The crack area starts in 
the vicinity of position 15 and ends at position 19 (grain interface). In (b) change of Bragg 
peak energy of peak of highest intensity (Branch B of Fig. 4b is displayed). 

These qualitative observations seen in angular position and shape of the Bragg peak can be 
interpreted quantitatively by plotting the evolution of the Bragg angles and spectral widths of 
the sub-peaks shown in Fig. 3b as function of the probing position. An increase in the Bragg 
angle of the order Δθ=0.1o appears between points 10 and 13, followed by a jump of about 
0.15o for the 3 sub-peaks evolving from point 14 on. A relative decrease in the change of the 
Bragg peak angle is seen in the region of the crack (15 to 19) with Δθ<0.05o. The strain state 
of the 035-lattice plane can be determined by the change in the energy of the Bragg peak 
(Fig. 4b).  
The Laue peak energy shows a sharp decrease between measurement position 10 and 12, 
by ΔE=200eV. This drop in energy can be interpreted by a change in the lattice spacing, d. 
Between position 12 and 13 there is a jump in energy by 50 eV indicating release of strain  
that remains nearly constant throughout the whole crack region.  

DISCUSIION OF RESULTS 

Treatment of the sample surface using an itching solvent has revealed a distribution of sub-
granular formation, seen as dark and light shadows, in the region surrounding fatigue cracks 
close to the grain boundary, Fig. 5. On the other hand, previous broad beam X-ray diffraction 
analysis on DSS [13] revealed splitting in the austenitic grains which was linked to the 
formation of slip bands. On the other hand; no splitting was visible for the ferrite phase due to 
the low density of fatigue cracks. 
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Fig. 5: Sub-grain formation seen in the neighborhood of fatigue cracks. 

Using a micro-beam X-ray diffraction technique, the fatigue crack can be isolated and probed 
with high spatial resolution in comparison to the length of the fatigue damage.  
Our experiment shows two different regions, one with high strain level located at the tip of the 
crack and one with reduced strain but accompanied by sub grain formation.  

Fig. 6: Sketch model of the different stages of crack formation at the boundary between 2 
grains. In (a), slip planes (twinning in f.c.c.) cause stress accumulation resulting in a micro 
crack (b). (c) As the number of cycles increase, the micro crack increases in length and sub 
grains are formed. 

The elastic anisotropy at the boundaries between two grains causes stress concentrations 
initiated by twin formation in the austenitic grain. In the case of f.c.c. structure, the twin is also 
a slip plane, this allows for dislocations to glide towards and concentrate at the grain 
boundary. Within the ferrite grain, the density of dislocations increases causing crystal lattice 
tilts seen as a change in the Bragg angle. Further increase in the dislocation density, allows 
for the dislocations to organize in walls separating dislocation free regions and causing the 
Bragg peaks to streak and eventually to split into sub-grains. This process is accompanied by 
accumulation of strain, seen as a change in the Bragg peak energy. At one stage, the 
angular mis-orientation between dislocation walls exceeds a threshold visible as splitting of 
the Bragg peak into sub-peaks. This phenomenon is well-known and takes place in minerals, 
for example, where a crystal reduces its free energy by deformation in a process called 
dynamic recrystallization. Fig. 6 shows a scenario, how one can explain the changes 
accompanying the crack formation.  

Although, this example of a fatigue crack was formed and measured ex situ, the dynamics 
accompanying this process are still hidden. In this paper the formation and subdivision of the 
duplex structures after the VHCF fatigue became visible by micro-beam white X-ray 
diffraction proving new information on dislocation arrangement allowing for better 
understanding of the fatigue process on sub-micron level. 
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ABSTRACT 
 
The influence of graphene nanoparticle modification on damage initiation and propagation in 
carbon fibre reinforced plastics is investigated in static and cyclic tests using cross-ply 
laminates. The matrix either in the 0°-layers or in the 90°-layers is modified with few-layer-
graphene nanoparticles. In quasi-static tensile tests, a 90°-ply modification exhibits a delay in 
failure initiation while a 0°-ply modification increases the failure stress, thus exhibiting 
improved properties compared to the unmodified material. In cyclic tests under alternating 
loading however, the fatigue lifetime is decreased by the matrix modification, with the largest 
reduction for the 90°-ply modification. Fractography analysis of the fracture surfaces by 
scanning electron microscopy reveals differences in the fracture behaviour and a negative 
influence of the modification under mode I loading. 
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INTRODUCTION 
 
The increasing use of fibre-reinforced plastics (FRP) requires detailed knowledge about 
failure initiation and propagation within composite laminates. Matrix cracks control the design 
in layers transverse to loading direction and limit fatigue life in cyclic tests. For achieving 
higher efficiency and extended in-service life of FRP, especially when used as structural 
parts, improvement of the fatigue properties of on-going interest. With a carbon nanoparticle 
modification, increasing mechanical properties of polymers and FRP are reported [1–11]. By 
incorporating nanoparticles in the matrix, the available additional damage mechanisms 
enable the material to absorb more energy [7,11]. 
Since the discovery of graphene [12,13] there is an increasing interest to use it as reinforcing 
materials in polymers and FRP. Already the addition of small amounts of graphite 
nanoplatelets or graphene oxide increase the fracture toughness of epoxy matrix significantly 
[3] and leads to a higher resistance to fatigue crack growth [5,6]. By fractography, different  
toughening mechanisms such as graphene layer separation, layer shearing and formation of 
micro voids due to plastic shearing of the matrix are identified [3,11]. In addition to crack 
pinning, crack deflection and crack branching at the nanoparticles, additional energy is 
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absorbed by the modified material, leading to a decrease in crack growth rate and thus an 
increase in fracture toughness [3,14]. 
One promising approach to increase mechanical properties as well as fatigue life of 
composite laminate up the very high cycle fatigue regime is thus a modification of the matrix 
with carbon nanoparticles. However, the influence of carbon nanoparticles on damage 
initiation and propagation in fatigue loaded composite laminates is yet not fully understood. 
Furthermore, it was shown in previous investigations, that a nanoparticle modification may 
have opposing effects when comparing different load cases. For carbon fibre reinforced 
plastic (CFRP) cross-ply laminates, an increase in fatigue life is achieved with a matrix 
modification using multi-walled carbon nanotubes (MWCNT) or few layer graphene (FLG) in 
the tension-tension (t-t) regime [11]. In the tension-compression (t-c) regime however, the 
nanoparticles have no significant, or in the case of FLG even a negative effect on the fatigue 
behaviour. Figure 1 shows the influence of a nanoparticle modification with MWCNT and 
FLG on the fatigue life of CFRP under tensile and alternating loads. 
 
a) b) 

  
Figure 1: Fatigue life of unmodified and carbon nanoparticle modified CFRP for different load 

levels a) in the tension-tension regime (from [11]); b) in the tension-compression regime. 
 
The aim of this work is therefore a more detailed investigation of the influence of FLG on the 
fatigue behaviour of CFRP under alternating loads in the t-c regime. Special focus is set on 
the effect of the modification in the different layers of cross-ply laminates and the influence of 
the particles with regard to damage initiation and propagation. 
 
 
EXPERIMENTAL 
 
T700S carbon fibres (Toray, Japan) are used with the epoxy prepreg system Ludeko R470 / 
H471 (Ludeko, Germany) as matrix material. Planar FLG avanGraphene-2 (Avanzare, Spain) 
are used for nanoparticle modification of the matrix with a filling content of 0.3 wt.% based on 
the complete matrix system. The FLG particles have less than six layers with a thickness of 
about 2 nm and lateral dimensions of 5 µm to 25 µm (according to the manufacturer). 
The nanoparticles are dispersed in the resin without hardener in a three roll mill (EXAKT 
Advanced Technologies GmbH 120E). The hardener is added before impregnation of the 
fibres. The components are degassed for 1 h at 30 °C and then mixed by automated steering 
in vacuum for 20 min to remove any air inclusions.  
Unmodified and FLG modified prepregs are produced with an in-house prepreg machine. 
The dry carbon fibre roving is impregnated with the unmodified or FLG modified matrix 
system and winded up on a hexagonal roll. With this method, a unidirectional tape with 
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straight, aligned fibres of 300 mm width is produced. Nanoparticles are equally dispersed in 
the matrix between the fibres as is confirmed in transmission light microscopy of thin micro 
section samples. After B-staging according to the recommendation for this material system, 
the prepregs are stored at -18 °C until lamination and the following curing process. Cross-ply 
laminates [0/902]s are stacked from the produced prepregs and autoclave cured at 120 °C for 
2 h with an applied vacuum of -0.2 bar and an autoclave pressure of 3 bar. From the 
prepregs, three configurations are laminated: 
 

 Unmodified 
 0°-layers modified with 0.3 wt.% FLG 
 90°-layers modified with 0.3 wt.% FLG 

 
With this approach, the influence of the FLG modification in either the 0°-layers or in the 90°-
layers on the mechanical properties and the damage process can be independently 
determined.  
Ultrasonic inspection after curing assures manufacturing quality without any larger voids or 
delaminations. The fibre volume content is determined according to DIN EN 2564 to be 
approximately 65 %. Cured laminates are prepared with 50 mm wide and 2 mm thick 
GFRP/Aluminium end-tabs using 2-component adhesive. Specimens for static and cyclic 
tensile tests are cut with a diamond saw according to DIN EN ISO 527-4 [15] to 
length = 250 mm, width = 25 mm and thickness = 2 mm. Specimen edges are polished to 
minimise edge effects. 
Quasi static tensile tests are performed according to DIN EN ISO 527-4 [15] with a universal 
testing machine type 1474 from Zwick at a cross-head speed of 2 mm/min. Strain is 
measured with a long-travel extensometer on the specimen surface. Acoustic emission (AE) 
analysis is used to analyse the damage process. The recording of AE data is carried out with 
a Micro-II multi-channel acquisition system (MISTRAS, Germany). Two wideband differential 
(WD) sensors for AE wave detection are fixed on one side of the specimen. The setting of 
the AE acquisition system is given in Table 1.  
 

Table 1: Setting of the parameters of the AE acquisition system 
Parameter Value 
Sampling rate 5 Hz 
Preamp Gain 20 dB 
Treshhold  45 dB 
HDT  250 µs 
HLT  800 µs 
PDT  150  

 
 
Fatigue tests are performed on a servo-hydraulic test machine from Instron/Schenk with 
alternating loads in the tension-compression regime (R = -1) at a frequency of 6 Hz. Two 
load levels are selected. The higher load level is at 228.8 MPa (23 % mean tensile strength) 
the lower is at 215 MPa (21.6 % mean tensile strength). The upper load level is selected in 
the stress range of transverse crack initiation in quasi-static tensile tests, as it is determined 
with the AE-analysis. The tests are performed at standard conditions of 23 °C and 50 % 
humidity. Specimens are mounted in an anti-buckling device to prevent global specimen 
buckling at the compressive loading part.  
The fracture surfaces are analysed by scanning electron microscopy (SEM) in order to 
evaluate the influence of the FLG modification on damage propagation under static and 
alternating cyclic loads. 
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RESULTS AND DISCUSSION 
 
In quasi-static tensile tests, Young’s modulus, strain to failure and failure stress are obtained 
and compared for the three configurations. Using the AE data, the stress at inter fibre failure 
(IFF) initiation can be determined from an increase in accumulated energy that correlates 
well with a slight decrease in the slope stress-strain curve. This slope decrease is also 
referred to as a “knee” and typical for initiation of the first transverse cracks in cross-ply 
laminates [16].  
By modifying either the 0°-layers or the 90°-layers with FLG nanoparticles, Young’s modulus 
increases of about 5.5 %. The strain to failure is not influenced by the nanoparticle 
modification as it is dominated by the stiff fibres in 0°-direction. Figure 2 shows the stress at 
IFF initiation and at rupture of the specimen for the three configurations. As can be seen in 
Figure 2 a), the initiation of IFF is shifted to higher stresses with a modification of the 90°-
layers with FLG nanoparticles. This can be explained with nano- or microdamage at the 
particles such as graphene layer shearing or matrix plastic deformation [3,17]. These types 
of local damage dissipate energy that is not available for crack initiation or growth. As IFF 
occurs mainly in the 90°-layers, no significant change is observed for a 0°-layer FLG 
modification, although the stress at IFF is slightly higher compared to the unmodified 
specimens. The failure stress is increased with a FLG modification of the 0°-layers, as shown 
in Figure 2 b).Values for the laminates with 90°-layers modified are in the same range as the 
unmodified laminates. The higher failure stress for the 0°-layer modification can be attributed 
to a suppression of delamination growth that is observed during the tests. The 0°-layer 
modified specimens exhibit a nearly linear stress-strain-behaviour until final failure, whereas 
for both other configurations load drops and a decreasing slope of the stress-strain curve are 
observed. These load drops correlate with an abrupt increase in cumulated energy in the AE 
data and are attributed to delamination initiation and growth or fibre failure. In addition, 
breakage of fibre bundles in the 0°-layers after single fibre breakage might be reduced due to 
a better load redistribution via the stiff FLG particles oriented in loading direction between the 
fibres, resulting in higher tensile stress. 
 
a) b) 

  
Figure 2: Mechanical properties determined from quasi-static tensile tests: a) stress at failure 

initiation b) failure stress 
 
These results with regard to the observed damage suppression fit well with the increase in 
fatigue lifetime under pure tensile loads shown in Figure 1 [11]. With a compressive loading 
part however, the fatigue life decreases when the matrix in either 0°-layers or 90°-layers is 
modified with FLG nanoparticles. This is shown in Figure 3, in which the load cycles until 
failure are given at the two load levels for all three configurations. 
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Figure 3: SN-curves of CFRP showing the influence of a matrix modification with FLG 

nanoparticles in the different layers of cross-ply laminates 
 
A modification of the 90°-layers reduces the cycles to failure for both load levels significantly. 
Cycles to failure for specimens with the 0°-layers modified are in within the range of the 
unmodified specimens for the higher load level, but exhibit smaller values for the lower load 
level. This agrees with observations from Knoll et al. that a modification with FLG 
nanoparticles in FRP is more promising at higher loading in fatigue tests [11]. The reasons 
for the inferior fatigue behaviour under alternating loads compared to the unmodified material 
are investigated using fractography in SEM. It is found that the planar FLG particles between 
the fibres as well as between the layers are oriented in fibre direction. This may lead to a 
faster mode I delamination growth during compressive loading and thus results in lower 
fatigue life. These results agree well with previous investigations on mode I / II fracture 
toughness of the same material, which showed a decreasing mode I fracture toughness for 
FLG nanoparticle modified cross-ply laminates [18]. Further investigations with other 
nanoparticle morphologies and dimension are thus necessary for clarification.  
 
 
CONCLUSIONS 
 
With a tailored matrix modification using FLG nanoparticles of either the 90°-layers or the 0°-
layers of CFRP cross-ply laminates the influence of these particles with regard to mechanical 
properties and damage initiation and propagation is investigated under quasi-static tensile 
and alternating fatigue loading conditions. In tensile tests, the IFF initiation is shifted to higher 
stresses for a 90°-layer modification, while a 0°-layer modification results in a higher failure 
stress. This enhancement in mechanical properties shows the potential for increasing fatigue 
life, at least in the tension-tension regime. In the tension-compression regime, FLG particles 
may accelerate mode I delamination crack growth when oriented in crack growth direction, 
leading to the observed decrease in fatigue life.  
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Tempered martensitic steels are used for any applications in transport, energy and 
production technologies that combine high numbers of load cycles with high mechanical 
load. In series production, maintaining a high degree of microstructure reproducibility is 
limited. Therefore, the case of VHCF-loaded components, microstructure inhomogeneities 
can lead to a serious life reduction, since the microstructural blocking of initiated small 
fatigue cracks might get lost in weak regions. 
 
By means of ultrasonic testing (20000Hz, type BOKU Vienna) and resonance testing (400Hz, 
type RUMUL Testronic) of a 0.5C-1.25Cr-Mo tempered steel (German designation: 
50CrMo4) in combination with high-resolution thermography, the evolution of fatigue damage 
was monitored throughout the fatigue life. It was found by heat dissipation signals that cyclic 
plasticity is concentrated within Cr-depleted segregation bands. A closer analysis of these 
plastic strain concentration sites by using high-resolution scanning electron microscopy 
(SEM) in combination with automated EBSD (electron back scattered diffraction) reveals that 
cracks initiate mainly between 60°-misoriented martensite blocks. As long as the cracks are 
limited to one prior austenite grain they are rather shallow as it was shown by focused ion 
beam (FIB) milling. Fur such shallow cracks, the prior austenite grain boundaries act as 
efficient barriers to fatigue crack propagation and hence, the material exhibits a fatigue limit 
(here: no fracture at 1 billion of cycles). To correlate the microstructure hierarchy (prior 
austenite grains size, martensite packet size, and martensite block size), the material was 
given a defined coarsening heat treatment. By incremental step tests on specimens of the 
heat-treated materials, the cyclic yield strength vs. prior austenite grain size was determined, 
allowing the derivation of the cyclic friction stress and the barrier strength. These important 
microstructural parameters were used to apply a numerical short crack model based on the 
boundary element method to VHCF of tempered steel. 
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ABSTRACT 
By means of high frequency fatigue testing of a 0.5C-1.0Cr-Mo martensitic steel in different 
tempering conditions, the evolution of fatigue damage was monitored throughout the fatigue 
life by applying high-resolution thermography. It was found by heat dissipation signals that 
cyclic plasticity in the medium hardness condition is concentrated within Cr-depleted 
segregation bands leading to surface crack initiation mainly between 60°-misoriented 
martensite blocks. As long as the cracks are limited to one prior austenite grain they are rather 
shallow, as it was shown by FIB milling, and are blocked by prior austenite grain boundaries. 
In the high strength condition, VHCF cracks initiate internally at non-metallic inclusions. To 
correlate the hierarchical microstructure features with the fundamental mechanical properties, 
the material was given a defined coarsening heat treatment. By incremental step tests on 
specimens of the heat-treated materials, the cyclic yield strength vs. prior austenite grain size 
was determined, allowing the derivation of the cyclic friction stress and the barrier strength. 
These important microstructural parameters were used to apply a numerical short crack model 
based on the boundary element method to VHCF of tempered steel.  
 
INTRODUCTION 
Tempered martensitic steels are used for any applications in transport, energy and production 
technologies that combine high numbers of load cycles with high mechanical load levels. In 
series production, maintaining a high degree of microstructure reproducibility is limited. 
Therefore, in the case of VHCF-loaded components, microstructure inhomogeneities can lead 
to a serious life reduction, since the blocking of initiated small fatigue cracks might get lost in 
weak regions. Tempered martensitic steels exhibit a hierarchical microstructure setting [1]; 
prior fcc austenite grains resulting from the normalization treatment serve as starting point for 
the diffusion-less martensite formation during quenching. According to [2], the transformation 
follows the Kurdjumov-Sachs relationship between the fcc austenite grains and the bct 
martensite laths: {111} fcc || {110} bct. The martensite laths, separated either by low-angle or 
60° boundaries, are arranged in parallel blocks within packets of similar block orientation. The 
strength of the martensitic microstructure depends on the degree of tetragonal distortion (due 
to carbon in supersaturation) and the size of carbide precipitates, and can be adjusted by the 
tempering temperature and time. In addition to that, the VHCF strength depends on the size 
of non-metallic inclusions [3] or the local barrier efficiency to withstand the spread of cyclic 
plasticity (cf. [4]). It has been known from numerous studies on VHCF of high-strength steel 
that failures at 108 cycles and more initiate internally at nonmetallic inclusions (VHCF type II 
behavior). The inclusions are surrounded by a fine granular area (FGA), the size of which 
becomes larger the lower the applied stress amplitude. The relationship between VHCF life 
and FGA development can be generally understood on the basis of dislocation accumulation, 
grain refining and local decrease of the stress intensity threshold for fatigue crack initiation (cf. 
[5,6]). The mutually interacting loading conditions and microstructure features of martensitic 
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steels, that determine the crack initiation site, are not fully understood yet and are subject of 
the present paper.  
 
EXPERIMENTAL 
The VHCF behavior of martensitic steel was studied by means of 0.5C-1.0Cr-Mo tempered 
steel (German designation: 50CrMo4) that was provided as cylindrical bars and given a 
normalizing treatment at 860°C for 1h followed by quenching in oil. One set of specimens 
exhibits an identical prior austenite grain size (d=14µm), martensite packet and block size 
(b=0.5µm), but was tempered at two different temperatures, 550°C and 200°C for 1.5h, 
resulting in hardness of 37HRC and 57HRC, respectively. Another set of specimens was 
produced using an extended high-temperature treatment prior to normalizing in order to vary 
the prior austenite grain size and the martensite packet size. To correlate the hierarchic 
features of the martensitic microstructure with the VHCF properties, the steel was 
quantitatively analyzed by means of electron back-scattered diffraction (EBSD) in the scanning 
electron microscope (SEM Zeiss Auriga). Fig. 1 shows the crystallographic orientation 
distribution of the martensite laths and the prior austenite grains calculated using the variations 
of the KS orientation relationship (ARPGE: Automatic Reconstruction of Parent Grains from 
EBSD data, [7]). 
        

 
a b 

Figure 1: (a) EBSD orientation distribution of the martensitic steel 50CrMo4 steel, and  
(b) automated parent austenite grain reconstruction (inverse pole figure)  

 
VHCF testing was carried out using both, an ultrasonic testing device type BOKU Vienna at 
f=20kHz in pulse-pause mode (100ms pulse followed by 900ms pause leading to an effective 
testing frequency of f=2kHz), and a resonance testing machine type RUMUL Testronic 
operating at f=95Hz at a stress ratio of R=-1 (fully reversed cycling). Shallow-notched, 
electropolished specimens were used to allow in-situ damage monitoring using digital 
micropscopy (HIROX) and high-resolution thermography (Infratec Image IR 8380 hp, see Fig. 
2a). Furthermore, fatigue damage was characterized by means of scanning electron 
microscopy in combination with focused ion beam milling (FIB) to gain in-depth information.  
 
RESULTS AND DISCUSSION  
To understand the cyclic damage accumulation throughout millions of load reversals, load 
increase tests in combination with thermography monitoring were carried out. Cyclic plasticity 
is localized in Cr depletion bands, manifesting itself by bright areas in the thermogram as 
shown in the insert in Fig. 2a (cf. [8]). The temperature increase can be correlated with the 
onset of local plastic deformation, when the remote stress amplitude exceeds approximately 
a=400MPa in the 37HRC tempering state. Compared to the results of the Wöhler S-N 
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experiments, the material's fatigue limit seems to be substantially higher, i.e., FL650MPa for 
testing at 20kHz and FL480MPa for testing at 95Hz (see Fig. 3a).  

 
a b 
Figure 2: VHCF testing in combination with high-resolution thermography: (a) experimental 

setup and thermogram showing local plasticity as bright bands and the crack 
initiation (C1) as hot spot; (b) stepwise load increase test and respective specimen 
response plotted as the change in temperature and resonance frequency   

 
This observation is attributed to a gradual decrease in cyclic plasticity as a consequence of 
strain hardening and in particular, the presence of microstructural barriers, such as prior 
austenite grain boundaries and martensite packet boundaries. The obvious frequency effect 
on the fatigue limit is probably due to the thermal activation of the Peierls energy barrier for 
plastic slip. While at low strain rates (d/dt0.5s-1, f=95Hz) the critical shear stress cr is 
dominated by mutual interactions between dislocations, the Peierls barrier at high strain rates 
(d/dt100s-1, f=20kHz) cannot be fully accommodated by thermal activation at room 
temperature. Therefore, high strain rates lead to a higher cr and a higher FL, respectively (cf. 
[9]). Additional experiments to support this hypothesis are subject of ongoing work.  
In the case of the 37HRC tempering state, no failures were observed beyond 107 cycles. 
Therefore, a "real" fatigue limit can be postulated, although run-out samples (109 cycles) show 
small shallow surface cracks (cf. Fig. 4a). However, in the case of the 57HRC tempering state, 
the same material (with respect to its chemical composition) exhibits a pronounced VHCF type 
II behavior, i.e., failures beyond 107 cycles and internal crack initiation at nonmetallic inclusions 
(cf. Fig. 5a).  

  
a b 
Figure 3: Wöhler S-N diagrams showing (a) the different behavior of 37HRC tempered 

50CrMo4 steel at 20kHz and 95Hz testing frequency and (b) the different VHCF 
behavior of 50CrMo4 steel tempered to 37HRC and 55HRC  
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Fatigue damage sets in by the formation of protrusion bands (similar to slip bands) preferably 
between 60° misoriented martensite blocks in parallel to the {111} planes of the prior austenite 
grains (see Fig. 4a). By means of FIB milling perpendicular to the protrusion bands, it was 
shown that the bands form protrusions due to cyclic slip irreversibility leading to the initiation 
of microcracks (Fig. 4b).  
   

a b 
Figure 4: Protrusion band formation during VHCF of 50CrMo4 tempered steel (37HRC, 

a=640MPa, N=1.5∙108): (a) protrusion bands aligned between martensite blocks 
(containing small Fe,Cr carbides) and (b) FIB cross section through a protrusion 
band containing a shallow microcrack  

 

 
a b 
Figure 5: Internal VHCF crack initiation at an Al2O3 inclusion: (a) top view and FIB cross 

section, and (b) calculated stress intensity factor range at the inclusion and at the 
respective FGA.  

 
Contrary to that, crack initiation in the 57HRC state was found to occur internally at non-metallic 
inclusions. According to Fig. 5, a fine-granular area (FGA) was identified, which is attributed to 
plastic slip accumulation in the vicinity of the inclusion followed by polygonization (due to 
dislocation patterning). The local drastic reduction in grain size reduces the threshold stress 
intensity range for crack initiation Kth, incl.. Therefore, the crack initiation process is driven by 
the advance of the FGA. Only if the FGA size exceeds the critical length that is required for 
K>Kth, the conditions for initiation and growth of a macroscopic fatigue crack is fulfilled (cf. 
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[6]). This concept is supported by the fact that for a given inclusion size the respective stress 
intensity factor decreases with decreasing remote stress amplitude, being generally below the 
threshold of Kth4MPa m-0.5 [10]. The gap between the actual stress intensity range at the 
inclusion and the macroscopic stress intensity range needs to be overcome by the formation 
of a FGA, which must be larger the smaller the applied stress amplitude is. This is in agreement 
with the experimental results presented in Fig. 5b.  
 
The model development is based on the observation that cyclic plasticity is concentrated along 
protrusion bands between the martensite blocks. According to the above-mentioned 
hierarchical microstructure, EBSD data (Fig. 1) are extracted and transferred in a simplified 
arrangement of prior austenite grains, martensite packets and blocks (Fig. 6a). According to 
earlier work (cf. [11]), plastic slip between the martensite blocks is simulated by the boundary 
element method (BEM). Therefore, crack advance da/dN is correlated to the irreversible part 
(irreversibility factor ) of the shear displacement range CTSD at the crack tip.  

CTSD
dN
da

   (2) 

An example is shown in Fig. 6b. The blocking effect of the prior austenite and the martensite 
packet boundaries is implemented by defining a source stress Q that needs to be overcome 
to spread plasticity form the crack-containing grain/packet to the neighboring grain/packet. 
Beside the microstructure date and Q the model requires the critical shear stress to drive 
dislocations along the protrusion bands c. Both, the critical stress and the source stress have 
been assessed by means of a Hall-Petch analysis, i.e., evaluating the cyclic 0.01%-yield 
strength (Rp0.01 cyclic) from incremental step tests (IST) as a function of the prior austenite grain 
size/martensite packet size, which was varied by high-temperature annealing for different 
durations (cf. [8]).  
 
 

 
a b 
Figure 6: Modeling fatigue crack propagation in martensitic steel: (a) synthetic 

microstructure with prior austenite grains containing martensite packets with 
martensite blocks (aligned in parallel), (b) simulated microcrack propagation along 
martensite block boundaries.  
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CONCLUSIONS 
 
The VHCF behavior of 0.05C-1.0Cr-Mo martensitic steel was experimentally characterized by 
means of ultrasonic and resonance testing in combination with high-resolution thermography 
and scanning electron microscopy. The VHCF failure mechanisms depend strongly on the 
tempering condition: At 37HRC, only initiation of surface cracks is observed, which are 
efficiently blocked by microstructural obstacles below a critical stress level. Therefore, the 
existence of a "real" 107 cycles fatigue limit is supported. Contrary to that, the 57HRC 
tempering state leads to higher fatigue strength values that continuously decreases, even 
beyond 109 cycles.  Above 106 cycles, the crack initiation site shifts from surface protrusion 
bands to non-metallic inclusions in combination with a fine granular area, the size of which was 
shown to depend on the applied stress amplitude. By combining linear elastic fracture 
mechanics with microstructural fracture mechanics using the boundary element approach, a 
quantitative evaluation and prediction of the VHCF failure process becomes accessible.   
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ABSTRACT 
 
A physically based constitutive equation to characterize the very-high-cycle fatigue (VHCF) 
behavior of structural materials has been formulated on the basis of the macroscopic 
descriptor of fatigue crack growth. The descriptor is that, at any time during fatigue, the 
normalized remaining fatigue life is proportional to the normalized remaining uncracked 
section size of the specimen. A simple functional has been found to express this relationship, 
universally, in many materials. Integration of this functional and the introduction of physical 
boundary conditions, leads to a compact constitutive equation for the stress-life (S-N) fatigue 
behavior. The S-N constitutive equation represents, quite accurately, a large number of HCF 
and VHCF fatigue data. In particular, the asymptotic approach of the fatigue data toward the 
physical endurance limit stress in VHCF is accurately characterized by the proposed S-N 
equation. The constitutive equation also validates the existence of the endurance limit stress 
in fatigue for homogeneous materials. 

 
KEYWORDS 
 
S-N curve, constitutive equation, physical model, crack growth, endurance limit, asymptotic 
behavior, tensile strength, exponential function 
 
INTRODUCTION 

 
Since Wöhler’s first experiments on fatigue, empirical equations such as the Basquin 
equation or the Coffin-Manson equation has been used to characterize high cycle fatigue 
(HCF) and low-cycle fatigue (LCF) behavior. These equations generally are power functions 
of fatigue life. However, S-N fatigue data, when gathered over a very wide range of fatigue 
cycles, show the sigmoidal behavior with the ends asymptotically approaching the limiting 
stress values. This behavior cannot be represented by the power-function based empirical 
equations. The principal reason is the lack of physical models having the ability to accurately 
describe the fatigue behavior in HCF and VHCF domains. The situation is exacerbated by 
studies that the claim1,2 that a low stress limit for infinite specimen survival may not exist, and 
that the S-N curve is to be expected to continue sloping down with a decrease in the fatigue 
stress amplitude. The objective of the present work is to show that a constitutive equation for 
S-N fatigue can be developed from the physical modeling of fatigue failure process. The S-N 
equation also supports the existence of a physical endurance limit stress in fatigue. 
 
THE CONSTITUTIVE EQUATION FOR S-N FATIGUE  
 
The physical damage in fatigue begins with the formation of an incipient micro-crack from a 
persistent-slip-band (PSB), at cyclic stresses above the physical endurance stress limit. The 
cycles spent in the growth of this micro-crack, through the section of the specimen, is 
considered as the fatigue life, Nf at the cyclic stress amplitude. In our recent work3 it was 
shown that, any time during fatigue, the normalized remaining fatigue life, (1-N/Nf), is 
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proportional to the normalized remaining uncracked section size, (1-a/W), of the fatigue 
specimen. This relationship was found to be universal and is expressed as 
 

1 − !
!
= 1 − !

!!

!
          (1) 

 
where k is the parameter characterizing the crack growth, a and W are the crack length and 
the specimen width, and N is the number of elapsed fatigue cycles corresponding to the 
crack length. This functional has been shown to represent the growth behavior of small and 
large fatigue cracks in many materials4. 
 

 

Figure 1. Schematic of the relationship between stress amplitude and fatigue life.  
 
The macroscopic description of fatigue failure, as captured by the functional, can be 
understood with the help of Figure 1. At the highest possible stress amplitude (σa), which is 
equal to the tensile strength (σu), the specimen fracture occurs in approximately one cycle. At 
relatively lower stress amplitudes, but higher than the endurance limit stress (σe), the fatigue 
fracture occurs by crack growth in (Nf-1) cycles. The final fracture of the specimen occurs 
monotonically when the level of stress amplitude reaches the tensile strength level of the 
remaining ligament. This situation occurs for all stress amplitudes in the range of σu>σa>σe. 
 
In our previous work5, the growth of the micro-crack in fatigue was modeled as a continuous 
process of increase in cyclic strain energy on the uncracked ligament (net-section), which 
accelerates the crack growth process. It was then shown4 that fatigue crack growth in 
uniformly-stressed fracture mechanics specimens can be expressed as 
 
!( !!)

!"
= 𝐴 !!"

!

!!
!/!

!!!/!            (2)   
 
where A is the dimensionality parameter, σae is the fatigue stress amplitude at the endurance 
limit, β is the stress exponent and E is the elastic modulus. Integration of Eq. (2) with the 
substitution of Eq. (1), and the imposition of the essential boundary conditions, resulted4 in a 
compact constitutive equation for S-N fatigue behavior. The S-N constitutive equation is 
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where σa, σu and σe are fatigue stress amplitude, tensile strength and endurance limit stress, 
respectively. The important parameters of the S-N equation are Cn and mn (which 
characterize the sigmoidal shape of the S-N curve) and the physical boundary conditions, σu 
and σe (which determine the asymptotic behavior of the S-N curve at the ends). Equation (1) 
is the constitutive equation for S-N fatigue behavior at the stress ratio, R=0. 
 
It is to be noted that the fatigue endurance limit, σe, used in Eq. 3 refers to the physical 
endurance limit stress, which either corresponds to the critical stress for slip initiation or to 
the threshold stress for the growth of a small crack. The common cycle-based definition (that 
is picking the fatigue strength at 107 or 108 cycles) is arbitrary and has no physical basis. 
Also, the cycles to failure is not an independent variable and a limit definition based on this is 
not consistent. 
 
Material [Data Ref.] 
 

Test Condition σu* 
(MPa) 

σe 
(MPa) 

Cn mn 

PWA1480 single Xtal [6]
 

RT/5Hz/Axial/R=-1 280 1237 0.03 0.37 
UFG Cu [7] RT/1Hz-20KHz/Axial/R=-1 387 130 0.05 0.23 
Poly Cu [8] RT/20KHz/Axial/R=-1 230 95 0.015 0.31 
A517 Steel [9] RT/50Hz/Bend/R=-1 820 420 0.0005 0.62 
SAE 4130 Steel [10] RT/30Hz/Axial/R=-1 860 345 0.07 0.3 
Cast 319 Al Alloy [11] RT/40Hz-20KHz/Axial/R=-1 166 38 0.038 0.29 
75S-T6 Al Alloy [12] RT/30Hz/Axial/R=-1 573 123 0.015 0.4 
CP Titanium [13] RT/5-120Hz/Axial/R=-1 460 250 0.002 0.75 
Ti-6Al-4V Alloy-1[13] RT/5-120HzAxial/R=-1 912 480 0.035 0.33 
Ti-6Al-4V Alloy-2 [13] RT/120Hz/Axial/R=-1 1068 560 0.058 0.29 
Rene 88DT Ni Alloy [14] RT/10Hz-20KHz/Axial/R=-1 1450 560 0.002 0.45 
Udimet 500 Ni Alloy [2] RT/20-20 KHz/Axial/R=-1 968 200 0.17 0.14 

* Average tensile strength; RT=room temperature 
 
Table I. Parameters used for the prediction of S-N Curve 
 
EXPERIMENTAL VALIDATION 
 
The predicted S-N curves from Eq. (3) are shown in Figures 2 through 4 for various materials 
including Ni-base alloy single crystals (Figure 2a), pure Cu (Figure 2b), aluminum alloys 
(Figure 3a) steels (Figure 3b), titanium alloys (Figure 4a) and polycrystalline Ni-base alloys 
(Figure 4b), along with the respective experimental data. The data are mostly the fatigue 
data from smooth specimens loaded axially in fully-reversed cycling, with many tests run into 
VHCF regime. In order to verify the asymptotic behavior of the S-N fatigue curve and the 
data at the extremes of fatigue life, only high quality S-N data, generated over a wide range 
of fatigue cycles, are used here. The predicted S-N curves in the figures were generated 
using Eq. (3) and using the parameters given in Table I.  
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 (a)      (b) 
 
Figure 2. Predicted S-N curves compared with the fatigue data of (a) PWA1480 superalloy 
single crystal and (b) ultrafine grained copper and polycrystalline Cu tested in VHCF regime. 

   
 (a)      (b) 
 
Figure 3. Predicted S-N curves compared with the fatigue data of (a) cast and wrought 
aluminum alloys and (b) high strength steels. 
 
It can be seen that the S-N curves predicted using Eq. (3) are in very good agreement with 
the experimental S-N data. Actually, the experimental data in Figures 2-4 show the 
asymptotic behavior of fatigue life at long lives, especially in the so-called VHCF regime. It is 
also evident that fatigue data with failure cycles >107 are necessary to see the entire S-N 
behavior, especially the extent of VHCF regime. The present equation also validates the 
asymptotic nature of fatigue life near the endurance limit—the exponential function (in Eq. 3) 
approaches zero as Nf approaches infinity. This means that the stress amplitude, σa, is equal 
to the endurance limit, σe, only when Nf is infinite. This behavior indicates that there is a low 
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stress limit for infinite specimen survival. Physically, the endurance limit stress is equivalent 
to the critical resolved shear stress for slip initiation in single crystals or the threshold 
condition for the propagation of small fatigue cracks in polycrystals. Hence, the asymptotic 
nature the S-N equation at long fatigue lives is strongly in favor of the existence of a finite 
endurance stress limit below which fatigue failures will not occur. 
 

   
 (a)      (b) 
 
Figure 4. Predicted S-N curves compared with the fatigue data of (a) CP-Ti and Ti-6Al-4V 
alloys of different tensile strength and (b) polycrystalline Ni-base alloys in VHCF regime. 
 
The present work may help to clarify some confusion about the existence of endurance limit 
in fatigue below which a specimen may have infinite life. It has recently been suggested1,2, 
based observation of fatigue failures at 107-109 cycles, that there is no endurance limit in 
fatigue. This study reported S-N data up to 1010 cycles, generated by ultrasonic fatigue 
testing, with the trends in S-N data depicted as straight lines. It was suggested, probably 
from the lack of an asymptotic trend in the data at long life, that there is no infinite fatigue life 
and that fatigue limit, as a material property, does not exist. In light of the present work, this 
deduction appears to be erroneous. First, the lack of any asymptotic region would suggest 
that perhaps S-N testing was not done for sufficiently large number of cycles. Secondly, it 
cannot be argued that the experimental failure life would follow along the downward sloping 
straight line, as the stress amplitude of fatigue testing is reduced. Such an assumption will 
lead to intersection of the S-N data with the abscissa at some finite cycles, suggesting finite 
fatigue life at zero stress, which is not possible. 
 
Materials containing a statistical distribution of defects or having inhomogeneous 
microstructures may not show the endurance limit condition or the asymptotic nature of the 
S-N curve at very long fatigue lives (some examples can be found elsewhere15). This is 
because the crack-initiating defect size, in inhomogeneous materials, is a statistical variable 
between the samples leading to highly variable fatigue failure lives even when a very large 
number of tests are repeated at the notional endurance limit stress. The principal reason is 
that identical specimens cannot be produced from inhomogeneous materials to reliably test 
for the existence of endurance limit stress--each specimen will have its own limit! For such 
materials, efforts to assess whether there exists a fatigue endurance limit will not be fruitful. 
However, most commercial materials including that shown in Figure 2-4 are homogenous 
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enough to produce tight S-N data sets over a wide range of cycles, including the asymptotic 
trends in the VHCF regime. For each of such materials, it seems that fatigue endurance 
stress limit, as a unique material property, exists. 
 
CONCLUSIONS 
 
A physically based constitutive equation for predicting the stress-life (S-N) behavior in fatigue 
of materials has been developed. The constitutive equation describes quite accurately a 
large number of S-N fatigue data over a wide range of failure cycles, including the VHCF 
regime. The equation also exhibits the correct asymptotic end limits, that is, tending to 
ultimate tensile strength of uncracked specimen at zero fatigue cycle and to physical 
endurance limit stress at infinite failure cycles. It is also shown that the constitutive equation 
faithfully reproduces of asymptotic trends in S-N data, including the asymptotic approach of 
the data toward a physical endurance limit stress. 
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ABSTRACT  

In the present contribution it was investigated to what extent the so-called nonlinearity 
parameter correlates with the crack propagation in case of very low load amplitudes. Tests 
were carried out by means of an ultrasonic fatigue testing machine with a resonant frequency 
of approximately 20 kHz at VHCF-relevant stress levels on two different aluminium alloys, 
the precipitation-hardening alloy EN AW 6082 and the work-hardening alloy EN AW 5083. 
Besides the analysis of the nonlinear material behaviour the crack initiation and crack growth 
at the sample surface were optically recorded with a long-distance microscope. During the in-
situ investigation a change in crack growth velocity can be detected. It is assumed that the 
barrier function of grain boundaries and primary precipitations are the major reason for crack 
growth retardation despite the fact that the crack is in long crack growth regime. Preliminary 
results of ongoing investigations could show that this effect of crack growth retardation is 
reflected in the nonlinearity parameter signal.  

KEYWORDS 

Aluminium alloys, crack initiation, crack propagation, nonlinear material behaviour, very high 
cycle fatigue, ultrasonic fatigue testing  

INTRODUCTION 

In previous studies the fatigue crack growth behaviour of metallic materials at low stress 
amplitudes and therefore high number of load cycles N > 107 (very high cycle fatigue – 
VHCF) was thoroughly investigated. It has been shown that cracks can propagate even 
below the classical fatigue limit. To investigate the fatigue crack growth under VHCF relevant 
stress amplitudes high frequency testing equipment such as ultrasonic fatigue testing 
becomes essential. It allows the examination of long fatigue crack growth at a testing 
frequency of about 20 kHz. The experiments in this study are based on two aluminium alloys, 
a precipitation-hardening and a work-hardening one. The aim of the study is to characterize 
the early and slow fatigue crack propagation in the threshold regime in order to gain insight 
into the barrier function of microstructural inhomogeneities such as large precipitations or 
grain boundaries. 
Previous studies could show that the crack initiation site for aluminium alloys can move to the 
subsurface region in the VHCF regime [1]. Therefore, it is less likely to detect the crack 
initiation and the early crack growth by optical means. Alternative possibilities, such as the 
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alternate current potential drop system often involve extensive efforts to calibrate the 
measuring data. A method, which is rarely used concerning fatigue crack growth monitoring, 
is the acquisition and analysis of the nonlinear material behaviour. It was primarily applied for 
an ultrasonic fatigue testing system by Kumar et al. [2]. The nonlinear material behaviour is 
described by the so-called nonlinearity parameter, which is defined by equation (1) with c 
denominating the propagation velocity of the ultrasonic wave, ω0 the angular frequency of the 
vibration, x the distance of propagation and a1 and a2 the amplitudes of the first and second 
harmonics. A detailed description of the nonlinear material behaviour can be found in [3].   

β=
8c²*a2

ω0²*x*a²
 

           (1)

The ultrasonic fatigue test is based on a longitudinal, sinusoidal ultrasonic wave, which is 
induced in the sample and reflected at its end. The generated feedback signal is recorded by 
an inductive displacement transducer. The control unit of the testing system registers the 
signal directly in form of the nonlinearity parameter. This is based on the principle that a 
damage caused by cyclic loading can be reflected in the ratio of the higher harmonics. The 
relative nonlinearity parameter, which can be used as damage indicator after Kumar et al. [4], 
is calculated with equation (2). 

 βrel	=	β-β଴	=	(A2-2A1)-(A2-2A1)0           (2)

Here it is only necessary to record the amplitudes of the fundamental frequency A1 and the 
second harmonic A2 for the damaged and undamaged (initial state) condition. β0 is 
determined during the first few pulses. While A1 at around 20 kHz remains unchanged, the 
second harmonic is very sensitive towards microstructural changes during the test. So the 
damage caused by fatigue should be detectable by βrel [5]. If it is applicable for aluminium 
alloys as well was the major purpose of the study presented. In previous studies the 
nonlinearity parameter was mainly used to distinguish between crack initiation and crack 
growth phase. The focus on this study was laid on the characterization of the fatigue crack 
growth and the correlation of βrel and the crack length. 

SPECIMEN, MATERIAL AND TESTING 

Material 
In this study the aluminium alloys EN AW 6082 and EN AW 5083 were investigated. Table 1 
contains the chemical composition for both alloys.  
EN AW 6082 is a precipitation-hardening alloy, whose microstructure is defined by a rolling 
texture with elongated grains of a length of ~ 300 µm and a width of ~ 50 µm. The material is 
characterized by primary (Mg2Si, Al(Si,Mn,Fe)) and secondary (Mg2Si) precipitations (see 
Fig. 1a). The alloy was investigated in peak-aged (pa) and overaged (oa) condition. The heat 
treatment is given in Fig. 1b.  
EN AW 5083 is a work hardening alloy, which was investigated in the soft-annealed condition 
with nearly globular grains (around 40-50 µm). The microstructure is defined by the primary 
precipitations of type Mg2Si and Al6(Mn,Fe), see Fig. 1c. 

 Mg Mn Si Fe Zn Cu Cr Ti Al 
EN AW 6082 0,6-1,2 0,4-1,0 0,7-1,3 0,5 0,2 0,1 0,25 0,1 Bal. 
EN AW 5083 4-4,49 0,4-1,0 0,4 0,4 0,25 0,1 0,05-0,25 0,15 Bal. 

Table 1: Chemical composition (in weight %) of the investigated materials according to Bikar-
Aluminium (EN AW 6082) and Hydro (EN AW 5083) 
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Fig. 1: a) Microstructure with primary precipitations of alloy EN AW 6082 b) precipitation 
hardening heat treatment and c) microstructure of alloy EN AW 5083. 

Testing 
The tests were performed at an ultrasonic fatigue testing system with a resonance frequency 
of 20 kHz and a load ratio of R = -1. In front of the ultrasonic fatigue testing system is a long-
distance microscope, which has a maximum magnification of 750x and was provided by the 
workgroup of Prof. Brückner-Foit from the University of Kassel. The testing area can be seen 
in Fig. 2a. The samples are hour-glass shaped with a shallow notch in the middle (see Fig. 
2b). Furthermore, there was a micro notch inserted on the ground of the shallow notch by 
means of focused ion beam technology. It acts as a definite crack initiation site for optical 
crack growth investigations (see Fig. 2c).    

Fig. 2: a) Ultrasonic fatigue testing system (BOKU Vienna) with long-distance microscope in 
front (Hirox) b) sample geometry with shallow notch and c) FIB notch. 

EXPERIMENTAL RESULTS 

Preliminary tests were executed in order to prove if the nonlinearity parameter is suitable to 
detect the early crack initiation. Fig. 3 shows the nonlinearity parameter at the beginning of 
the test for the three investigated material conditions. All tests were carried out with samples 
containing a FIB-notch. The tests were stopped manually when a crack could be seen 
through the long-distance microscope. For alloy EN AW 6082 there is no significant change 
of the nonlinearity parameter detectable until break-off. Nevertheless, a crack could easily be 
detected for both heat treatment conditions for EN AW 6082 with the microscope. According 
to the literature βrel should be sensitive enough regarding the crack initiation and growth, like 
Mayer et al. confirmed for the aluminium alloy EN AW 2024-T351[6]. A comparison of the 
present results to the ones of Mayer et al can be found in [7]. Kumar et al. [3] determined that 

50 µm 
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the detection of the crack initiation can be difficult because of the variation range of βrel 
throughout the test. Therefore the use of a λ-rod is recommended. In case of alloy EN AW 
6082 the course of βrel is quite stable even without a λ-rod. Until the break-off the variation is 
only ±0.03 dB. Based only on the nonlinear material behaviour it is not possible to detect the 
crack initiation in these cases. 
In contrast, the nonlinearity parameter for alloy EN AW 5083 shows a more distinct change in 
its course, while the variation range is again quite constant. There is a significant change of 
0.25 dB observable right from the beginning of the test. At this point of the test it is not 
certain, if the decrease of βrel is truly a result of the advancing crack. Another reason could 
be the hardening of the material during the first load cycles as was observed by Schneider et 
al. [8] for this alloy. Based on these results one can conclude that a conclusive monitoring of 
the nonlinear material behaviour regarding the crack initiation and early crack growth 
depends on the material tested. For alloy 6082 the crack initiation could not be detected, 
whereas EN AW 5083 shows a change in its nonlinear material behaviour during crack 
initiation in the VHCF regime.       

 
Fig. 3: Nonlinearity parameter at the beginning of the test until manual break-off (nomen-
clature: alloy - stress amplitude in MPa - crack length at break off in µm) 

In a second step, the focus was on the correlation between nonlinearity parameter and crack 
growth. Fig. 4 depicts the β-parameter and the crack length as function of the load cycles for 
the two different alloys, with alloy EN AW 6082 being tested in the peak-aged condition only. 
Both experiments were investigated under constant stress intensity factor ∆K, which was 
realised by decreasing the stress amplitude accordingly. Kumar et al. [9] and Li et al. [10] 
already mentioned the dependency of the nonlinearity parameter on the stress amplitude. 
But the difference of the amplitudes A2-2A1, which βrel is based on, should be independent of 
the stress amplitude assuming the material and experimental conditions remain constant.  

         
Fig. 4: Fatigue crack growth experiments with constant ∆K a) EN AW 6082 pa 
(∆K  = 1.45 MPa√m) b) EN AW 5083 (∆K  = 1.7 MPa√m). 
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a) b) 

122



 

Fig. 4a contains the results for alloy EN AW 6082 in peak-aged condition. The crack length 
increases continuously during the test. Similar changes can be observed with a continuously 
decreasing nonlinearity parameter. This proves that the nonlinearity parameter is a function 
of the crack length. Comparable results can be observed for alloy EN AW 5083 (Fig. 4b). 
Here the crack growth velocity remains not constant over the entire test. During the first 
1*106 cycles the crack growth rate is around 10-10

 m/cyles and decreases to 10-11 m/cycles at 
the end of the test. This change is mirrored by the course of the nonlinearity parameter as 
well. After 1*106 cycles the decrease of βrel is slower. 
For some distinctive points in the curves depicted in Fig 4, there is a significant change in the 
crack growth rate between these points observable, especially when differentiating between 
left and right side of the crack (left and right side of the micro notch respectively). This can be 
attributed to the microstructure, as can be seen in Fig. 5. When the crack growth rate 
decreases, it is in most of the cases caused by primary precipitates or grain boundaries. But 
it seems that the grain boundaries do not play such an important role for alloy EN AW 6082. 
In this alloy, crack growth retardation is mainly caused by the ferritic precipitations. 
Contrarily, in alloy EN AW 5083 grain boundaries can also act as a microstructural barrier.  
 

  
Fig. 5: SEM images of the samples used for the curves depicted in Figure 4 with correlation 
of crack length to microstructure; a) left crack of Figure 4a; b) left crack of Figure 4b (grain 
boundaries schematically in green) 

Fig. 6 shows the course of the nonlinearity parameter versus the crack length for the tested 
material conditions. A linear correlation between the two parameters can be seen in all 
cases, but the slopes are changing, especially between the two different heat treatment 
conditions of alloy EN AW 6082. The overaged samples exhibit a sharper decrease than the 
peak-aged ones. The slope of alloy EN AW 5083 is similar to the peak-aged condition. An 
influence of the test routine can be excluded, because it was left unchanged within the 
measuring of the data depicted as open or closed symbols. The crack growth rates were in 
the same range of 10-10 m/cycles as well. As a result the different slopes have to be caused 
by the material condition. A quantitative study is not possible at this state. A possible reason 
for the different behaviour could be a difference in the plastic zone at the crack tip. Present 
studies will have to clarify this matter.       

 
Fig. 6: Nonlinearity parameter versus crack length for various material conditions for crack 
growth rates in the range of da/dN ~ 10-10 m/cycle. 
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CONCLUSION 

The present investigations had the aim to evaluate the applicability of the nonlinearity 
parameter in order to describe the crack initiation and growth during ultrasonic fatigue. The 
experiments show that the crack initiation cannot be detected for sure, but depends on the 
material. For alloy EN AW 6082 there was no change of the parameter visible for both 
investigated heat treatment conditions that means the nonlinearity parameter could not be 
applied for the early fatigue crack detection. However, the parameter changed right from the 
beginning of the test for alloy EN AW 5083. In case of a change of the nonlinearity 
parameter, it is not yet clear whether this can be attributed to crack initiation or cyclic 
hardening/softening and will be the subject of further investigations. 
Concerning the crack growth behavior, a good correlation between the nonlinearity 
parameter and the crack growth rate could be detected. A change in the crack growth rate 
was clearly mirrored by a significant change of the nonlinearity parameter as well.   
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ABSTRACT 
 
The internal fatigue crack growth rate in Ti-6Al-4V was investigated using high-resolution 
X-ray CT. The present work was conducted at the SPring-8, one of the world’s largest 
synchrotron radiation facility, located in Japan. The internal crack propagated quite slowly, 
less than 10-10 m/cycle; in contrast, the growth rate significantly increased once the crack 
reached the specimen surface. The growth rate of the internal crack was compared with those 
of surface cracks in air and high vacuum to elucidate the internal fracture process in terms of 
the environment inside the cracks. The rate of the internal crack was lower than that of the 
surface crack in the air but matched that in the vacuum. This led us to conclude that the low 
growth rate of the internal crack is due to the vacuum-like environment inside the crack. 
 
 
KEYWORDS 
 
Crack growth, titanium alloy, nondestructive inspection, vacuum environment 
 
 
INTRODUCTION 
 
(α+β) titanium alloy Ti-6Al-4V is used in various industries including aerospace applications. 
The excellent fatigue properties allow its use for components subjected to sever cyclic loading. 
However, fatigue fractures originating from the internal initiation sites have been reported in a 
very high cycle fatigue regime for this alloy [1]. The growth process of internal cracks has not 
yet been revealed because they are typically too small to be detected by commonly used 
non-destructive inspection methods such as X-ray CT. 
 
However, micro computed tomography (µCT) using high brilliance X-rays has become 
available because of the development of third-generation synchrotron radiation sources [2]. 
Previous studies have shown the effectiveness of µCT as a high-resolution nondestructive 
observation method for fatigue cracks in metallic materials [3, 4].  
 
In this study, the internal crack growth in Ti-6Al-4V was observed by using µCT at a large 
synchrotron radiation facility, SPring-8, in Hyogo, Japan. The internal crack growth rate was 
obtained from an analysis of the reconstructed images, and the findings are presented from 
the view point of the environment inside the internal crack. 
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EXPERIMENTAL PROCEDURE 
 
Material and specimen 
 
The material was an (α+β) titanium alloy, Ti-6Al-4V. The chemical composition of the alloy was 
as follows (wt %): 6.12 Al, 4.27 V, 0.16 O, 0.002 N, 0.02 C, 0.15 Fe, 0.0029 H, Bal. Ti. The 
alloy was heat-treated with the following sequence: a solution treatment at 1203 K for 2.6 ks 
was followed by air cooling and over aging at 978 K for 7.2 ks, followed by air cooling. The 
microstructure after heat treatment had an (α+β) dual phase microstructure; the average grain 
size of each phase was 10 µm. The tensile strength and elongation were 943 MPa and 17%, 
respectively. An hourglass specimen with a parallel part of φ1.8 × 3 mm was used to ensure a 
minimal X-ray transmission during µCT.  
 
Fatigue test and µCT 
 
The experiment entailed the fatigue tests and µCT be repeatedly conducted at SPring-8. 
Sinusoidal loadings with a stress ratio R = 0.1 at a frequency f = 400 Hz were applied. The 
maximum stress was σmax = 650 MPa. Internal fractures were assumed to occur at around Nf 
= 2–3 × 107 under this condition. The cyclic loadings of 1.60 × 107 cycles were applied to the 
specimen prior to the experiment at SPring-8 in order to reduce the time necessary for the 
fatigue tests and to observe the internal crack growth up to the final fracture within the 
available time of the beamline (48 hr). 
 
The experiment was carried out in the second hutch of the medium-length beamline BL20XU 
at SPring-8. The µCT system consists of an undulator light source, an optical system, a 
detector, and a specimen. The optical system consists of a double crystal monochrometer (Si 
111-111) and a slit. The maximum available X-ray energy is 37.7 keV. A visible-light 
conversion type X-ray image detector was used. The format of the image was 2000 × 1312 
pixels in a 2 × 2 binning mode of a CCD camera (Hamamatsu Photonics K. K., C4880-41S). 
The final pixel size was 1.5 µm. The specimen was set on a rotating table so that X-rays 
propagated perpendicularly to the loading axis of the specimen. The µCT images were 
created from radiographs obtained by rotating the specimen about the loading axis. The 
whole parallel part of the specimen (φ1.8 × 3 mm) was observed.  
 
The µCT conditions were as follows. The X-ray energy was 37.7 keV. The specimen was 
rotated about the loading axis from 0° to 180° in steps of 0.1°. At each step, the X-ray intensity 
was measured by the detector with an exposure time of 0.5 s. The projection number was 
1800, and the total scan duration was 15 min. The distance between the specimen and the 
detector was set to 300 mm to utilize the edge enhancement effect properly [5, 6]. The tensile 
loading of 1300 N, which corresponds to 78% of the maximum stress of 650 MPa, was 
applied to the specimen to open the internal cracks using the tensile loading grip developed 
for this study [6]. A convolution back projection method was used for the reconstruction. 
 
 
EXPERIMENTAL RESULTS 
 
Six internal cracks were detected as a result of the first µCT at N = 1.60 × 107. Fig. 1(a)–(c) 
shows examples of the reconstructed longitudinal sections of the internal cracks. The dark 
line near the center of the images represents the cracks. In the following observations, 
another three internal cracks were initiated: one crack was detected at N = 1.64 × 107, and 
two cracks were detected at N = 1.76 × 107. A total of nine cracks had initiated up to Nf = 1.96 
× 107, where the crack shown in Fig. 1(a) caused the final fracture that became a fatal crack. 
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a. 

 

b. 

 

c. 

 
Fig. 1: Reconstructed longitudinal sections around the internal cracks 
 
The growth processes of the internal cracks were observed. Most of the cracks did not show 
any apparent growth during the observation period (N = 1.60 × 107–1.96 × 107). However, 
some cracks including the fatal crack propagated widely. In the present work, the growth of 
the fatal crack was carefully investigated. Fig. 2 shows the 3D reconstructed images of the 
fatal crack at each cycle. The dashed line indicates the specimen surface. The crack 
propagated radially outward from the internal initiation site and eventually reached the 
specimen surface, as shown in Fig. 2(h). Subsequent cyclic loadings of 699 cycles were 
applied to investigate the growth behavior after the crack reached the specimen surface. The 
surface crack growth was observed from (h) to (i). The specimen fractured immediately when 
the subsequent loading was applied after the observation shown in (i). From the above, the 
number of cycles after the crack reached the specimen surface was no more than order 102, 
and the ratio of the number of cycles in surface crack growth to the total fatigue life was very 
small. 
 
 
a. N = 1.60 × 107 b. N = 1.64 × 107 c. N = 1.76 × 107 

   
d. N = 1.81 × 107 e. N = 1.83 × 107 f. N = 1.88 × 107 

   
g. N = 1.93 × 107 h. N = 1.96 × 107 i. +699 cycles 

   
Fig. 2: 3D reconstructed images of the fatal crack at each number of cycles 
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DISCUSSION 
 
The crack growth rate da/dN was calculated from the observation results of the crack shown 
in Fig. 2. The crack was longer in the direction perpendicular to the specimen surface, and the 
crack growth rate along this direction was obtained. Fig. 3(a) shows the relationship between 
da/dN and the stress intensity factor range ΔK. The triangles and diamond in the figure 
represent the results for the internal and surface cracks, respectively. ΔK values were 
calculated using the equation proposed by Murakami et al. [7]. The da/dN of the internal crack 
was very small, less than 10-10 m/cycle. In contrast, the da/dN once the crack reached the 
surface was on the order of 10-8 m/cycle and was much larger than that of the internal crack. 
 
The internal crack propagates through a vacuum-like environment that is shut off from the air 
[8, 9]. Fig. 3(b) shows the relationship between da/dN and ΔK of the surface cracks in the air 
and vacuum obtained by one of the authors [9]. Circles and squares indicate the results in air 
and vacuum, respectively. The da/dN in the air was larger than 10-9 m/cycle for a whole ΔK 
regime. In contrast, the da/dN in the vacuum was less than 10-10 m/cycle in the lower ΔK 
regime and was significantly lower than that in the air.  
 
The results of the internal crack were replotted in Fig. 3(b) to elucidate the internal crack 
growth in terms of the environment inside it and were compared with those of the surface 
cracks in the air and vacuum. The da/dN of the internal crack (triangles) was significantly 
lower than that of surface crack in the air; in contrast, it matched that of the surface crack in 
the vacuum. This indicates the reason for the low da/dN of the internal crack is the 
vacuum-like environment inside the crack.  
 
However, the results once the crack reached the surface (diamond) were of the same order as 
the surface crack in the air. Namely, the internal crack upon reaching the specimen surface 
changes its growth behavior to that of a surface initiated crack. These findings indicate that 
the reason for the growth rates of internal and surface cracks is the difference in environments 
inside them. 
 
 
a. Internal crack growth b. Effect of environment on the crack growth 

  
Fig. 3: Relationship between da/dN and ΔK 
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ABSTRACT 
 
The very high cycle fatigue properties of 17-4PH stainless steel under torsional loading 
condition are studied using ultrasonic testing equipment. The results are compared with 
torsional tests at conventional frequencies and with uniaxial ultrasonic fatigue tests. Fatigue 
limits are determined for smooth specimens and for specimens with artificial defects. Ratio of 
the torsional fatigue limit, τw0, and the tension-compression fatigue limit, σw0, at a load ratio of 
R = -1 is about 1/√3, which is in good accordance with the von Mises criterion. In the 
presence of a defect, however, the ratio of τw/σw is close to 1. This suggests that the effect of 
biaxial stress becomes negligible, and the fatigue behaviour is controlled by the major 
principal stress. The use of a fracture mechanics approach is found to be appropriate for 
predicting the fatigue strength in the presence of a defect with small notch root radius.  
 
 
KEYWORDS 
 
17-4PH stainless steel, torsional fatigue, very high cycle fatigue, small defects, 
non-propagating cracks, fatigue limit  
 
 
INTRODUCTION 
 
A number of investigations have been performed in the last few years dealing with the 
influence of intrinsic and artificial defects on the uniaxial fatigue properties of 17-4PH 
stainless steel [1-3]. It was found that very small defects as non-metallic inclusions with 
diameters of only a few microns may initiate fatigue cracks, and failure can occur even above 
N = 1010 load cycles. The fatigue limit in the presence of various types of small surface 
defects (inclusions, corrosion pits, drilled holes and circumferential notches) was determined. 
It could be shown that the fatigue limit, σw, can be calculated according to the √area 
parameter model by Murakami and Endo [4] using the following equation: 
 

𝜎w =
1.43 ∙ (HV + 120)

�√area�
1/6  (1) 

 
where √area is the square root of the projection area of a small defect perpendicular to the 
loading direction (in µm), HV is the Vickers hardness (in kgf/mm²) and σw is in MPa. 
 
Equation (1) is appropriate to evaluate the fatigue limit of the investigated 17-4PH steel in the 
presence of small defects with notch root radii, ρ, less than 50 µm and √area ≤ 80 µm. For 
larger defect (√area > 80 µm), the failure criterion can be expressed by the threshold stress 
intensity factor range of a long crack (or a large defect), ∆Kth,lc, as follows: 
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𝜎w =
∆Kth,lc 2⁄

0.65 ∙ �𝜋 ∙ √area × 10-6 
 (2) 

 
For a defect with larger notch root radius of ρ ≥ 50 µm, a fracture mechanics approach is not 
applicable, and the predictions according to Eqs. (1) and (2) become highly conservative. In 
this case, the fatigue limit is determined by the critical condition for crack initiation, instead of 
crack propagation. This could be proven due to the absence of non-propagating cracks at the 
fatigue limit (which were observable for defects with smaller notch root radii) [3]. 
 
Recent studies on the torsional fatigue properties [5] reveal that the defect tolerance 
significantly increases under biaxial loading condition. In contrast to tension-compression 
loading, defects with √area ≤ 70 µm are non-detrimental since fatigue failure originates from 
the smooth surface instead of the defect. Furthermore, the sensitivity to notch root radius is 
less pronounced under torsional loading condition. Drilled holes with diameters of 100 µm 
(ρ = 50 µm) still can be treated with a fracture mechanics approach. But for larger notch root 
radii (ρ ≥ 100 µm), the fatigue limit is again determined by the critical condition for crack 
initiation. 
 
In the present work, torsional fatigue test results in the very high cycle fatigue (VHCF) regime 
are presented and compared with torsional fatigue tests at conventional frequencies and 
uniaxial ultrasonic fatigue tests. 
 
 
MATERIAL AND EXPERIMENTAL PROCEDURE 
 
Chromium-nickel-copper stainless steel 17-4PH is investigated. The material was 
precipitation hardened at 621 °C for 4 h (condition H1150). The chemical composition and 
the mechanical properties are summarised in Table 1 and 2, respectively. For more details 
on the material, see Ref. [1]. 
 

Cr Ni Cu Mn Si Nb+Ta C P S 

15.57 4.37 3.31 0.49 0.40 0.23 0.033 0.027 0.001 

 
Table 1: Chemical composition of 17-4PH (in weight %) 
 
 

Tensile strength 
(MPa) 

Yield strength 
(MPa) 

Elongation 
 (%) 

Reduction of area 
(%) 

Vickers hardness 
(kgf/mm²) 

1030 983 21 61 352 

 
Table 2: Mechanical properties of 17-4PH 
 
 
Torsional fatigue tests at 19 kHz were conducted with hourglass and cylindrically shaped 
specimens as shown in Fig. 1. The surfaces of specimens were ground and electropolished 
to remove residual stresses. 
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Fig. 1: Specimen geometries for ultrasonic fatigue testing with (a) hourglass and (b) 

cylindrical shape in the gauge length (dimensions in mm) 
 
Ultrasonic fatigue testing equipment developed at BOKU University, Vienna was used which 
enables VHCF testing under torsional loading condition at different load ratios, R. Specimens 
are stimulated to circumferential resonance vibration. At one end of the specimen, the 
oscillation amplitude is measured with a vibration gauge which is used to control loading in a 
closed-loop circuit. This leads to an accuracy of ±1% of the vibration amplitude. A detailed 
description of the testing equipment can be found in [6]. 
 
Both specimen shapes shown in Fig. 1 were used to determine the torsional fatigue limit of 
smooth specimens. The specimen shape used to determine the fatigue limit under uniaxial 
ultrasonic fatigue loading can be found in [1]. Torsional test with specimens containing two 
drilled holes were performed with cylindrically shaped specimens (Fig. 1(b)). The orientation 
of the 2-hole defects (hole diameter: 100 µm, hole depth: 131 µm, distance between hole 
centres: 110 µm) was at an angle of 45° with respect to the specimen axis, i.e. perpendicular 
to the direction of the major principal stress under torsional loading. The specimens were 
stress-relief annealed in high vacuum at 600 °C for one hour to remove residual stresses that 
were potentially generated during drilling. 
 
Previous torsional fatigue test at load frequencies of 25–35 Hz were conducted with round-
bar specimens. The diameter in the gauge length of these specimens was between 6 and 
10 mm. For more details on specimen shape and experimental procedure, see Ref. [5]. 
 
 
RESULTS AND DISCUSSION 
 
Uniaxial and torsional fatigue limit of smooth specimen 
 
The S-N data received from ultrasonic fatigue tests under tension-compression and torsional 
loading are summarised in Fig. 2. Additionally, results obtained from low frequency tests are 
included [5]. The fatigue limit of smooth specimens under fully reversed uniaxial loading, σw0, 
determined from test up to 1010 cycles can be estimated with the simple equation [7]: 
 

σw0 = 1.6∙HV ± 0.1∙HV (3) 
 
The ratio between the fatigue limits under uniaxial and torsional loading, σw0/τw0, is in good 
correlation with the von Mises criterion. The fatigue limit of smooth specimens can be 
therefore estimated as: 
 

𝜏w0 =
𝜎w0

√3 
=

1.6∙HV 
√3 

 (4) 

 
Fatigue-limit estimations according to Eqs. (3) and (4) are plotted as dashed lines in Fig. 2. 
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Fig. 2: S-N data for smooth specimens under tension-compression and torsion loading (open 

symbols indicate run-out specimens) 
 
It is noted that the torsional fatigue limit determined in low-frequency tests coincides to the 
fatigue limit measured in ultrasonic torsional tests, but lower fatigue lifetimes are measured in 
the low-frequency experiments. Further investigations are necessary to explain this 
behaviour. However, the results discussed in the next section rather indicate a size effect 
than a strain rate effect. 
 
Torsional fatigue limit in the presence of artificial defects 
 

  
Fig. 3:  2-hole defect on specimen surface and stress transformation to principal stresses 
 
Two ultrasonic torsional fatigue test were conducted with 2-hole defects as shown in Fig. 3. 
The first test was performed at a shear stress amplitude of τa = 260 MPa, which is slightly 
above the fatigue limit of τw = 240 MPa that was determined from prior low-frequency tests 
[5]. The specimen failed after 3.33×106 cycles. For comparison: a specimen (containing the 
same defect) tested at 25 Hz failed at 3.34×106 cycles. Figure 4 shows the 2-hole defects on 
the specimen surfaces after testing at both frequencies. The second test was performed at 
τw = 250 MPa, and the specimen was fatigue loaded for 2.08×109 cycles. No failure occurred, 
but a fatigue crack was initiated at the edge of a hole as shown in Fig. 5. These results 
clearly show that the testing frequency does not influence to fatigue behaviour of the 
investigated 17-4PH steel in the presence of defects. 
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Fig. 4: 2-hole defects with fatigue cracks after loading at τa = 260 MPa 

 
 

 
Fig. 5: 2-hole defect with non-propagating short crack after loading at τa = 250 MPa and 

N = 2.08×109 cycles (f = 19 kHz) 
 
The observation of non-propagating cracks at stress amplitudes below τw indicates that the 
fatigue limit is determined by the critical condition for crack propagation, but not for crack 
initiation. This suggests that a fracture mechanics approach can be applied to evaluate the 
fatigue limit for such kind of defects under torsional loading. As previously shown in [5], the 
torsional fatigue limit can be evaluated by considering the principal stresses. Under torsional 
loading, the principal stresses at the specimen surface are given as σ1 = τ and σ2 = –τ as 
shown in Fig. 3. Comprehensive tests on the defect tolerance of 17-4PH steel under uniaxial 
and torsional loading condition [3, 5] reveal that – for the investigated material – only the 
major principal stress, σ1, contributes to the accumulation of fatigue damage, while the minor 
principal stress, σ2, is negligible. This leads to the assumption that Eqs. (1) and (2) can be 
also applied to biaxial loading conditions by equating τw = σw. For √area ≤ 80 µm, Eq. (1) 
becomes: 
 

𝜏w = 𝜎w =
1.43 ∙ (HV + 120)

�√area�
1/6  (5) 

 
For larger defect (√area > 80 µm), Eq. (2) is extended to: 
 

𝜏w = 𝜎w =
∆Kth,lc 2⁄

0.65 ∙ �π ∙ √area × 10-6 
 (6) 

 
In Eqs. (5) and (6), the geometry parameter √area  is defined as the square root of the 
projection area perpendicular to the major principal stress direction. It is noted, that the 
threshold stress intensity factor range for a long crack, ∆Kth,lc, is the threshold for Mode I 
crack propagation. The appearance of Mode I crack propagation during torsional fatigue 
loading is obvious in Fig. 4. 
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Fig. 6: Relationship between fatigue limit and defect size 
 
The relationship between fatigue limit, τw and σw, and defect size, √area, is plotted in Fig. 6. 
Following conclusions can be drawn: 
 
The defect tolerance under torsional loading is significantly higher compared to tension-
compression loading. As a consequence, the fatigue limit for defects with √area ≤ 80 µm can 
be estimated by the fatigue limit of smooth specimens, τw0 (Eq. (4)). Eq. (5) becomes 
therefore inoperative. Under tension-compression loading, the fatigue limit, σw, for small 
defects can be evaluated by Eq. (1). The estimation of σw0 according to Eq. (3) might be 
considered as an upper bound of the fatigue limit of smooth specimens. For defects with 
√area > 80 µm, the threshold stress intensity factor range for Mode I long cracks (Eq. (6)) 
seems to be appropriate to estimate the fatigue limit for both uniaxial and torsional fatigue 
loading condition. This demonstrates that the effect of biaxial stress on the surface of 
specimen is negligible, and the fatigue limit of 17-4PH stainless steel is governed by the 
major principal stress solely. 
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ABSTRACT 
 
When the compression coil springs are subjected to high stress, fatigue crack sometimes 
initiates and propagates from small scratch or defect produced in the manufacturing process. 
However, there are a limited number of studies on the fatigue behavior of high-strength 
spring steel in the presence of small scratch. In this study, the fatigue tests were conducted 
to examine the torsional fatigue behavior of a high-strength spring steel (JIS G 3561, 
SWOSC-V) in the presence of small scratches. Based on √area  parameter model, the 
sensitivity of a high-strength spring steel to small scratches was qualitatively and 
quantitatively examined in HCF and VHCF regimes. 
 
 
KEYWORDS 
 
Spring steel, scrach, notch effect, fatigue limit, √area 
 
 
INTRODUCTION 
 
These days, a number of components in the automotive vehicles have various types of 
compression coil springs. Further, because of the strong requirements for weight reduction in 
automobiles and space saving in the engine components, the use of high-strength spring 
steel has been increasing [1][2]. When the compression coil springs are subjected to high 
cyclic stress, fatigue crack sometimes initiates and propagates from small defect or scratch 
produced in the manufacturing process. Especially, if high-strength spring steel is used in 
very high cycle fatigue regime, the increased possibility of fatigue fracture from small defect is 
expected. To improve the fatigue strength of spring steel, the manufacturing process 
sometimes involves a peeling process to remove defects, an eddy-current test process to 
detect defects, a nitriding treatment process to enhance surface hardness, or a shot-peening 
process to introduce compressive residual stress. However, the effects of these processes on 
fatigue strength are not well-known and there is a limited number of studies on the fatigue 
behavior of high-strength spring in the presence of small defect in very high cycle fatigue 
regime. 
 
In practice, the ability to access the effects of small defects, inclusions and inhomogeneities 
on the uniaxial fatigue strength has grown rapidly over the last decades. However in a wide 
range of actual engineering applications, the engineering components with complex 
geometries are usually subjected to multiaxial cyclic loading. In the case of compression coil 
springs, cyclic torsional stress with mean stress is applied to a wire of spring with defects, the 
presence of surface-hardened layer and compressive residual stress complicates the 
evaluation of fatigue strength of compression coil springs. In this study, a series of fatigue 
tests in high cycle and very high cycle fatigue regime were systematically conducted by using 
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both a resonance-type torsional fatigue machine and an ultrasonic torsional fatigue machine, 
at stress ratio, R = 1. By taking advantage of √area	parameter to represent the effect of 
small defect [3-8], the fatigue behavior of high-strength spring steel with small scratch was 
examined in a systematic manner. 
 
 
EXPERIMENT 
 
The investigated material was an oil-tempered Si-Cr steel wire used for valve springs (JIS 
G3561, SWOSC-V). SWOSC-V is a super clean steel, especially intended for the 
manufacture of valve springs and other springs that require excellent fatigue properties and 
excellent relaxation properties at moderately high working temperature. Chemical 
compositions of the investigated material are listed in Table 1. The mechanical properties of 
the material are controlled through patenting, drawing, and oil-tempering process, and they 
are shown in Table 2. 
 

C Si Mn Cr Cu P S 
0.51 ~ 
0.59 

1.20 ~ 
1.60 

0.50 ~ 
0.80 

0.50 ~ 
0.80 

~ 0.2 ~ 0.025 ~ 0.025

Table 1: Chemical composition of SWOSC-V (in weight %). 
 

 

0.2% Proof stress (MPa) Tensile strength (MPa) Reduction of area (%) 

1400 ~ 1570 1610 ~ 1760 40 ~ 

Table 2: Mechanical properties of SWOSC-V. 
 
 
Fig. 1 shows the specimens manufactured from the wires with a diameter of 9 mm by turning 
and grinding process. The center of specimen is finished by using paper-polishing, electro-
polishing, and colloidal silica to reduce the roughness and the residual stress on the 
specimen surface. The residual stress in the axial direction was measured with a X-ray 
diffraction, and the residual stress of the specimen was within ±20 MPa at the specimen 
surface. By using a micro Vickers hardness tester, the Vickers hardness, HV, was measured 
both at cross-section and longitudinal section of a specimen. As a result, the anisotropy on 
HV was not observed and HV = 533 kgf/mm2 was obtained. To investigate the effect of 
scratch on the fatigue properties, a small V-shaped longitudinal notch with various depth 
(notch-root radius of  = 15 5 m) were introduced at the specimen surface. 
 
 

 

(a) For resonance-type torsional fatigue test        (b) For ultrasonic torsional fatigue test 
 

Figure 1: Geometries and sizes of test specimens (in mm). 
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Uniaxial fatigue limit of smooth specimen, w0, can be predicted by the following equation [3]: 
 
 w0 = 1.6HV  (1) 
 
Here, w0 is in MPa and HV is in kgf/mm2. By substituting HV = 533 in Eq. (1), w0 = 853 MPa 
is obtained, which is nearly equal to w0 = 850 MPa that is determined by the experiment. 
The relationship of Eq. (1) holds when fatigue crack mainly initiates from slip bands on the 
material surface, and Eq. (1) is usually applicable for HV < 400. On the other hand, when HV 
> 400, the defects and inclusions inside the materials frequently influence the initiation of 
fatigue crack. Namely, uniaxial fatigue limit of high-strength steel becomes sensitive to the 
presence of defects and inclusions, and fatigue limit can not be properly predicted with Eq. 
(1). Concerning the investigated material, SWOSC-V, however, fatigue cracks initiates from 
the surface despite HV > 400, and fatigue limit is reasonably predicted with Eq. (1). This fact 
indicates that the size of inclusions in SWOSC-V is significantly small and fatigue limit is 
controlled by the bulk material property of SWOSC-V (i.e., HV).  
 
Fig. 2 shows the S-N data of smooth specimens. The fatigue limit is defined as the maximum 
stress amplitude that endured the load cycles of N  1.0107. In practice, the number of 
experimental data for torsional fatigue limit of smooth specimen, w0, is rather limited 
compared to the data for uniaxial fatigue limit, σw0. Therefore, based on the available data of 
w0/σw0, w0 is frequently estimated. For steels, it is known that w0/σw0 = 0.58 ~ 0.72 [3][8][9]. 
As shown by a dotted line in Fig. 2, torsional fatigue limit is experimentally determined as w0 
= 661 MPa from the ultrasonic torsional fatigue test. Accordingly, w0/σw0 is calculated as 0.78 
for the investigated material, which is slightly higher than the reported value.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: S-N data of smooth specimen. 
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Figure 3: Artificial scratch with notch depth of t =15 m 
 
Fig. 3 shows an artificial scratch introduced at the center of specimen by using a special 
gadget. Electro-polishing was conducted to remove a layer of 10~15 m thickness at the 
notch root and the fatigue test was conducted accordingly. Uniaxial fatigue limit with a small 
circumferential notch can be predicted by the following equation [3]: 
 
wߪ  ൌ

1.43∙(HVା120)

൫√area൯
1/6 	,						where		√area ൌ  (2)  ݐ	10√

 
Here, √area  (in m) represents the square root of the defect projected onto the plane 
perpendicular to the loading direction and t (in m) is the notch depth. As shown by Eq. (2), 
fatigue limit is governed by the notch depth, t, not by the notch root radius, . It is noted that 
the accuracy of Eq. (2) is within 10 % for a wide variety of steels [3]. For steel specimens in 
the presence of small defect, it is known that the ratio between torsional and uniaxial fatigue 
limit, w/σw, is about 0.85. Fig. 4 shows the S-N data of notched specimens. Based on Fig. 4, 
torsional fatigue limit is experimentally determined as w = 572 MPa for t = 15 m, w = 470 
MPa for t = 30 m and w = 461 MPa for t = 80 m. Correspondingly, by using Eq. (2), w/σw 
is calculated as 1.07 ~ 1.24 that is much higher than the values of 0.85 [9]. This is a unique 
characteristic of fatigue behavior with the scratch, and a further study will be conducted to 
reveal the reason based on the view point of mechanics. 
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Figure 4: S-N data of Notched specimen (Dotted lines represent the respective fatigue limits). 
It is widely recognized that fatigue limit of notched components is frequently dictated not by 
crack initiation, but by the critical condition for the propagation of a short crack at the root of a 
notch. Therefore, the boundary between propagation and non-propagation separates the 
safe from the potentially unsafe fatigue regime. Fig. 5 shows the propagating cracks 
observed at the notch root of failed specimen with t = 15 m. As shown in Fig. 5, mode II 
cracks were observed at N = 2.0104 cycles, and mode II cracks were connected with each 
other at N = 5.0104 cycles. Then mode I cracks were initiated and propagated at N = 
2.0105 ~ 5.0105 cycles, and finally the specimen fractured at N= 5.1105 cycles. In other 
words, mode II cracks initiate at early number of cycles before N/Nf = 0.04, on the other hand, 
mode I cracks initiate before N/Nf = 0.4. This result indicates that the torsional fatigue life 
mostly devoted to the propagation of mode I fatigue crack. 
 
 
 
 
 
 
 
 
 

(a)  N = 0            (b) N = 2.0104    (c)  N = 5.0104   

 
 
 
 
 
 

(d) N = 2.0105            (e)  N = 5.0105    

Figure 5: Propagating crack observed at the notch root with t = 15 m. 
 (Stress amplitude was a = 601 MPa and fractured at N = 5.1105 cycles) 
 
 
 
 
 
  
 
 
 

(a)  N = 0            (b) N = 5.0104   (c) N = 2.0105 

 
 
 
 
 

(d) N = 5.0105           (e) N = 1.0107   (f) N = 1.0108 

Figure 6: Non-propagating cracks observed at the notch root with t = 15 m 
 (Stress amplitude was a = 592 MPa and endured N = 1.0108 cycles) 
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Fig. 6 shows the non-propagating cracks observed at the notch root of run-out specimen with 
t = 15 m. As shown in Fig. 6, mode II cracks were observed at N = 5.0104 cycles, and 
mode I cracks were initiated at N = 2.0105 cycles and propagated until N = 1.0107, and 
mode I cracks finally stopped the propagation after N = 1.0107 cycles. Namely, non-
propagating mode I crack was observed at the notch root. That is to say, this result indicates 
that torsional fatigue limit is governed by propagation of mode I crack and is the same as for 
uniaxial fatigue limit. 
 
 
CONCLUSIONS 
 
In this study, torsional fatigue tests were conducted to examine torsional fatigue behavior in 
high cycle and very high cycle fatigue regimes by using deferent types of machine. To study 
the effects of small scratch, the small longitudinal notch was carefully introduced at the 
specimen surface. Compared to uniaxial fatigue, a notable degradation of the torsional 
fatigue limit was not observed. The present investigation confirms that torsional fatigue limit 
with small longitudinal notch is governed by the propagation of mode I crack. 
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ABSTRACT 

 
Nonlinear multiscale damage kinetics in VHCF is based on statistical field model of collective 
behavior of defects (slip bands, microshears, microcracks) and representation of defect 
induced stored energy release in term of damage parameter (defect induced strain). It was 
shown that damage-failure transition stages can be linked  to specific type of criticality in out-
of-equilibrium system “solid with defects” - structural-scaling transition. Stages of crack 
nucleation and propagation are analyzed using the profilometry data from the fracture 
surface. The scale invariance of fracture surface roughness is established, which allows an 
explanation of the self-similar nature of fatigue crack kinetics under very high cycle fatigue. 
Variation of elastic-plastic properties of Armco iron under VHCF is studied using an acoustic 
resonance method. It is found that the material density decreases during fatigue damage 
accumulation, with the minimum of the material density in the bulk of the specimen. 

 
 

KEYWORDS 
 

Very high cycle fatigue, nonlinear damage-failure kinetics, defect induced transition 
 
 

INTRODUCTION 
 

Nonlinear damage kinetics in VHCF based on statistical field model of collective behavior of 
defects (slip bands, microshears, microcracks) and corresponding representation of defect 
induced stored energy release in term of damage parameter (defect induced strain) were 
used for the interpretation of characteristic fracture surface morphology related to self-similar 
solution for damage localization kinetics (blow-up regimes) and the process zone formation 
at the crack providing the crack advance. VHCF experiment (Shimadzu USF2000) for 
conventional, fine grain titanium sample allowed one to establish links of roughness scale 
invariance with characteristic structural scales and explanation of transformation of the Paris 
law into the Paris-Herzberg law. Criticality features related to the self-similar damage-failure 
transition kinetics were used for the definition of VHCF stages and explanation of typical 
VHCF fracture surface pattern (the fish-eye and FGA areas). It was shown that FGA 
morphology can be linked to critical grain refining and formation of dislocation free grains 
providing blow-up damage kinetics and crack initiation. The elastic-plastic properties during 
fatigue loading were studied for the Armco iron samples at the VHCF post-test using the 
acoustic resonance method that allowed the estimation of damage induced sample softening. 
The consequent narrowing of the samples subject to frequency analysis demonstrates the 
damage localization in the central part of the sample for VHCF load conditions.  
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DAMAGE-FAILURE TRANSITION IN VHCF 

Fatigue damage is traditionally associated with microplastic deformation [1] under cyclic 
loading that induces various microstructural mechanisms of control of the fatigue life. A 
qualitative difference of VHCF is the fatigue crack initiation in the material bulk [2]. This 
radically alters the statement of the problem of fatigue life evaluation and implies the 
development of new approach, experimental and structural methods for studying fracture 
stages. Non-local damage kinetics [3] was proposed as the field model of collective behavior 
of defects (slip bands, microshears, microcracks) and based on representation of defect 
induced stored energy release in term of damage parameter (defect induced strain). It was 
shown that damage-failure transition stages can be linked due metastability of stored energy 
to specific type of criticality in out-of-equilibrium system “solid with defects”, the structural-
scaling transition. Defect induced stored energy release kinetics in the presence of non-
locality for damage parameter leads to the generation of multiscale collective modes 
providing the qualitative different mechanisms of structural relaxation: slip bands with 
autosolitary wave dynamics and blow-up dissipative structures related to the final stage of 
damage localization and crack initiation. Scenario of structural-scaling transition includes the 
consequent transition between mentioned types of collective modes that allows the links of 
characteristic stages of damage-failure transition (fatigue crack initiation and propagation. 
This “phase field model” provides the interpretation of mechanisms of the “fish-eye” origin as 
the blow-up damage kinetics over characteristic spatial scale. The replacement of fatigue 
crack initiation from the near-surface area for HCF regime into the bulk of sample for VHCF 
has the similarity with the failure scenario in the creep conditions (constant stress), when the 
stress decrease leads to the replacement of crack initiation area into the bulk of sample [4], 
that can be not generally linked to the interior inclusions. Mechanism of structural relaxation 
that is caused by autosolitary wave dynamics of slip band formation allowed the explanation 
of the power universality of the Paris law for the fatigue crack kinetics for both HCF and 
VHCF regimes.  
 

MATERIAL AND TESTING 

Titanium samples in conventional polycrystalline state (Grade-4, grain size of 25 μm) and 
submicrocrystalline (SMC, grain size 100-150 nm) were studied. Fatigue test was carried out 
on the ultrasonic machine Shimadzu USF-2000, which imposes special loading due to the 
resonance conditions and formation of a standing wave in the central cross-section of the 
sample. Failure of titanium samples occurred after 109 loading cycles at 275 MPa stress 
amplitudes for the conventional state and 375 MPa for the SMC states. The SMC titanium 
exhibits more high fatigue properties compared to the titanium with conventonal 
polycrystalline state.  

 

MECHASMS AND SCALING ANALYSIS OF FRACTURE SURFACE 

Mechanisms of initiation and propagation of fatigue cracks were investigated by means of 
qualitative and quantitative study of the morphology of fracture surfaces. Qualitative scenario 
of fracture can linked to optical and electron microscopy sudy of fracture surface, that 
revealed specific fracture pattern characteristic for VHCF fatigue regime: the origination of 
the damage localization area as the so-called "fish-eye" zone [1,2]. Optical microscopy 
allows one to separate zones with different reflectivity: dark Zone 1 with a radius of 150 µm 
from the crack origin are and light smooth Zone 2, which is then replaced by the rough 
surface area (Fig.1).  
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а 

 

b 

Fig. 1: Optical microscope images of fracture surface of Ti: a) crack initiation in the bulk of 
sample b) crack initiation at the fracture surface 

 
Distinct zones with different roughness were observed (Fig. 2): Zone 1 with the size ~ 100-
300 μm (depending on testing material), which corresponds to the area of defect initiation 
and accumulation during cyclic loading; Zone 2 that is smoother than Zone 1 and 
corresponds to the crack propagation stage according to the Paris law. These results support 
mentioned fatigue failure mechanism described by Mughrabi [6].  
The surface roughness was analysed by interferometer-profiler New View 5010 to establish 
quantitative characteristics of the fracture surface in terms of scaling invariants. To 
investigate the scale-invariant properties of the fracture surface, one-dimensional profiles 
corresponding to the cross-section of 2D roughness profiles were analyzed using the 
interferometer New View data.  
 

 
 
Fig.2: 2D collared fracture surface measured by interferometer New View 5010.  Zones I and 

II are the areas of crack initiation and propagation, respectively. Solid lines are cross-
sections of surface roughness used for the estimation of scale invariance (the Hurst 

exponent) 
 

The scale invariance (the Hurst exponent H ) was defined from the slope of linear 
portion of the correlation function   H

x
rxzrxzrС 

2/12))()((  in log-log coordinates [5], 

where )(xz is the relief height at the coordinate x ; angular brackets denote averaging over 
x . The correlation function calculated from the profiles for both zones has two linear portions 
with a break on the scale, which corresponds to change in the fracture mechanisms. 
Whereas correlation functions calculated separately for Zones 1 and 2 reveal only one linear 
portion for each zone (Fig. 3).  The roughness pattern analyzed in terms of roughness 
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invariance allows one to differentiate the zones of crack origination (size ~ 100 μm) and the 
crack propagation zone. 

 

 
Fig.3: Log-log correlation function plots for Zone 1(a) and Zone 2 (b) 

 

The linear branch of correlation function (Fig.3b) determines two characteristic scales scl  and 

pzL , where the defect induced roughness reveals correlated properties and constant value 
of the scale invariant (the Hurst exponent) [7]. 
 

FATIGUE CRACK KINETICS IN HCF AND VHCF 

The power universality of fatigue crack kinetics  mKAdNda  in HCF determining the 
fatigue crack growth rate dNda versus stress intensity factor K  is the subject of intensive 
experimental and theoretical research. Power-law reflects the self-similar nature of fatigue 
crack growth due to nonlinear damage accumulation in the crack tip area (process zone) [8]. 
The link of damage induced self-similarity and structural scaling were studied using 
characteristic structural scales scl  and pzL  determining the area of roughness correlated 
properties for Zone 2 (Fig.3b). To include these scales into the list of variables the fatigue 
crack kinetics reads  
 

),,,,( pzsc LlEKF
dN
da

        (1) 

 
where E  is Young’s modulus, the scale scl  is the minimum spatial scale in the vicinity of the 
crack tip on which scale-invariant properties of the fracture surface relief begin to show up, 

pzL  is the characteristic scale of the process zone at the crack tip. Following the Π-theorem 
[9] the  dimensionless form (1) can be represented as 
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By evaluating   1 sclEK   and pz sc 1,L l   we can suggest the intermediate asymptotic 
nature of crack growth kinetics and write (2) in the form 
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where  and   are exponents determining the intermediate asymptotic kinetics of crack 
growth in terms of dimensionless variables. To introduce the parameter eff pz sc( )K K L l      
Eq. (3) can be represented in the form 
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sc lE

K
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It follows from (4) that at ,pz sc bL l   (b is the value of the Burgers vector)  KeffK ΔΔ   

and fatigue crack kinetics corresponds to the Herzberg form   bEKbdNda   [9]. This 
result reflects the qualitative difference of crack kinetics under transition from HCF to VHCF 
when the fatigue crack growth reveals increasing sensitivity to damage evolution at the crack 
tip area,  that is characteristic for damage-failure transition as the critical phenomenon [10]. 
 
 
ELASTIC-PLASTIC PROPERTIES OF ARMCO IRON DURING VHCF   
 
To determine changes in elastic-plastic properties during fatigue loading, the Armco iron 
samples are post-test analyzed by the acoustic resonance method with the composite 
piezoelectric actuator using longitudinal harmonic loading with frequencies of about 100 kHz. 
The elastic modulus and amplitude-independent decrement are measured in a wide range of 
strain amplitudes. Rod samples for the acoustic test was machined from initial specimens (30 
mm in length and d  5 mm in diameter) that provided the resonance frequency f of 
longitudinal oscillations of about 100 kHz. The method used allows an investigation of 
ultrasound absorption (internal friction) and inelastic (microplastic) properties. Defect induced 
influence on inelastic properties are obtained from the measurement of the elastic modulus 
and elastic vibration decrement in a broad range of strain amplitude. It was established the 
nonlinear amplitude-dependent absorption correlated with the elastic modulus decrease. 
Experimental data shows that an increasing number of cycles lead to an increase in sample 
softening due to the damage associated with defects. The consequent mechanical polishing 
of the samples subject to mentioned frequency analysis demonstrates the damage 
localization in the central part of the sample for VHCF load conditions.  
 
 
CONCLUDING REMARKS 
 

1. Nonlinear damage kinetics based on statistical field model of collective behavior of 
defects (slip bands, microshears, microcracks) and corresponding representation of 
defect induced stored energy release in term of damage parameter (defect induced 
strain) allowed the  interpretation of characteristic fracture surface morphology related 
to self-similar solution for damage localization kinetics (blow-up regimes) and the 
process zone formation at the crack providing the crack advance.  

2. Correlation analysis of defect induced roughness of fracture surface for the titanium 
samples in conventional and fine grain states subject to VHCF loads established the 
links of roughness scale invariance with characteristic structural scales and allowed 
the explanation of transformation of the Paris law of fatigue crack kinetics into the 
Paris-Herzberg law. 
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3.  Criticality features related to the self-similar damage-failure transition kinetics allowed 
the interpretation of VHCF stages and explanation of typical VHCF fracture surface 
pattern (the fish-eye and FGA areas). It was shown that FGA morphology can be 
linked to critical grain refining and formation of dislocation free grains providing blow-
up damage kinetics and crack initiation.  

4. Study of elastic-plastic properties during fatigue loading for the Armco iron samples at 
the VHCF post-test using the acoustic resonance method allowed the estimation of 
damage induced sample softening. The development of original technique based on 
the estimation of defect induced softening for the consequent narrowing samples for 
different stages of VHCF loads supported theoretical prediction of the damage 
localization in the bulk of samples that can be not associated with interior inclusion.   
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ABSTRACT 
 
A physically based constitutive equation to represent the fatigue crack growth (FCG) 
behavior of materials under high-cycle fatigue (HCF) is presented in this work. It is shown 
that the constitutive equation can be deduced, intuitively, from the constitutive equation for 
stress-life (S-N) fatigue behavior, which is given in a companion paper presented at this 
conference. Remarkably, the parameters of fatigue crack growth equation are derived from 
that of S-N constitutive equation, making it possible to invert the S-N curve into the fatigue 
crack growth curve and vice-versa. The fatigue crack growth equation is shown to describe 
quite accurately the three-stage behavior, including the asymptotic behavior near threshold 
and in fast fracture regimes, for several materials. The equations are applicable to a wide 
range of fatigue crack growth rates and fatigue lives, including that in the VHCF regime. 

 
KEYWORDS 
 
Fatigue crack growth, S-N curve, constitutive equation, physical model, asymptotic behavior, 
exponential function, threshold, fast fracture 
 
INTRODUCTION 

 
Currently, fatigue crack growth behavior (FCG) in high cycle fatigue (HCF) is empirically 
characterized by the fracture mechanics based Paris’ equation1 and, its modification to 
account for mean-stress effects, the Foreman equation2. These equations have been used 
widely to characterize fatigue crack growth, but they are not suitable to represent the entire 
three-stage fatigue crack growth behavior. In addition, these are empirical equations and lack 
the physical basis. A physical model of the crack growth process is used here to develop a 
constitutive equation that can represent the three-stage fatigue crack growth behavior. 
 
THE CONSTITUTIVE EQUATION FOR S-N FATIGUE BEHAVIOR 
 
At stresses above the endurance stress limit, fatigue damage begins with the formation of an 
incipient micro-crack from a persistent-slip-band (PSB). The growth of this micro-crack, 
through the specimen, is considered to determine the fatigue life, Nf. In our previous work3, 
the growth of the micro-crack in fatigue was modeled as a continuous process of increase in 
cyclic strain energy on the uncracked ligament, which accelerates the crack growth process. 
In another work 4  it was shown, through a universally applicable functional, that the 
normalized remaining fatigue life is proportional to the normalized remaining uncracked 
section size of the fatigue specimen. Integration of the basic crack growth equation with the 
substitution of functional and the imposition of the essential boundary conditions resulted5 in 
a constitutive equation for stress-life (S-N) fatigue behavior. The S-N constitutive equation is 
 

!!!!!
!!!!!

= exp −𝐶! 𝑁!
!!         (1) 
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where σa, σu and σe are fatigue stress amplitude, tensile strength and endurance limit stress, 
respectively. The parameters of the equation are Cn and mn (which determine the shape of 
the S-N curve) and the physical boundary conditions, σu and σe (which determine the 
asymptotic behavior of the S-N curve at the ends). Equation (1) represents the constitutive 
equation for S-N fatigue behavior at the stress ratio, R=0. 
 
FORMULATION OF FATIGUE CRACK GROWTH EQUATION 
 
It is shown here that a fatigue crack growth equation can be deduced, intuitively, from the S-
N fatigue equation. Equation (1) can be rearranged by writing the stresses, with “∆,” as 
 

∆𝜎 𝑁! = ∆𝜎! + ∆𝜎!" − ∆𝜎! exp −𝐶! 𝑁!
!!       (2) 

 
During the fatigue of a smooth specimen, fatigue crack growth occurs throughout the life of 
the sample by the growth of an incipient micro-crack to final failure. Therefore, each of the 
stress amplitudes in Eq. (1) can be converted to equivalent fracture mechanics parameters, 
for the growing fatigue crack, using the following relations:  
 

∆𝐾 = ∆𝜎 𝜋𝑎𝐹 ∆𝐾!! = ∆𝜎! 𝜋𝑎𝐹   &  ∆𝐾!" = ∆𝜎!" 𝜋𝑎𝐹  (3) 
 
where a is the crack size and F is the finite-width correction factor. In writing Eq. (3), we 
follow the conventions of using ∆K for the description of fatigue crack growth behavior of a 
cracked sample. In fracture mechanics approach to fatigue, the theoretical restrictions on 
crack size or the plastic zone size, which qualify K as the linear-elastic stress intensity factor, 
are often ignored because ∆K serves as a useful parameter to correlate fatigue crack growth 
in a nominally elastic specimen. The interpretation here is that (i) in the limit of zero growth 
rate, the physical endurance limit stress (∆σe) should correspond to the fatigue threshold 
(∆Kth) of the initial micro-crack and (ii) in the limit of unstable crack growth, the tensile 
strength (∆σcf = σu for R=0) should correspond to the fracture toughness (∆Kcf = Kc for R=0). 
On this basis, the relationships in Eq. (3) are considered to be valid. Multiplying the both 
sides of the equation (2), by  √𝜋𝑎  𝐹(𝑎/𝑊), the S-N equation for the smooth specimen can be 
converted into the equation for fatigue crack growth: 
 

∆𝐾 𝑁! = ∆𝐾!! + ∆𝐾!" − ∆𝐾!!   exp −𝐶! 𝑁!
!!     (4) 

 
Equation (4), in this rudimentary form, is actually the descriptor of growth behavior of a 
fatigue crack, driven by ∆K, with the terminal conditions of the growth specified by ∆Kth and 
∆Kcf. In Eq. (4), Nf takes the meaning of fatigue life for the growth of a crack through unit 
length, as discussed below. 
 
The crack in a fatigue specimen grows under increasing ∆K or net-section stress, which 
accelerates the crack. If we consider the situation of local extension of the crack (as specified 
by the growth rate, da/dN), the rate at that point is determined by the ∆K or the net-section 
stress at that time. Weibull6,7 performed extensive experiments to show that if a constant net-
section stress (or constant ∆K) is maintained during fatigue crack growth, by appropriate load 
reduction, then the fatigue crack grows at a constant rate. This means that for a given ∆K, 
the ‘dN’ is the number of failure cycles for fatigue fracture over the crack length, ‘da’, which is 
the growth during a period of constant ∆K or net-section stress. Alternatively, the inverse of 
crack growth rate, dN/da, is the number of cycles for the advancement of crack by unit 
length. This can be expressed as 
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!"
!"
= !!

!
           (5) 

 
Hence, in equation (4), Nf on the right side is actually equal to dN/da, for a given ∆K on the 
left side, because they apply to the extent of local crack growth at that interval. Therefore, 
 

∆𝐾 = ∆𝐾!! + ∆𝐾!" − ∆𝐾!!   exp −𝐶! !"
!"

!!
      (6) 

 
Rearranging Eq. (6), 
 

𝑑𝑎
𝑑𝑁 =    1

𝐶!

! !
!! −𝑙𝑛 ∆𝐾 − ∆𝐾!!

∆𝐾!" − ∆𝐾!!

! !
!!

 

            (7) 
which can be written in the condensed form as 
 
𝑑𝑎
𝑑𝑁 =   𝛼 −𝑙𝑛 ∆𝐾 − ∆𝐾!!

∆𝐾!" − ∆𝐾!!

!

 

            (8) 

Where 𝛼 = !
!!

! !
!! and 𝛽 = − !

!!
       (9) 

 
It can be seen that the constants α, β characterizing fatigue crack growth behavior can be 
determined from the constants Cn and mn in the S-N constitutive equation (1). Eqaution (8) is 
remarkably compact and by choosing appropriate values of ∆Kth and ∆Kcf, the three-stage 
FCG behavior can be reliably represented. 
 
Material σe 

(MPa) 
σu 
(MPa) 

Cn mn ∆Kth 
(MPa√m) 

∆Kcf 
(MPa√m) 

α β 

2219-T851 180 455 0.027 0.25 3.4 35 5.3E-7 -4 
6061-T6 135 340 0.026 0.25 4.5 50 4.6E-7 -4 
Ti-6Al-4V 610 1070 0.037 0.22 3.5 55 3.1E-7 -4.5 
Ti-10V-2Fe-3Al 830 1050 0.024 0.28 3.9 95 1.4E-6 -3.6 

 
Table 1. Parameters for the S-N and FCG constitutive equations 
 
EXPERIMENTAL VALIDATION 
 
The experimental S-N data and the FCG data for several materials are used here to show 
that the fatigue crack growth data (or curve) can be determined from the S-N data (or curve), 
using the present approach. Figure 1(a&b) presents the experimental fatigue crack growth 
data (Bucci8 ) and the experimental S-N data (Kaufman 9), respectively, for 2219-T851 
aluminum alloy. Figure 2(a&b) presents the fatigue crack growth data (Forman10) and the S-
N fatigue data (Kaufman9), respectively for 6061-T6 alloy. For Ti-6Al-4V alloy, the fatigue 
crack growth data (Okazaki11) and the S-N data (Cao et al12) are presented in Figure 3a and 
b, respectively. For Ti-10V-2Fe-3Al beta-titanium alloy, the fatigue crack growth data and the 
S-N data (both from Jha13) are presented in Figure 4a and b, respectively. The S-N data 
presented here are in terms of maximum stress and they are from R~0 tests. The FCG data 
presented here are in terms of maximum stress intensity factor and they are for R~0 tests.  
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  (a)     (b) 

Figure 1. (a) Fatigue crack growth curve (Eq.8) and (b) S-N fatigue curve (Eq.1) for 2219-
T851 Al alloy for R~0, along with the respective experimental data. 

   
  (a)     (b) 

Figure 2. (a) Fatigue crack growth curve (Eq.8) and (b) S-N fatigue curve (Eq.1) for 6061-T6 
Al alloy for R~0. The experimental data for both cases are also shown. 
 
The curves in Figures 1a, 2a, 3a and 4a are from the constitutive equation for FCG, Eq. (8). 
The curves in Figures 1b, 2b, 3b and 4b are from the S-N constitutive equation, Eq. (1)—
these were first generated using the parameters in Table 1. From the Cn and mn values of the 
S-N curves the corresponding α and β parameters for FCG curves were calculated using Eq. 
(9). These values and the ∆Kth and ∆Kcf values are given in Table 1. They were used to 
directly generate the FCG curves shown in Figures 1a, 2a, 3a and 4a. 
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  (a)     (b) 

Figure 3. (a) Fatigue crack growth curve (Eq.8) and (b) S-N fatigue curve (Eq.1) for Ti-6Al-4V 
titanium alloy for R~0, along with the respective experimental data. 

   
  (a)     (b) 

Figure 4. (a) Fatigue crack growth curve (Eq.8) and (b) S-N fatigue curve (Eq.1) for Ti-10V-
2Fe-3Al beta titanium alloy for R~0. The experimental data for both cases are also shown. 
 
It is quite remarkable to see that the parameters of the S-N curve (Cn, mn) automatically 
provide the parameters (α, β) needed for the constitutive equation for fatigue crack growth. 
This illustrates that the S-N behavior and the fatigue crack growth behavior arise from the 
same physical foundation. The physical foundation is the growth of an incipient crack at 
stresses > σe, to final failure, and is elaborated in a companion paper at this conference and 
in Refs. [3]-[5]. This means that the fatigue crack growth behavior can be determined from 
the S-N behavior. Alternatively, the S-N behavior can be determined from the fatigue crack 
growth behavior by first determining α and β from fatigue crack growth data and then 
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determining from them the values of Cn and mn needed to predict the S-N fatigue behavior. 
This invertible nature of fatigue phenomenon is intriguing, because the complete three-stage 
FCG behavior can be obtained by testing a few specimens in a relatively short time, whereas 
the generation of complete S-N data would take a large number of samples and an 
enormous amount of time. Most S-N data do not contain many points at stress amplitudes 
close to tensile strength. Fatigue testing at such high stresses is difficult due to failure in few 
cycles, and specimen heating, especially when loaded at a relatively high frequency. On the 
other hand, testing near the asymptotic endurance stress limit might involve cycling for 1010 
cycles, which will be very time-consuming. However, generation of more data at the 
extremes of fatigue life will help reinforce the mutual inversion of the S-N fatigue and fatigue 
crack growth curves, as proposed in this work. 
 
CONCLUSIONS 
 
It is shown that a physically based constitutive equation to describe the three-stage fatigue 
crack growth behavior can be obtained from the constitutive equation for S-N fatigue 
behavior. In fact, the study illustrates the mutual inversion of S-N behavior and the fatigue 
crack growth behavior from one to the other. Several experimental S-N fatigue data and 
fatigue crack growth data were used to demonstrate that both constitutive equations 
represent the fatigue data accurately. 
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Abstract 
 
Fatigue life is a consequence of multistage processes. At the beginning of a fatigue experiment 
the cyclic deformation behavior is dominated by basic dislocation processes, like strain hardening 
and softening. During further cycling localization of plastic deformation takes place. Depending on 
the microstructures strongly localized plastic deformation may lead to trans- or intergranular crack 
initiation. From these crack nuclei larger fatigue cracks can develop, which finally lead to 
macroscopic fatigue failure. In order to investigate the influence of different microstructures on 
relevant deformation and damage mechanisms in the HCF and VHCF-regimes three plain carbon 
steels with different ferrite to pearlite ratios where investigated. The varying ferrite/pearlite ratios 
lead to a different deformation behaviour and fatigue lives. C15E and C45E show late fatigue 
failure after more than 107 cycles, whereas such late fatigue failure is absent in C60E. To monitor 
fatigue damage a new method was developed where the change in dissipated energy per fatigue 
cycle (ΔDEC) is calculated from the ultrasonic generator power input. Using the dissipated energy 
per cycle different stages of the fatigue life can be distinguished. ΔDEC is interpreted to be a 
measure for the degree of cyclic slip irreversibility as long fatigue damage is absent. The ΔDEC 
method also enables at a very early stage of the fatigue experiment to determine whether late 
fatigue failure will occur or not. At later stages of the fatigue life, where damage has to be taken 
into account, the ΔDEC method also allows to analyze the early crack initiation and crack 
propagation stage.  
 
 
Introduction 
 
During service many engineering parts are exposed to cyclic loading into the high cycle fatigue 
(HCF) or to the Very High Cycle fatigue (VHCF) regimes. To insure functionality and safety of 
these products a profound knowledge of the cyclic behavior in the HCF/VHCF regimes of the used 
materials is mandatory. According to Mughrabi fatigue failure is a consequence of a multistage 
process, compare [1]. The different stages can be categorized in basic dislocation and fatigue 
damage mechanisms. In the HCF- and VHCF-regimes, fatigue life is still mainly determined by 
the crack initiation stage, i.e. by basic dislocation mechanisms. As it is well known for the LCF-
regime and as it was proposed also for the VHCF-regime irreversibility of plastic slip is the relevant 
quantity which has to be considered [2]. The to and fro of dislocation slip is not always completely 
reversible, leading to the accumulation of irreversible plastic deformation during each cycle. This 

154



accumulation can lead to the formation of a fatal crack [3, 4]. At the transition from the HCF- to 
the VHCF-regime plastic deformation becomes gradually less pronounced and strongly localizes 
at particular sites of the microstructure. However, due to this localization it becomes hard to 
identify early stages of fatigue damage in the VHCF-regime and to quantify the cyclic slip 
irreversibility. In this study on steels with different carbon contents a new method was developed 
which provides a measure for the cyclic slip irreversibility and which also allows to monitor the 
development of fatigue damage during cycling. Based on this method a prediction whether fatigue 
failure in the HCF- and VHCF regime or an infinite fatigue life will be obtained is possible.  
 
 
Experimental 
 
The steels C60E (SAE 1064), C45E (SAE 1045) and C15E (SAE 1017) were used for this study. 
To adjust the microstructures of the different steels heat treatments in an argon atmosphere at 
900 °C for C60E and C45E and, respectively, at 950 °C for C15E were performed. Afterwards all 
materials were cooled down with a cooling rate of 10 °C/min. These heat treatments resulted in a 
ferritic/pearlitic microstructure for all three steels, see Figure 1 a) – c). In addition, C15E was also 
used in a quenched condition leading to a ferritic microstructure with finely distributed carbide 
precipitates. The pearlite phase is completely absent in this microstructure, see Figure 1 d). 

 
Figure 1: Microstructures of the investigated steels: a) C60E, b) C45E, c) C15E after heat 

treatment and d) C15E in quenched condition. 
 
For the fatigue tests the ultrasonic fatigue system “UltraFast-WKK-Kaiserslautern” was used. 
Tests were performed in a pulse-pause mode with a pulse period of 200 ms and 250 ms 
(depending on the stress amplitude). The pause period varied between 750 ms and 2800 ms. All 
teste were done at R = -1. A maximum temperature increase of 10 °C in the undamaged 
specimens was allowed and controlled by using a pyrometer from Optris GmbH. The specimens 
were cooled with compressed air. The specimens had a straight gauge length of 11 mm and a 
diameter of 6 mm. The specimens were ground to 4000 and mechanically polished to 1 µm. For 
a final step the specimens were electrolytically polished, using the electrolyte A3 from Struers. 
The polishing voltages and the polishing times were 50 V / 4×3 s (C15E both conditions), 47.5 V 
/ 3×3 s (C45E) and 45 V / 3×3 s (C60E). The polishing temperature was -10 °C. Microstructural 
investigations were done at a Cross Beam 1540 Esb scanning electron microscope from Zeiss. 
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Results and Discussion 
 
The fatigue tests on C15E, C45E and C60E with a ferritic-pearlitic microstructure showed that the 
fatigue strength increases with increasing pearlite content, see Figure 2. C60E shows only 
macroscopic fatigue failure below 107 fatigue cycles, whereas late fatigue failure above 107 loading 
cycles can be found for C15E and C45E. This can be related to the closed pearlitic matrix which 
is found in C60E. In this microstructure isolated ferritic islands are embedded in a pearlitic matrix. 
The plastic deformation is localized at the isolated ferrite grains. Short cracks initiate at phase 
boundaries between ferrite and pearlite grains, but below a stress amplitude of 375 MPa the short 
cracks cannot penetrate into the pearlite matrix. This barrier effect prevents late fatigue failure. 

 
Figure 2: Wöhler-(S-N) diagram for the different steels investigated. 

 
In C15E and C45E, were large purely ferritic areas can be found, cracks initiated at ferrite grain 
boundaries or on ferrite/pearlite phase boundaries, see Figure 3 a). Those crack nuclei grow in 
the ferrite phase and cause late macroscopic failure in the VHCF regime above 107 cycles. In 
contrast to the C15E in the ferritic-pearlitic condition, the quenched state shows much higher 
endurable stress amplitudes. In the latter condition pronounced formation of slip bands is 
observed. Along these slip bands cracks initiated and cause macroscopic fatigue failure, see 
Figure 3 b). The formation of slip bands is eased in this condition as the quenching leads to a 
higher amount of solved carbon atoms in the ferrite phase. It is well known that the carbon content 
essentially influences the slip behavior of dislocation in bcc ferrite [5-8]. 
For all investigated materials and for both heat treatments in the case of C15E it is revealed that 
crack initiation stage mainly governs the fatigue life rather than the crack growth stage.  
 

By the use of a modern ultrasonic fatigue system it was possible to develop a new method to 
monitor the fatigue damage evolution. In this technique the electrical power output, which is 
needed to produce an ultrasonic fatigue pulse, is monitored. The energy which is dissipated in a 
fatigue specimen during a fatigue pulse can then be calculated from this measurement. The 
dissipated energy can be used to describe the damage evolution during a fatigue experiment [9]. 
There are different processes which cause the dissipation of energy during a fatigue experiment. 
A typical dissipated energy curve is shown in Figure 4 a). At the beginning of a fatigue experiment 
transient processes like dynamic hardening or softening cause an increase or decrease in 
dissipated energy. After these processes a dynamic dislocation equilibrium develops. At this stage 
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of the fatigue life the dissipation of energy is caused by plastic deformation and the increase of 
this measure reflects for the irreversibility of plastic deformation. The irreversible plastic 
deformation accumulates during the cyclic loading and finally leads to crack initiation and the 
formation of crack nuclei. In contrast to this stage of the experiment where the dissipate energy 
curve shows a small positive slope, the slope of the curve and the absolute values of the dissipated 
energy increase strongly after crack initiation. This can be experimentally correlated to the growth 
of short and at end of experimentally long cracks, compare [10]. 

 
Figure 3: Crack initiation sites in C15E: a) crack initiation on grain boundaries in C15E in the 
ferritic-pearlitic condition; b) crack initiation in slip bands in C15E in the quenched condition. 

 
By analyzing the different stages of the fatigue life on the basis of the evolution of the dissipated 
energy it becomes apparent that there is a regime where the dissipated energy increases almost 
linearly with further cycling. As mentioned above, at this stage of the fatigue life, where transient 
processes are already completed and crack nuclei do not yet exist, the irreversibility of plastic 
deformation is prevalent. It becomes also obvious that the fatigue life is mainly governed by this 
stage [10]. In this stage the small constant slope of the dissipated energy curve, which is further 
denoted as ΔDEC, can be interpreted as a measure for the irreversibility of plastic deformation. 
To clearly separate from transient deformation effects or from crack initiation effects ΔDEC is only 
determined between 10% and 60 % of the total fatigue life. The obtained ΔDEC values depend 
strongly on the stress amplitude. For higher stress amplitudes the irreversibility will be higher, 
compare also [2], and thus the fatigue life is shorter. It is also apparent, that in a semi logarithmic 
plot in which ΔDEC is plotted versus the applied stress amplitude, ΔDEC values are following an 
almost linear trend as long as macroscopic failure of the specimens is observed, see Figure 4 b). 
For all run out specimens a significant deviation from this linear trend is obtained. ΔDEC 
decreases strongly for those specimen where no macroscopic failure is obtained. It is also 
prevalent that in the case of C45E fatigued at 290 MPa the two specimens with the higher ΔDEC 
values failed whereas the one specimen with the lower ΔDEC value survived. Thus, by this 
analysis, which is based in principal on a change in the fatigue damage mechanism, it is easily 
possible to determine the transition from fatigue failure to an infinite fatigue life. When the evolution 
of the ΔDEC-values is plotted versus the number of cycles to failure in a double-logarithmic 
diagram, a linear trend for each material is obtained, Figure 4 c). Due to this correlation fatigue 
life can be estimated using the following formula: 
 

݃݋݈ ௙ܰ ൌ
ܥܧܦ∆݃݋݈ െ ܿ

݀
 

 

With: c slope and d intercept for the trend line describing the ΔDEC-values over cycles to failure.  
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As ΔDEC can be determined at a very early stage of the fatigue experiment tests can be 
significantly shortened and run outs can also be easily identified only after a few thousand loading 
cycles. Comparing the ΔDEC values of C15E in the ferritic-pearlitic and quenched conditions it 
becomes clear that this method is also valid to differentiate between microstructures in chemically 
identical materials if the dominating damage mechanisms have changed, compare also Figure 3 
a) and b). 

 
Figure 4: a) Dissipated energy vs. number of cycles for C45E fatigued exemplarily shown for a 
stress amplitude of 315 MPa. Determination of ΔDEC from dissipated energy curve at the red 

marked regime; b) log ΔDEC vs. stress amplitude; c) log ΔDEC vs. log Nf. 
 

The ΔDEC can also be used to get first insights to the interaction between microstructure, 
mechanical loading and cracks or crack nuclei. Run out specimens for C15E (ferrite/pearlite) and 
C45E show a strong decrease in ΔDEC, but the values are still positive. This indicates that 
irreversible plastic deformation and dislocation movement still takes place in the material, but 
cannot lead to crack initiation in the investigated fatigue life regime. Run out specimens for C60E 
and C15E in the quenched condition show a different behavior. ΔDEC values in these specimens 
are negative, see Figure 5 b). The reason for this are dislocation hardening and pile-up effects at 
phase boundaries. At the beginning of the experiment an increase of dissipated energy to a 
maximum value is observed. This is caused by an increase in dislocation density. After that 
maximum a continuous decrease of ΔDEC is observed, see Figure 5 a). At the maximum of the 
curve the dislocation generation and plastic deformation is at a maximum. With further cycling, 
dislocation slip is increasingly impeded by back stresses that build up during further cycling. It is 
assumed that these back stresses are due to dislocation pile-up effects at phase boundaries 
(pearlite phase in C60E and carbides in C15E quenched). This process can proceed until 
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dislocation generation is completely suppressed and the material deforms only elastically. This 
would lead to an infinite fatigue life. In contrast to that behavior, the ferritic-pearlitic C15E and 
C45E run out specimens show low, but still positive ΔDEC-values. 

 
Figure 5: a) Determination of ΔDEC in C60E run out with dissipated energy curve; 

b) ΔDEC values for C60E and C15E (quenched) run outs. 
 

From this analysis, it becomes also clear that there is no absolute number of cycles that can be 
taken to define a “fatigue limit” in the literal sense. In fact, it turns out that such a definition would 
only be valid for a particular damage mechanism in a material in a defined microstructural 
condition.  
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ABSTRACT 
 
High frequency fatigue experiments on duplex stainless steel revealed that the microstructural 
features of the alloy have a significant influence on the fatigue life at low loading amplitudes. 
Manufacturing-induced residual stresses as well as anisotropic elasticity of individual grains 
cause local stress concentrations. Experimental and numerical investigations showed that a 
three-dimensional consideration is essential for a realistic determination of the stress 
distribution on the microstructural level. Predominantly on those crystallographic planes of the 
gamma phase which exhibit high Schmid factors, stress intensifications cause plastic shear in 
the form of dislocation generation and motion, which are only partially reversible, even under 
fully reversed loading. The accumulation of the irreversible fraction of this local plastic 
deformation over many load cycles can cause crack nucleation. Moreover, the propagation of 
short fatigue cracks, which usually takes place along crystallographic planes in cyclic mode II 
loading, is determined by the stress distribution on the microstructural level. Such cracks can 
strongly interact with microstructural barriers, such as grain and phase boundaries, causing a 
permanent stop of crack propagation under certain circumstances. As an important 
consequence, duplex stainless steel exhibits a real fatigue limit despite the initiation and 
formation of small fatigue cracks. A numerical model was developed and is presented for the 
simulation of fatigue crack nucleation and microstructure-dominated short fatigue crack 
propagation under consideration of the three-dimensionality of the material microstructure. 
This model considers the physical processes on the microstructure level in a mechanism-
based manner and allows for a quantitative assessment of the resistance of real and synthetic 
microstructures regarding initiation and propagation of short fatigue cracks under VHCF 
conditions. A comparison between experimental observations and simulation results shows a 
high predictive capability. 
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fatigue crack initiation, short fatigue crack propagation, residual stresses, crystal plasticity 
 
 
INTRODUCTION 
 
At relatively low loading amplitudes, the early stages of fatigue, such as crack nucleation and 
short crack propagation, may determine up to 90 % of the whole fatigue life of a material [1]. 
The local microstructure can significantly influence the fatigue behaviour due to strong 
interactions between fatigue cracks and microstructural barriers, such as grain and phase 
boundaries. Furthermore, the application of traditional fracture mechanics concepts, such as 
the linear elastic fracture mechanics (LEFM), can cause non-conservative dimensioning of 
components [2]. Hence, numerous models were created since the end of the twentieth century 
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in order to describe these early stages of fatigue in a mechanism-based manner. Some of 
these models are of qualitative nature [3-5], others enable a quantification of the single fatigue 
stages [6-9]. However, several microstructural features, such as anisotropic elasticity of the 
material considered or the zig-zag-path of short fatigue cracks due to the different 
crystallographic orientation of grains, are not considered in these models and thus may result 
in strong inaccuracy. Hence, a new model for fatigue life assessment of metallic materials is 
presented in this manuscript, which takes into account crystal plasticity, anisotropic elasticity, 
first and second order residual stresses, three dimensional grain shapes as well as the 
mechanisms of fatigue crack nucleation and short fatigue crack propagation. The model is 
verified by means of a comparison between simulation results and experimental observations. 
As an ambitious objective of the model, parameter studies shall be made possible, which 
quantitatively determine the effect of microstructural parameters with respect to crack initiation 
and propagation revealing the potentialities regarding VHCF resistance improvements of 
materials. 
 
 
EXPERIMENTAL DETAILS 
 
Material 
 
Austenitic-ferritic duplex stainless steels are often used in applications where high corrosion 
resistance in combination with high strength is required, such as in off-shore-systems or 
systems for the chemical and petrochemical industry. The investigated material is the 
austenitic-ferritic duplex stainless steel 318LN (X2CrNiMo22-5-3). It was delivered as hot rolled 
and solution annealed bars with a diameter of 25 mm and a fine lamellar microstructure with 
about 50 vol% austenite and ferrite, respectively. An additional heat treatment was applied in 
order to ease the experimental investigations by means of grain coarsening. For this purpose 
the material was additionally annealed at 1250°C for 4 h, cooled to 1050°C within 3 h and 
quenched in water. The initial volume fraction of both phases was maintained, the mean grain 
diameter of the austenitic phase was increased to 33 µm and the mean grain diameter of the 
ferritic phase was increased to 46 µm. 
 
 
NUMERICAL DETAILS AND MODEL ASSUMPTIONS 
 
In order to simulate the fatigue behaviour of the investigated duplex stainless steel, the 
commercial finite element program ABAQUS and a UMAT subroutine for crystal plasticity 
material behaviour [10] serve as basis. These enable the determination of plastic shear on slip 
systems of various microstructures as a consequence of cyclic deformation. For this purpose, 
the microstructures are discretized by means of three dimensional finite elements. Aspects, 
such as anisotropic elasticity of single grains, crystal plasticity as well as manufacturing 
induced first and second order residual stresses, are taken into account. According to the 
dependency between the number of load cycles for fatigue crack initiation and the range of the 
plastic shear – as analytically derived by Tanaka and Mura [6] and Chan [7] – the accumulated 
squared range of the plastic shear Δγpl² is applied as fatigue damage parameter FDP. By 
reaching a material specific critical value of the fatigue damage parameter FDPkrit the 
directional elastic constants E11, E12 and E44 of the corresponding finite elements are reduced 
to close to zero. Due to the loss of stiffness, these finite elements do not resist against the 
applied load and thus together behave like a crack. In order to maintain the force equilibrium 
of the whole structure, higher stresses have to be present in neighboring finite elements. This 
can lead to an increased plastic zone and plastic shear in the finite elements at the crack tip. 
According to the dependency between the crack propagation rate and the range of the crack 
tip slide displacement [8] – which is in direct relationship with the range of the plastic shear at 
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the crack tip – the fatigue damage parameter described above is also applied to simulate short 
fatigue crack propagation. In the proposed model, the simulation of short fatigue crack 
propagation is a result of the achievement of the critical value of the fatigue damage parameter 
in finite elements at the crack tip during further simulated load cycles, which results in a loss 
of the stiffness of the corresponding finite elements. 
 
 
RESULTS 
 
Figure 1 shows a SEM image of the surface of a fatigue sample, which contains transgranular 
crack nuclei. These nuclei were formed at the phase boundary between the austenite grain γ1 
and the ferrite grain α1.  

 
Fig. 1: SE-image of the surface of a VHCF sample; Loading direction: horizontal 
 
Fig. 2 presents a finite element representation of the microstructure shown in Fig. 1. 
Microstructural information – such as the position of grain and phase boundaries, 
crystallographic orientations and phase affiliation – were obtained in three dimensions by 
grinding and polishing the surface of fatigued samples in steps of about 15 µm. An automated 
EBSD analysis was made before the first and after each further grinding/polishing step. In 
order to retrieve the exact position of the crack initiation site after each grinding/polishing step, 
marks were generated by means of focused ion beam (FIB) milling perpendicular to the surface 
into a depth of about 30 µm. Vickers indents, which were introduced before the first 
grinding/polishing step at the sample surface, served for measuring the removal depth by 
means of confocal laser scanning microscopy. The finite element model was created by 
discretization of the microstructure using tetrahedrons. In order to consider the surrounding of 
the shown microstructure correctly, a frame consisting of finite elements (not shown here) with 
elastically isotropic material behaviour (E=197 MPa and ν=0.3) was arranged around the 
microstructure. The nodes at the left face of the model were fixed in x-direction. One node at 
the upper left corner of the model was additionally fixed in z-direction and one node at the 
lower left corner was additionally fixed in z- and y-direction to avoid rigid body motions. 
Residual stresses due to the manufacturing process of the material were considered by 
simulating the stress evolution during quenching process from 1050°C (heat treatment 
temperature) to room temperature. In order to consider second order residual stresses, 
temperature dependent elastic constants E11, E12 and E44, thermal expansion coefficients α, 
microstructural frictional shear stresses of both phases as well as Young´s modulus E for the 
elastically isotropic frame were considered [11]. Furthermore, first order residual stresses were 
taken into account by applying a pressure load of 50.2 MPa (tension) at the nodes at the right 
face of the model and 21 MPa (compression) at the upper and lower face of the model. The 
simulation of the quenching process was followed by a simulation of cyclic deformation. For 
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this, a cyclic normal stress amplitude of 365 MPa was applied at the nodes at the right face of 
the model in x-direction. Fig. 2 shows the distribution of the value of the fatigue damage 
parameter, which was defined as the cumulative square of the local plastic shear range, after 
one simulated load cycle under consideration of first and second order residual stresses. The 
maximum fatigue damage in the whole three-dimensional finite element model was determined 
at exactly the position, where a crack nuclei generated in the real microstructure. 
Figure 3 shows a simplified finite element model with a thickness of 5 µm, which consists of 
400 single grains with a diameter of about 40 µm. The model was discretized by tetrahedrons 
and anisotropic elasticity as well as crystal plasticity were considered. Different 
crystallographic orientations were taken into account for each grain according to a data set 
obtained by means of an automated EBSD ganalysis. Finite elements with isotropic elastic 
material behaviour (E=197 MPa and ν=0.3) were defined at the left and right face of the 
microstructure. The boundary conditions were defined equally to the boundary conditions of 
the model presented in Fig 2. First and second order residual stresses were considered as 
described above. 

 
Fig. 2:  Fatigue damage after one simulated load cycle in the microstructure presented in Fig. 

1 under consideration of first and second order residual stresses: a) three-
dimensional illustration and b) surface view; Loading direction: horizontal 

 

 
Fig. 3:  Polycrystalline finite element model for simulation of fatigue crack nucleation and 

short fatigue crack propagation; Loading direction: Horizontal 

max. simulated 

fatigue damage 
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The simulation of the quenching process was followed by a simulation of cyclic deformation. 
For this purpose, a cyclic load with an amplitude of 360 MPa was applied at the nodes of the 
right face of the model in x direction. The distribution of the simulated local fatigue damage 
value is presented in Fig. 4 after different load cycles. A transgranular fatigue crack initiated in 
the ferrite grain α2 after the 9th simulated load cycle. The crack propagated during the further 
load cycles to the grain boundary with the neighbouring ferrite grain α1. The grain boundary 
did not influence the crack propagation significantly, whereas the phase boundary between the 
ferrite grain α1 and the austenite grain γ1 as well as between the ferrite grain α2 and the 
austenite grain γ6 blocked the crack propagation for several load cycles. Significant fatigue 
damage is visible in the austenite grains γ1, γ5 and γ6 after the crack tip approached the 
corresponding grains. 

 
Fig. 4:  Simulation of fatigue crack initiation and short fatigue crack propagation; Loading 

direction: horizontal 
 
 
CONCLUSIONS 
 
The results of the study presented show that the experimentally identified mechanisms of 
fatigue crack nucleation and short fatigue crack propagation were successfully implemented 
into crystal plasticity finite element simulations by applying a fatigue damage parameter 
according to traditional, mechanism-based fatigue models. Fatigue damage occurs in the 
proposed model by a loss of stiffness of finite elements when a material specific threshold 
value of a damage parameter is achieved. Anisotropic elasticity as well as first and second 

max. simulated 

fatigue damage 
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order residual stresses due to the manufacturing process of the investigated material were 
taken into account. The proposed model was verified by means of a comparison between 
simulation results and experimental results. The relevance of the consideration of real three 
dimensional grain shapes and the microstructure beneath the surface was pointed out. On the 
basis of this model developed various microstructural parameters can be investigated 
regarding their influence on the fatigue life of the material and quantitative relationships can 
be deduced.  
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Very High Cycle Fatigue (VHCF) problem is regarded as one of the important issues to be 
solved in the field of mechanical engineering. Many researches have been conducted on 
VHCF properties of ferrous metals including high strength steels; however, long life fatigue 
data of non-ferrous metals are still limited. Based on this situation, a research sub-committee 
on VHCF was established in the JSMS committee on fatigue of materials to accumulate 
fatigue data of non-ferrous metallic materials in the regime over 107 cycles. In order to reveal 
influential factors on VHCF properties, fatigue tests and fracture surface observations of die-
cast aluminum, beta titanium and extruded magnesium alloys have been carried out, and 
effects of testing conditions including loading types, stress ratios and test frequencies were 
investigated. Some of the fatigue mechanisms were discussed from a view point of defects 
and microstructures. The research sub-committee on VHCF consists of three groups 
targeting die-cast aluminum alloy, beta titanium alloy and extruded magnesium alloys, 
respectively. Each group will present the results as the second, third, and fourth reports in 
this conference. This study, the first report, will describe the purposes and the outline of the 
collaboration work as well as tentative fatigue data and related results. 
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ABSTRACT 
 
Very High Cycle Fatigue (VHCF) problem is regarded as one of the important issues to be 
solved in the field of mechanical engineering. Many researches have been conducted on 
VHCF properties of ferrous metals including high strength steels; however, long life fatigue 
data of non-ferrous metals are still limited. Based on this situation, a research sub-committee 
on VHCF was established in the Japan Society of Materials Science (JSMS) committee on 
fatigue of materials to accumulate VHCF data of non-ferrous metallic materials. To reveal 
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influential factors on VHCF properties, fatigue tests and fracture surface observations have 
been carried out, and effects of testing conditions including loading types, stress ratios and 
test frequencies were investigated. Some of the fatigue mechanisms were discussed from a 
view point of defects and microstructures. The research sub-committee on VHCF consists of 
three groups targeting die-cast aluminum alloy, beta titanium alloy and extruded magnesium 
alloys, respectively. Each group will present the results as the second, third, and fourth reports 
in this conference. This study, the first report, describes the purposes and the outline of the 
collaboration work as well as tentative fatigue data. 
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Non-ferrous metal, Die-cast aluminum, Beta titanium, Extruded magnesium, Stress ratio, 
Stress gradient, Loading frequency, Microstructure 
 
 
INTRODUCTION 
 
Reliability and safety of structural materials are highly required in modern society where both 
speeding-up and long service life are key factors for machine development. In addition, the 
use of high strength and lighter weight materials is getting expanding due to the strong demand 
for energy and weight savings of machine structures. With this background, very high cycle 
fatigue (VHCF) of metallic materials has been regarded as an important issue to be solved in 
the mechanical engineering field. VHCF phenomena has strange characteristics that fracture 
occurs with internal crack growth over 107 cycles and its fatigue strength is lower than that 
caused by surface crack growth. So far, many researches on VHCF have been reported on 
high strength steel, and several fracture mechanisms of internal fractures were also proposed 
[1]. VHCF researches of non-ferrous metallic materials; however, are still limited and the 
mechanisms of the lower fatigue strength due to internal fractures are hardly clarified yet. The 
use of lighter weight non-ferrous materials enhances weight saving leading to energy saving; 
therefore, to clarify those VHCF properties is quite necessary for ensuring reliability and safety 
in a long-term use. In addition, to accumulate quantitative VHCF data of non-ferrous materials 
can likely propose an unified understanding of the mechanism of VHCF through the 
comparison with already conducted researches on ferrous materials.  
 
On the other hand, the requirement of fatigue testing machine optimized for VHCF regime as 
well as huge amount of time and human resources still makes it difficult to obtain reliable 
fatigue data in the VHCF regime. To conduct a systematic research in this field; therefore, 
fatigue researchers are preferable to collaborate and exchange information regarding data 
acquisition methods, accurate fatigue testing methods, analyses techniques etc. With the 
above as a background, a new research committee “sub-committee for very high cycle fatigue” 
was established in the JSMS committee on fatigue of materials in 2011. This sub-committee 
focuses on die-cast aluminum alloys, beta-titanium alloys and extruded magnesium alloys and 
plans to obtain VHCF data of those materials systematically [2]. The present study explains 
the purposes and the outline of the corroborative work and introduces a part of tentative results. 
 
 
PURPOSES AND ORGANIZATIONS OF THE COLLABORATIVE WORK 
 
The research sub-committee on VHCF aims for conducting different two types of researches; 
the one is the collaborative work on supplied materials under unified experiments, and the 
other is the individual work proposed by each institution. Main topics of these two researches 
are as follows. 
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(1) Collaborative work 

• Accumulation of basic S-N diagrams over 107 in cycles. 
• Fracture origin analyses focusing on its size and location. 
• Effect of loading type (rotary bending, push-pull, ultrasonic, etc.) on fatigue data. 
• Development of the evaluation method of internal fractures. 

 
(2) Individual work proposed by each institution 

• Effect of two stage or three stage multiple fatigue loading. 
• Effect of stress ratio or mean stress. 
• Effect of loading frequency. 
• Effect of microstructure and material on crack initiation and propagation processes. 
• The mechanism of grain size reduction around the internal fracture origin.  

 
More than 15 institutes as shown in Table 1 have participated in this sub-committee. Members 
have carried out VHCF fatigue tests according to the above two kinds of topics and have 
exchanged information about the obtained data. Die-cast aluminum alloy, beta titanium alloy, 
and extruded magnesium alloy are chosen as experimental materials, and three working 
groups focusing on each material were established in the sub-committee. 
 
University Aoyama Gakuin University, The University of Electro-

Communications, Fukui University of Technology, Gifu University, 
Hiroshima University, Hokkaido University, Kobe University, 
Ritsumeikan University, Shizuoka University, University of Toyama 

National Institute of 
Technology 

NIT, Numazu College, NIT, Okinawa College, NIT, Toyota College, 
NIT, Akashi College 

National research 
Institute 

National Institute for Materials Science 

Private company Denso Corporation, Yamamoto Kinzoku, Co. Ltd. 
 
Table 1: Institutes participating the collaborative work 
 
 
OUTLINE OF THE EXPERIMENTS AND TENTATIVE RESULTS  
 
This section introduces the experimental procedures and a part of tentative fatigue data 
collected by each working group on die-cast aluminum alloys, beta titanium alloy, and extruded 
magnesium alloys. The more detailed information about fatigue data will be presented in the 
second, third, and fourth reports in this conference. 
 
Die-cast aluminum alloys 
 
Material used was ADC 12 supplied by Denso corporation. Chemical compositions are: Si:10.7, 
Cu:2.21, Fe: 0.73, Zn: 0.7, Mn:0.24, Mg: 0.22, Ti: 0.04, Al: Bal (mass %). Mechanical properties 
are; tensile strength: 310MPa, elongation at break: 1.2%, Vickers hardness: 90.  
 
Rotating bending tests, push-pull tests, and ultrasonic tests were carried out with specimens 
having a minimum diameter of 3mm to 5mm. Targets of the collaborative work and individual 
work proposed by each institution are as follows. 
 

• Effects of loading types:   4-axis-type rotating bending, push-pull, and ultrasonic. 
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• Effects of loading process: Constant amplitude, 2-step loading, multiple repeated 2-
step loading, etc. 

• Effects of surface finishing:  Machining, emery paper grinding with #1000-2000 grit, 
buffing with 1μm alumina abrasive, burnishing, etc. 

• Effects of environment:  Air atmosphere, salt water immersion, etc. 
 

Examples of fatigue data obtained by 4-axis-type rotating bending tests are given in Fig. 1. Fig. 
1(a) shows the data with specimen finished by buffing and Fig. 1(b) shows the data with that 
finished by buffing followed by burnishing. In Fig. 1(a), subsurface fracture initiates in cycles 
over 108. The fracture origin of this data was confirmed a micro-shrinkage in the material. In 
Fig. 1(b), subsurface fractures of buff finished specimen also occurs in VHCF regime. All the 
burnished specimens failed from subsurface origins in VHCF regime over around 107 cycles, 
and no surface fracture was observed. This can likely be occurred by the suppression of 
surface crack due to the surface modification by burnishing.  
 

        
 
Fig. 1 S-N diagram of ADC 12 obtained by 4-axis-type rotating bending. (a) shows the results 
of specimen finished by buffing, and (b) shows the results of finished by both buffing and 
burnishing. 
 
 
Beta titanium alloy 
 
Material used was Ti-22V-4Al (DAT51) supplied by Daido Steel Co., Ltd. Chemical 
compositions are:  Al: 4.15, V: 21.17, Fe: 0.15, C: 0.013, O: 0.14, N: 0.012, H: 0.0124, Ti: Bal. 
(mass %). Solution treatment for 3.6ks at 1023K followed by water cooling and aging for 14.4ks 
at 823K followed by air cooling were given to the material. Mechanical properties after the heat 
treatment are; tensile strength: 1235MPa, elongation at break: 9.3%, Vickers hardness: 327.  
 
Rotating bending tests, push-pull tests, and ultrasonic tests were carried out with specimens 
having minimum diameter of 4mm. Targets of the collaborative work and individual work 
proposed by each institution are as follows. 
 

• Effects of loading types:   4-axis-rotating bending, push-pull, and ultrasonic. 
• Effects of stress ratio:  Negative stress ratio, 0, and positive stress ratio. 

 
Examples of fatigue data obtained by 4-axis-type rotating bending, push-pull, and ultrasonic 
tests are given in Fig. 2. Regardless of loading types and test frequency, fatigue lives are in 
the similar band in the S-N diagram. Surface fractures occurred in a relatively short life regime 

(a) (b) 
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before 105 cycles. In contrast, a subsurface fracture initiated at around 2×107 cycles under 
625MPa. Fig. 3 shows an example of fracture surface. A tiny flat area, so called facet, was 
observed in both surface fractures and subsurface fractures. Different from high strength steel, 
fatigue crack does not initiate from inclusion but always from microstructure.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: S-N diagram of Ti-22V-4Al.                                 Fig. 3: An example of fracture origin. 
 
Although fatigue data obtained by rotating bending tests generally show higher fatigue strength 
compared with push-pull tests because of stress gradient, Fig. 2 does not show such an 
ordinary trend. This is also a matter to be discussed in the collaborative work with accumulating 
data as well as further analyses including fractography.  
 
 
Magnesium alloys 
 
Material used was three kinds of extruded magnesium alloys: JIS AZ31, AZ61, and AZ80. 
Chemical compositions and mechanical are listed in Table 2. Typical mechanical properties 
are: tensile strength: 232MPa, elongation at break: 19%, Vickers hardness: 54 for AZ31, 
tensile strength: 309MPa, elongation at break: 13%, Vickers hardness: 57 for AZ61, and tensile 
strength: 341MPa, elongation at break: 16%, Vickers hardness: 63 for AZ80.  
 
 
 
 
 
 

Table 2: Chemical compositions of extruded magnesium alloys. 
 
Rotating bending tests and push-pull tests were carried out in laboratory condition with 
specimens having minimum diameter of 4mm and 6mm. Surface finishing of the specimens 
was emery paper grinding (#600 to #2000 grit) in oil immersed condition followed by buffing 
with alumina abrasive. Targets of the collaborative work and individual work proposed by each 
institution are as follows. 
 

• Effects of loading types:   4-axis-type rotating bending, push-pull. 
• Effects of stress ratio:  Negative, zero, and positive stress ratio. 
• Effects of specimen size:  4mm diameter and 6mm diameter. 

 
Tentative fatigue data indicate that fatigue strength well reflects the static strength of each 
material as shown in S-N diagram of AZ31 (Fig. 4) and AZ61 (Fig. 5). According to Fig. 4, 
push-pull fatigue data show a generally trend that it has a lower strength than rotating bending 

wt%
material Al Zn Mn Si Fe Cu Ni Mg
AZ31 3.0 1.1 0.31 0.007 0.002 0.001 0.001 Bal.
AZ61 5.9 0.6 0.28 0.010 0.002 0.002 0.002 Bal.
AZ80 8.1 0.5 0.25 0.038 0.002 0.002 0.001 Bal.
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fatigue data. Comparing Fig. 4 with Fig. 5, size effect is likely negligible for AZ31 whereas it 
may exist in AZ61. The reason for this trend should be discussed more deeply with increased 
number of fatigue tests in our future work. The other data including the results of AZ80 will be 
introduced in the fourth report in the conference proceedings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: S-N diagram of AZ31                                 Fig. 5: S-N diagram of AZ61 
 
 
CONCLUSION 
 
To clarify the properties of very high cycle fatigue on non-ferrous metallic materials, a research 
sub-committee was established in the JSMS committee on fatigue of materials, Japan. This 
committee aims for accumulating very high cycle fatigue data on die-cast aluminium, beta 
titanium and extruded magnesium alloys based on the two types of researches: the 
corroborative work on supplied materials under unified experiments and the individual work 
proposed by each institution. This study explained the purpose of the corroborative work and 
introduced the tentative results. 
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ABSTRACT 
 

Very high cycle fatigue behaviour in a duplex stainless steel, SAF 2304, has been studied 
using both one single specimen/load test (OSSLT) and progressive stepwise-load increasing 
test (PSLIT) up to a total fatigue life of 1010 cycles. The results show that the fatigue life is 
higher using progressive stepwise-load increasing test method with a lower starting stress 
than one single specimen/load test method with same stress level. Progressive stepwise-
load increasing test can be used to predict the fatigue damage process, especially damage 
rate in individual specimen. In this study, the microstructure in the fatigue tested specimen 
and fracture surface have been investigated using SEM/EBSD and SEM/ECCI. Besides 
subsurface crack initiation, surface crack initiation has also been observed even in the VHCF 
region using PSLIT method. A high stress applied during the final step can be one of the 
reasons. Austenite to martensite phase transformation in this material during fatigue process 
has occurred. The initiation mechanism of this martensitic phase transformation and its effect 
on the fatigue behaviour have been discussed.  
 
keywords: Very high cycle fatigue, phase transformation, damage, duplex stainless steels.  
 
INTRODUCTION  

 
Fatigue behaviours of metals in the VHCF regime have been thoroughly investigated during 
the last decades. It has been found that fatigue crack initiation in metals can shift from 
surface defects, subsurface defects and subsurface matrix with decreasing applied stress or 
increasing fatigue life [1]. This can also lead to the formation of subsurface non-defect fatigue 
crack origin (SNDFCO) in the VHCF regime [2]. A conventional fatigue testing process to 
generate an S-N curve uses one single specimen/load test (OSSLT). However, stepwise 
load increase test or progressive stepwise load increasing test (PSLIT) has also been used 
to study fatigue and damage behaviour [3]. PSLIT can be used to estimate the endurance 
limit and to select appropriate stress amplitudes for constant amplitude tests with one single 
specimen. In this investigation, fatigue deformation and damage behaviour in a duplex 
stainless steel has been studied using both conventional OSSLT and PSLIT methods. The 
microstructure in the fatigue tested specimen and fracture surface have been investigated 
using SEM/EBSD and SEM/ECCI. The purpose is to get a better understanding of the VHCF 
behaviour in the material using PSLIT.    
 
MATERIALS AND EXPERIMENTAL PROCEDURES  
 
In this investigation, one austenitic ferritic duplex stainless steel grade, Sandvik SAF 2304,  
was used. The specimens were taken from a bar material with a diameter of 25 mm, which 
was in the solution-annealed condition. Table 1 shows its chemical composition and 
mechanical properties. The material has a much higher yield strength comparing to that of 
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304/316 type of austenitic steels. Fig. 1 shows the microstructures of the material in the 
longitudinal direction. It looks like an austenite and ferrite lamellel composite structure (Fig. 
1a). Fig. 1b shows a grain structure of the material, which has a rather small grain size.   
 

C Si Mn Cr Ni N Mo Fe YT (MPa) UT (MPa) A (%) 
0.010 0.44 0.86 22.6 4.62 0.119 0.08 Bal. 461 692 48.8 

Table 1:  Chemical composition (wt%) and tensile properties of SAF 2304 material used 
 

      
Fig. 1:  Microstructure of SAF 2304 material used, (a). Phase structure, (b). Grain structure.  
 
Two types of fatigue tests have been carried out. One was performed using an Amsler 
machine with a stress controlled testing and a frequency of about 140 Hz up to 2x106 cycles. 
Another test was performed using an ultrasonic fatigue testing machine with a displacement 
controlled testing and a frequency of 20 kHz. An hour-glass geometry sample with a 
diameter of 3 mm was used. A stress ratio of R=0.1 was applied for both tests. For the 20 
kHz fatigue testing, a progressive stepwise load increase test (PSLIT) was used. Each load 
step was 10 MPa with a load cycle step higher than 107 cycles, stepwise increased until the 
specimen failed. The origins of fatigue crack initiation were investigated using a scanning 
electron microscope (SEM). The fatigue pre-initiation damage (dislocation slip bands) and 
phase transformation were studied using electron back-scattering diffraction (EBSD) 
technique and electron channelling contrast image (ECCI) technique.   
 
RESULTS AND DISCUSSION  
 
Influence of progressive stepwise load increasing test on fatigue life in VHCF region   
 
Fig. 2 shows the S-N curves using one single specimen/load and progressive stepwise-load 
increasing testing. Three interesting phenomena have been observed. One is that the fatigue 
life of the material using PSLIT starting with a much lower stress is much higher than that 
using OSSLT comparing that with same stress level. The second is that depending on 
loading sequence the difference in total fatigue life using PSLIT is very high (about two 
orders). A larger cycle step (higher number of cycles) at a lower starting stress may lead to a 
much higher total fatigue life. Sample 2 and 3 started with a stress of 150MPa, but specimen 
2 used a cycle step of 109 cycles, and sample 3 used a cycle step of 107 cycles. 
Consequently, sample 2 has a total fatigue life of 1.38x1010 cycles and a final stress of 
260MPa, and sample 3 has a fatigue life of 8.11x107 and a final stress of 250MPa. The third 
is that a smaller cycle step with same load step can lead to a higher cyclic deformation 
hardening. Sample 4 and 7 have the same starting stress. Sample 7 used a cycle step of 
about 108 cycles and sample 4 has a cycle step starting at 107 then increasing to 108 to 109 
cycles. Sample 4 has a total fatigue life of 1.10x1010 cycles, but 2.07x109 cycles for sample 
7. Sample 5 shows an extreme condition. The cyclic deformation-hardening rate in this 
specimen is quite high. The large difference in both fatigue life and cyclic deformation 
hardening rate in this alloy using PSLIT can be dependent upon cyclic damage rate of 

(a) (b) 
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individual specimen and formation of martensite during fatigue testing. They will be 
discussed in the followings. Sample 1 was only run with a single loading.  
   

 
Fig. 2:  S-N curves using one single loading (HCF) and accumulated cycles in progressive 
stepwise-load increasing tests. Sample 1 is only a single loading, and sample 5 is run-out. 
 
 
Damage and energy consumption with stepwise load increasing  
  
As know, Miner’s rule is usually used to predict accumulated damage in material during 
fatigue, which is shown as follows.  
 

C = ∑
𝑛𝑖

𝑁𝑖

𝑘

𝑖=1
     or    C =

∑ 𝑛𝑖×𝜎𝑖
𝑘
𝑖=1

𝑊𝑓𝑎𝑖𝑙𝑢𝑟𝑒
               (1)  

 
where ni is the number of cycles accumulated at stress i, Ni is the average number of cycles 
to failure at the ith stress. Wfailure is the critical damage.  
 
In this paper, energy consumption, U, instead of the above damage parameter, nixi, is 
used to describe the fatigue damage process. This is due to the fact that in physics, strain 
energy is the energy stored by a system undergoing deformation. Fatigue damage is a cyclic 
plastic deformation process. The fatigue damage should therefore be correlated to the 
energy consumption during cyclic plastic deformation. For load controlled fatigue testing, 
plastic deformation mainly occurs during the first cycle, and then mainly elastic strain.  In this 
study, total energy (elastic energy and plastic energy) is used to describe the damage 
process.  The strain energy can be calculated as follows. 

 
𝑈 =

1

2
𝑉𝜎, 𝜎 = 𝐸𝜀   𝑤ℎ𝑒𝑛 𝜀 ≤

𝜎𝑌

𝐸
  and  𝜎 = 𝐾′ 𝜀𝑝𝑙

𝑛´
   𝑤ℎ𝑒𝑛 𝜀 ≥

𝜎𝑌

𝐸
                (2) 

 
where E is the Young’s modulus, and pl are the strain and plastic strain, V is the volume, 
K´ and n´ are constants. To study the influence of elastic and plastic strain on the fatigue 
behaviour, the Basquin and Coffin-Manson failure models were also used here.  
 

Basquin equation:  ∆𝜀𝑒𝑙

2
=

𝜎
𝑓′

𝐸
(2𝑁𝑓)

𝑏, Coffin-Manson equation:  ∆𝜀𝑝𝑙

2
= 𝜀𝑓

′ (2𝑁𝑓)
𝑐         (3) 
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The cyclic properties of the present 2304 grade are approximated from the cyclic parameters 
presented in Table 3, reported in [5]. 

 
f', MPa b f' c n' K' , MPa 

728 -0,049 0,038 -0,43 0,114 1057 
Table 3.  Cyclic properties of the SAF 2304 grade, assumed from [5] 

 
Fig. 3a shows the accumulated plastic strain versus total accumulated number of cycles of 
the samples with PSLIT. It shows an increasing relation for all samples tested, but at different 
lives. It indicates that the final accumulated damage in individual sample is of the same order 
amongst the different samples, although the damage rate may differ (e.g. see sample 4). 
Applying the cyclic properties of Table 3, the experimental results may be inserted in a strain-
life diagram and compared against the Basquin and Coffin-Manson equations, Fig. 3b, 
representing the elastic and plastic damages, respectively. Fig. 3c shows the correlation of 
fraction of energy consumption in each specimen during each step versus number of cycles. 
Fraction of energy consumption is defined here as a ratio of energy consumption of each 
step to the total energy consumption until specimen fails, Ui/Ui. This diagram actually 
shows the damage rate of each specimen during fatigue process. Specimen 7 has a higher 
damage rate than specimen 2, and consequently a lower fatigue life. Since all curves show a 
similar slope, it is therefore believe that the damage mechanism in these specimens during 
fatigue process is similar, but the damage rate or speed is different. Specimen 3 has a low 
cycle step of 107 cycles. It shows a very high damage rate.  
 

     
Fig. 3: Damage during fatigue, (a). Accumulated plastic strain versus accumulated number of 
load cycles, (b). Strain-life failure diagram correlating experimental results of individual 
samples to the Basquin and Coffin-Manson failure models, (c). Fraction of energy 
consumption of each specimen during each step versus number of cycles.       
 
Fatigue crack initiation with stepwise load increase  
 
An earlier study shows that fatigue crack initiation at subsurface inclusion in duplex stainless 
steel can be observed when the fatigue life is higher than 2x108 cycles [6]. In this study, 
fatigue crack initiation at subsurface inclusion was only observed in specimen 4, which has a 
total fatigue life of 1.10x1010 cycles at a maximum stress of 250 MPa. A fine grain area, FGA, 
around the inclusion has formed (Fig. 4a). For other failed specimens, the fatigue crack 
initiation occurred mainly at surface defects, and no FGA can be observed although they 
have a total fatigue life longer than 109 cycles such as specimen 7, which has a total fatigue 
life of 2.07x109 cycles (Fig. 4b). One explanation can be that at the last stress applied the 
stress was now high enough to cause the fatigue crack initiation at the surface defect.  
 

(a) (b) (c) 
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Fig. 4: Fatigue crack initiation, (a). Specimen 4, a total fatigue life of 1.10x1010 cycles, FGA 
formed at subsurface inclusion, (b). Specimen 7, a total fatigue life of 2.07x109 cycles, fatigue 
crack initiation at surface defect, no FGA can be observed.   
 
Cyclic deformation induced phase transformation  
 
It has been reported that deformation induced austenite to martensite phase transformation 
can occur in 2304 type of duplex stainless steel when the material is severely deformed [7]. 
For high cycle or very high cycle fatigue, it is interesting to know if this phase transformation 
can occur since the applied stress is usually low. Actually, this does occur as show in Fig. 5 
(green phase).  
 

    
Fig. 5: Deformation induced austenite to martensite phase transformation at a stress 
amplitude of 250 MPa, (a). Formation of martensite, green-martensite, blue-ferrite, yellow-
austenite, arrow indicating fatigue crack initiation starting area, (b). Initiation and propagation 
of martensitic phase during cyclic loading.   
 
Martensitic phase has been observed in the fatigue-tested specimen. They appear near the 
fracture, but also in the grain inside with a stress amplitude of 250MPa. It has also been 
found that the amount of deformation martensite increases with crack propagation. This is 
reasonable since the remaining ligament of the specimen was reduced with crack 
propagation, which will increase the stress concentration at the crack front and cause a 
promotion of deformation martensitic phase transformation. Since martensitic phase 
transformation has a TRIP effect and promotes a further deformation hardening, this can 
affect fatigue behaviour and cause scatter in fatigue life with different phase transformation in 
the specimens as shown in Fig. 2.  With ECCI technique, it was found that martensite mainly 
nucleated at the intersection points of different slip bands or between slip bands and grain 
boundary or twin boundary. The martensite phase then grows or propagates along the slip 

(a) 
(b) 

(a) (b) 
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bands (see Fig. 5b). Martensitic phase transformation during fatigue was also observed in 
304 type of austenitic stainless steel [8].    
 
CONCLUDING REMARKS 
 
SAF 2304 material shows a higher fatigue life using progressive stepwise-load increasing 
test than one single specimen/load test at same stress level. 
 
The accumulated plastic strain at failure was of the same order of the different samples, but 
still the failure cyclic lives could differ of several orders of magnitude. It suggests the failure 
to be controlled by localized failure mechanisms. 
 
Progressive stepwise-load increasing test can predict the fatigue damage process, especially 
damage rate in individual specimen.  
 
SAF 2304 material can have austenite to martensite phase transformation during fatigue 
process, which will affect fatigue behaviour in the material and cause the scatter in the 
results.  
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ABSTRACT 
 
In the case of interior fracture mode in very high cycle fatigue, one can usually observe the 
fish-eye on the fracture surface and an inclusion is also observed at the center of the fish-eye. 
In addition, the fine granular area (FGA) is often found in the vicinity around the inclusion on 
the fracture surface. Thus, the stress concentration around the inclusion gives the most 
important factor to govern the fatigue property for high strength steels in the very high cycle 
regime. From this point of view, the authors have analyzed 3-D stress distributions around the 
interior inclusions having various shapes and elastic constants. In the present work, the 
authors have attempted to review the general aspects on the stress distribution paying a 
particular attention to the effect of shape and elastic constants of typical inclusions such as 
Al2O3 and MnS observed in the high strength steel. 
 
 
KEYWORDS 
 
Very high cycle fatigue, Interior inclusion, Stress concentration, FEM analysis, Stress 
distribution, Crack initiation 
 
 
INTRODUCTION 
 
In high strength steels, very high cycle fatigue (VHCF) failures usually originate from internal 
inclusions [1, 2]. Therefore, stress distribution around inclusions originating internal failures 
has a key role in the VHCF response of high strength steels. It is well-known that, depending 
on the shape and on the elastic properties of the inclusion, different stress concentrations take 
place along the interface between the nonmetallic inclusion and the steel matrix [3]. From the 
VHCF viewpoint, the location of the region that experiences the maximum stress concentration 
can be considered as the most critical point for the internal crack nucleation. Referring to the 
numerous VHCF fracture surfaces analyzed by the authors [3-6], the critical point for crack 
nucleation is, in most of the cases, edge of the inclusion orthogonal to the loading direction. In 
a few cases, crack may nucleate at the top or bottom of the inclusion. In these rare cases, 
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inclusion is not visible since it is beneath the fracture surface. Thus, experimental evidence 
shows that, regardless of the inclusion type (oxide, sulphide or nitride) and shape (circular, 
elliptical or parallelepipedal), in high strength steels subjected to tension-compression or to 
rotating bending, internal VHCF failures mainly nucleate from points belonging to a plane that 
intersects the inclusion. 
 
From this point of view, the authors have attempted to review the effect of shape and elastic 
constant on the stress concentrations around internal inclusions, paying a particular attention 
to Al2O3 and MnS inclusions typically observed in high strength steels. Various finite element 
analyses are performed in order to assess stress distributions around typical inclusions and to 
find possible explanations for the experimental evidence of VHCF cracks that mainly nucleate 
from a plane that crosses the inclusion in the present paper. 
 
 
TYPICAL EXAMPLES OF FRACTURE SURFACES NEAR CRACK NUCLEATION SITE 
 
The authors have performed numerous fatigue tests on different high strength steels such as 
SUJ2 steel [4-6], and AISI H13 steel [7,8]) by using self-developed rotating bending [9] and 
ultrasonic tension-compression testing machines. Fig.1(a) indicates a pair of fracture surfaces 
obtained in the same specimen. The left hand side shows a photograph of the fracture surface 
having the inclusion, whereas the right hand side gives the fracture surface pulled out the 
inclusion. In addition, Fig.1(b) indicates a set of the fracture surface and the cross section 
along the white line in the left hand photograph. In many cases, fracture surfaces in Fig.1(a) 
are observed as reported by many researchers [1,4]. However, the authors had also taken the 
fracture surface without inclusion, but an inclusion was newly observed on the cross section 
sliced along the white line in the fracture surface. Thus, there can be a few examples of the 
fracture surface having the inclusion beneath the fracture surface, even if no inclusion is 
observed on the fracture surface. 
 

 
(a) A pair of fracture surfaces for same 

specimen 

 
(b) Fracture surface around crack origin and 

cross section along a white line 
 
Fig.1: Typical examples of fracture surfaces near crack nucleation site 
 
 
NUMERICAL ANALYSES 
 
A spherical inclusion, alternatively composed of Al2O3 or MnS, is modeled within a cylindrical 
ferritic body with a ratio between the two radii equal to 0.20. The sample is constrained at the 
base to give a uniaxial stress condition and it is pulled along the y direction up to 100 MPa by 
a uniformly distributed pressure on top (Fig. 3a). The inclusion material is assumed as isotropic 
whereas the ferritic matrix is assumed anisotropic. The idea is to investigate the influence of 
the elastic anisotropy under different Euler angle orientations in terms of stress peak and stress 
triaxiality around the grain. A preliminary study on pure ferrite was carried out on a cubic 
sample to define the Young’s modulus distribution for different crystal orientations of the cubic 
structure.  
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(a) 

 
 

(b) 

Fig.2: (a) (001)  and (001)cross-sectional views of the Young’s modulus; (b) Young’s 
modulus on the (001) plane 
 

 
(a) 

 
(b) 

Fig.3: (a) sketch of the cylindrical sample with the spherical inclusion; (b) Young’s modulus 
distribution for the cubic sample in Fig 2a for different Euler angles orientations  , ,0  . 
The elastic constants assumed accordingly to Tjahjanto et al. [10], who investigated the effect 
of the grain orientation on the retain austenite transformation process for a carbon steel, 
whereas the homogenized Young’s modulus and Poisson’s ratio was taken from [11]. 
The variation of the Young’s modulus can be obtained analytically by means of the standard 
formula proposed by Nye [12]. The results are reported in Fig. 2a with the two cross-sectional 
E curves, respectively on the (001)  and (001)  plane, and in Fig. 2b with a 3D view of the 
elastic potential on the (001) plane. As it can be seen the Young’s modulus is maximum along 
the [111] direction (i.e. cubic diagonal) and is minimum along the [001] one (as well as along 
the [100] and [010] directions due to symmetry).  
The same result can be achieved with finite elements analyses carried out on the cubic sample 
of Fig. 2a, where the whole base is constrained along the pulling direction y and only its central 
node is constrained along x and z, realizing a uniaxial tensile test condition. Due to the high 
symmetry of the bcc configuration, it is possible to consider the variation of only two of the 
three Euler angles without loss of generality. Starting from the (0º,0º,0º) set, which represents 
the case where the crystallographic axes are coaxial with the reference system (see Fig. 2a), 

182



the first two Euler angles   and   were alternatively changed, assuming amplitudes between 
0º and 90º, and covering all the mutual combinations. The results are shown in Fig. 3b where 
the values of E are reported in GPa. The analytical and numerical E moduli are reported in 
Table 1 indicating the crystallographic direction parallel to the y axis. The numerical values are 
in good agreement with the analytical ones, with errors that can be considered negligible.  

 Analytic E [GPa] F.E. E [GPa] Err (%) 

[100], [010], [001] 133.98 133.96 0.0164% 
[110], [101], [011] 223.21 223.22 0.0072% 

[111] 286.89 286.87 0.0067% 

Table 1: Analytical and numerical values of the Young modulus for different Euler angles. 
         E [GPa] ν 

Ferrite (isotropic) 208.0 0.287 
Al2O3 389.5 0.25 
MnS 138.0 0.3 

Table 2: E and ν for the isotropic ferrite and the Al2O3 and MnS inclusions. 

The next step was considering a spherical inclusion alternatively harder and softer than the 
surrounding ferrite. The analyses were conducted via user subroutine for the commercial code 
Abaqus (ver 6.14-5) meshing the geometry of Fig. 3a with 126144 three-dimensional 
hexahedral elements with reduced integration (i.e. C3D8R) for a total number of nodes of 
135501. The effect of the anisotropy was studied comparing the results carried out for different 
Euler angles sets against a reference solution, obtained with an homogenized isotropic 
Young’s modulus and Poisson’s ratio (see Table 2). The following Fig. 4 displays the Mises 
stress (Fig. 4a and d) and the stress triaxiality (Fig. 4b and d) peaks normalized against the 
maximum von Mises stress and stress triaxiality in the isotropic case. The maps in red and 
green refer respectively to the Al2O3 and MnS inclusions. Comparing Fig. 3b with Fig 4a and b 
it is possible to notice an inverse relationship between the Young’s modulus and the 
normalized Mises stress and stress triaxiality: where E is higher the other two are lower and 
vice versa. Therefore, a configuration with the crystallographic axis aligned with the pulling 
direction represents the worst scenario possible for the harder inclusion. In this case the peak 
values for the stress triaxiality and the Mises stress are localized in two different areas. The 
first one is generated at the top and bottom of the grain along the y direction (Fig. 5b) whereas 
the max Mises stress is located on a circular area around the top of the grain as shown in Fig. 
5a. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig.4: (a) and (c) MaxMisesanisotropic/ MaxMisesisotropic maps for the Al2O3 and MnS inclusions, 
(b) and (d) MaxTXanisotropic/ MaxTXisotropic maps for the Al2O3 and MnS inclusions. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig.5: (a) and (b) Max Mises stress [MPa] and stress triaxiality contour fields for the Al2O3 case, 
(0º,0º,0º) Euler angle set, (c) Max Mises stress contour fields for the MnS case (45º,30º,0º) 
Euler angles set, (d) stress triaxiality contour fields for the MnS case (0º,30º,0º). 

On the other hand, the investigation on a softer inclusion lead to a different conclusion. The 
Mises stress shows, more or less, the same distribution of the Young’s modulus however the 
stress triaxiality displays a more complicated pattern, that can may be explained with some 
instability modes generated during the compression of the softer material. In this last case the 
max for the Mises stress and the stress triaxiality are obtained in two different combination of 
the Euler angles: (45º,30º,0º) see Fig. 5c and (0º,30º,0º) see Fig. 5d.  
 
CONCLUSIONS 
 
The presented in this paper aimed to investigate the stress distribution around a Al2O3 or MnS 
spherical inclusion typically observed in high strength steel. Stress peaks are in fact known to 
be the most important factor to govern the fatigue property in the very high cycle regime. 
Numerical simulations were conducted on a cylindrical ferritic sample with a spherical inclusion 
to study the von Mises stress and stress triaxiality concentration under different orientations of 
the crystallographic structure. Moreover, elastic anisotropy was taken into account for the 
matrix material to consider an additional factor that may contribute to the individuation of the 
initial crack formation site. The results show that an initial debonding can take place on the 
contact surface between the grain and the matrix depending on the crystallographic orientation. 
It is imagined that, after the initial opening, the crack will proceed along the grain-matrix surface 
until it reaches the plane orthogonal to the pulling direction. At that point, it will continue to 
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propagate on that plane. However, a more sophisticated numerical model is needed to catch 
the proper evolution path of the crack after the initial debonding. 
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ABSTRACT  
 
The very high cycle fatigue (VHCF) properties of four 18Ni maraging steels are investigated. 
Ultrasonic fatigue tests are performed on thin sheets with nitrided surfaces at load ratio 
R = 0.1. Traditional maraging steel containing Ti (material A) shows crack initiation at 
TiN-inclusions. The elimination of Ti and the increase of Co content (material B) leads to 
crack initiation preferentially at Al2O3-inclusions, which are less damaging than TiN-inclusions 
leading to a higher VHCF strength. A further developed maraging steel (material C) with 
reduced Co content that is compensated for by alloying with Al showed crack initiation at 
Al2O3- as well as Zr(N,C)-inclusions. Zr(N,C)-inclusions are more damaging than 
Al2O3-inclusions and less damaging than TiN-inclusions. The highest VHCF strength was 
found for a recently developed alloy with increased Al content (material D). Inclusion-initiated 
fracture as well as surface crack initiation is found for this material.  
 
 
KEYWORDS 
 
Maraging steel; Nitriding; Non-metallic inclusion; Ultrasonic fatigue testing; Very high cycle 
fatigue  
 
 
INTRODUCTION 
 
Maraging steels show an exceptional combination of very high mechanical strength and 
excellent manufacturing properties. Due to the very low carbon content, a relatively soft and 
tough martensite is yielded by solution annealing or austenitising treatment. Precipitation 
hardening then leads to the formation of intermetallic compounds resulting in a very high 
strength. Additionally, nitriding treatment can be applied for surface hardening due to the 
good nitridability.  
 
These excellent functional properties make maraging steels a potentially attractive material 
for highly stressed components. Cyclic loads are present in several of the actual applications 
of maraging steels, such as springs or components of the drive train in vehicles. The 
numbers of load cycles in these applications can be very high which is why the very high 
cycle fatigue (VHCF) properties of these materials are of great interest. 
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MATERIAL AND METHOD 
 
Material 
 
Fatigue tests are performed on four 18Ni maraging steels in precipitation hardened condition. 
Thin sheets with nitrided surfaces are tested. The respective chemical compositions of the 
four materials are shown in Tab. 1.  
 

 Ni Co Mo Ti Al Cr Fe 

Material A 18 9 5 0.5 - - balance 
Material B 18 16.5 5 - - - balance 
Material C 18 5 5 - 1 1 balance 
Material D 18 5 5 - 1.5 1 balance 

Table 1: Chemical composition of the investigated maraging steels in weight % 

Material A is a traditional maraging steel. Ti is eliminated and instead Co content is increased 
in Material B. The reduction of Co in Material C and D is compensated for by different 
amounts of aluminium. Tensile strength of all four materials is about 2000 MPa. Vickers 
hardness is 580 HV1.0 (material A), 625 HV1.0 (material B), 560 HV1.0 (material C) and 
615 HV1.0 (material D), respectively.  
 
Experimental procedure 
 
The experiments were performed using ultrasonic fatigue testing equipment developed at 
BOKU University [1]. The method to test thin sheets of high strength steels has been 
described in detail in a previous work [2]. In brief, rather than vibrating in resonance, the 
sheet specimens are driven to forced vibrations with a carrier specimen. The carrier 
specimen serves to introduce static and cyclic loads into the thin sheet specimens and 
additionally serves to avoid buckling and undesirable bending vibrations. The shape of the 
specimens used in the present investigation is shown in Fig. 1.  
 

 

Fig. 1: Sheet specimens used in the ultrasonic fatigue tests (all measures in mm). Thickness 
of the specimens is 0.35 mm for material A, B and D and 0.435 mm for material C. 

Experiments are performed in ambient air at 20 °C and 50% relative humidity. Fractographic 
investigations are conducted using a scanning electron microscope (SEM). Crack initiating 
inclusions were analysed using energy dispersive X-ray spectroscopy (EDS). 
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RESULTS 
 
VHCF properties of four 18Ni maraging steels have been investigated at load ratio R = 0.1. 
S-N data are shown in Fig. 2. Different symbols are used to denote the crack initiation sites. 
Lifetimes of fractured specimens are presented versus the respective actual stress amplitude 
at the crack initiation site. Due to the varying cross section area of the specimens, stresses 
at the crack initiation sites can be lower than the nominal stress in the centre of the 
specimen. In order to characterise loading of runout specimens, the nominal stress amplitude 
is used.  
 
S-N data of material A are shown in Fig. 2(a). Internal crack initiation at a TiN-inclusion is 
found in 22 of 23 fractured specimens. Fig. 2(b) shows the S-N data of material B. Crack 
initiation at an internal aluminate-inclusion is found in 12 of 17 fractured specimens. In three 
specimens, the crack was initiated internally in the matrix. S-N data obtained with material C 
are shown in Fig. 2(c). Of 20 fractured specimens, cracks initiated at an internal 
aluminate- and Zr(N,C)-inclusion in 5 and 14 specimens, respectively. S-N data of material D 
are shown in Fig. 2(d). In 4 specimens, the crack started at an internal aluminate-inclusion. 6 
specimens failed from the surface. Surface crack initiation was exclusively found for material 
D. Specimens showing surface failure tend to fail at higher numbers of cycles than 
specimens with internal inclusion initiated failures.  
 

 
Fig. 2: S-N data of nitrided 18Ni maraging steel sheets measured at load ratio R = 0.1: (a) for 

material A, (b) for material B, (c) for material C and (d) for material D, respectively. 
Different symbols are used to mark the crack initiation sites  
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In order to compare the cyclic strength of the investigated materials, the stress amplitude 
with 50% fracture probability at 108 cycles can be used. This stress amplitude is 510 MPa for 
material A and 560 MPa for material B and C, respectively. Material D shows the highest 
cyclic strength with 610 MPa.  
 
 
DISCUSSION 
 
Inclusions are the main source of fatigue cracks in material A, B and C. Solely material D 
shows surface and internal crack initiation. However, the earliest failures in material D are 
caused by internal inclusions. This indicates a prominent influence of internal inclusions on 
the fatigue damage mechanism, the cyclic strength and the fatigue lifetime of the 
investigated nitrided maraging steels.  
 

 

Fig. 3: Crack initiation at (a) TiN-inclusion, (b) Zr(N,C)-inclusion and (c) aluminate-inclusion  

Fig. 3 shows examples for the three different crack initiation sites in the VHCF regime. 
Cracks initiated at broken secondary phase particles (TiN-inclusions and Zr(N,C)-inclusions, 
see Fig. 3(a) and 3(b), respectively) or at fractured interfaces between particles and matrix 
(aluminate-inclusions, see Fig.3(c)).  
 
Fatigue lifetimes and cyclic strengths decrease with increasing size of the crack initiating 
inclusions. Murakami and Endo [3] showed that in presence of a small cavity or a secondary 
phase particle the endurance limit, !W, can be correlated to the square root of the projected 
area of the inhomogeneity, !"#!, as shown in Eq. (1).  
 
!!! ∙ !"#! = !!         (1) 
 
The parameter CM considers the position of the inhomogeneity (at the surface or in the 
interior), the Vickers hardness and the load ratio [4].  
 
Eq. (1) suggests that the cyclic stress amplitude, Δ!/2, and the square root of the inclusion 

area, !"#!!"#, can be combined to the parameter !!
!
∙ !"#!!"#

!
! that characterises the 

damage of a fatigue load cycle in presence of an inclusion. The number of cycles to failure, 
N, can be presented versus this parameter according to Eq. (2) [5].  
 

! = !! ∙ !!
!
∙ !"#!!"#

!
!

!!!
       (2) 

 
where CA and nA are material constants. 
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Fig. 4(a) shows the fatigue lifetimes on the abscissa as a function of !!
!
∙ !"#!!"#

!
! on the 

ordinate for the different inclusion types, with stress amplitudes in MPa and !"#!!"# in µm. 
TiN-inclusion are the most and aluminate-inclusions the least damaging among the three.  
 
Another method to consider the influence of cyclic loads and sizes of crack initiating 
inclusions on fatigue lifetimes is based on a fracture mechanics concept, as suggested by 
Tanaka and Akiniwa [6]. The crack initiating inclusions are considered as initial cracks. It is 
assumed that fatigue lifetimes are equal to the number of cycles necessary to propagate the 
cracks to fracture. The stress intensity range, ∆K, of an arbitrarily shaped internal crack can 
be calculated as suggested by Murakami [4]:  
 
Δ! = 0.5 ∙ Δ! ∙ ! ∙ !"#!           (3) 
 
Integrating the growth rates from the starting crack length !"#!!"# to fracture delivers 
Eq. (4) [7].  
 

!
!"#!!"#

= !
!! !!!!

∙ Δ!!"# !!!         (4) 

 
With this method, the ratio of cycles to failure N and !"#!!"# can be correlated to the stress 
intensity range Δ!!"# as shown in Fig. 4(b). 
 
The minimum stress intensity range, Δ!!"# leading to fracture is 1.2 MPa√m for 
TiN-inclusions, 1.3 MPa√m for Zr(N,C)-inclusions and 1.8 MPa√m1/2 for aluminate-inclusions. 
This confirms the result stated above: TiN-inclusions are more damaging than 
Zr(N,C)-inclusions and Zr(N,C)-inclusions are more damaging than aluminate-inclusions. 
 

 
Fig. 4: Fatigue data of specimens with inclusion initiated fracture: (a) Cycles to failure 

presented as a function of the parameter !!
!
∙ !"#!!"#

!
! and (b) ratio of cycles to 

failure and !"#!!"# presented as a function of the stress intensity range Δ!!"#  
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CONCLUSIONS 
 
1. Material A shows the lowest and material D the highest VHCF strength, while material B 
and C lie in between. The development of maraging steels from material A to D was 
successful in increasing the VHCF strengths.  
 
2. Fatigue crack initiation at internal inclusions is the most important crack initiating 
mechanism in the four materials although the sizes of the inclusions !"#!!"# are very small 
(between 2 and 10 µm). Fatigue lifetimes and cyclic strengths decrease with increasing size 
of the crack initiating inclusion for all inclusion types. 
 
3. TiN-inclusions are found to be most and aluminate-inclusions the least damaging while the 
detrimental influence of Zr(N,C)-inclusions on the VHCF strength lies in-between. 
 
4. Considering the particles as initial cracks, VHCF failures occurred at minimum stress 
intensity ranges Δ!!"# of 1.2 MPa√m for TiN-inclusions, 1.3 MPa√m for Zr(N,C)-inclusions 
and 1.8 MPa√m for aluminate-inclusions in tests at load ratio R = 0.1.  
 
 
REFERENCES 
 
[1]  H. Mayer: 

Recent developments in ultrasonic fatigue 
Fatigue & Fracture Eng. Mater. Struct., 39 (2016) pp. 3-29. 

[2]  U. Karr, R. Schuller, M Fitzka, B. Schönbauer, D. Tran, B. Pennings, H. Mayer: 
Influence of inclusion type on the very high cycle fatigue properties of 18Ni maraging 
steel 
Journal of Materials Science, 52 (2017) pp. 5954-5967. 

[3]  Y. Murakami, M. Endo: 
Effects of hardness and crack geometries on ∆Kth of small cracks emanating from small 
defects 
in: K.J.Miller and E.R, de los Rios (Ed.) The behaviour of short fatigue cracks, EGF, 
Mech. Engng. Pub., London, 1986, pp. 27-293. 

[4]  Y. Murakami: 
Metal Fatigue: Effects of small defects and nonmetallic inclusions, Elsevier Science 
Ltd. , Kidlington, Oxford, UK, 2002. 

[5]  H. Mayer, W. Haydn, R. Schuller, S. Issler, B. Furtner, M. Bacher-Höchst: 
 Very high cycle fatigue properties of bainitic high-carbon-chromium steel 
Int. Journal of Fatigue, 31 (2009) pp. 242-249. 

[6]  K. Tanaka, Y. Akiniwa: 
Fatigue crack propagation behaviour derived from S-N data in very high cycle regime,  
Fatigue & Fracture Eng. Mater. Struct., 25 (2002) pp. 775-784. 

[7] Y. Akiniwa, N. Miyamoto, H. Tsuru, K. Tanaka: 
Notch effect on fatigue strength reduction of bearing steel in the very high cycle regime 
Int. Journal of Fatigue, 28 (2006) pp. 1555-1565. 

 
 
Corresponding author: herwig.mayer@boku.ac.at  

191



MICROSTRUCTURE, MEAN STRESS AND NOTCH INFLUENCE ON FATIGUE 
STRENGTH AND INITIATION OF THREE BAR STEEL GRADES IN THE VERY 

HIGH CYCLE FATIGUE REGIME 

DVSD 

 

 

 

 

 

 

 

FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 

 

 
M. Sadek1, J. Bergström1, N. Hallbäck1, C. Burman1, R. Elvira2, B. Escauriaza2  

 
1) Karlstad University, Department of Engineering and Physics, SE-658 88 Karlstad 

2) Department of Development of New Products, SIDENOR I+D, S.A., Barrio Ugarte, 
s/n E-48970 Basauri, Spain 

 

 

 

 
keywords: VHCF, Automotiv steels, SN-curve, Initiation mechanisms  
 

ABSTRACT 
The interest on the VHCF properties of high strength steels has been increasing in the last 
years and consequently more fatigue testing for the VHCF regime. In the present paper three 
automotive bar grade steels corresponding to different strength levels and microstructures 
have been studied with respect to fatigue strength and initiation mechanisms. In addition, 
effects of mean load and notched geometry have been investigated.  
Three bar grades, one micro-alloyed ferritic pearlitic (38MnSiV5, 870 MPa tensile strength), 
one quenched and tempered martensitic (50CrV4, 1410 MPa tensile strength) and one 
carburizing (16MnCr5, 1180 MPa core structure tensile strength) grade were employed to 
reveal characteristic behaviour regarding initiation and fatigue failure mechanisms. A 20 kHz 
ultrasonic fatigue testing instrument was used to obtain fatigue lives up to and above 109 
load cycles in uniaxial loading. Hour-glass specimens, smooth or notched (Kt=1.4), were 
tested at mean load ratios R=-1 and 0.1. Fatigue strength and SN-diagram data were 
achieved; initiation was studied using primarily FEG-SEM microscopy.  
Different controlling initiating mechanisms were found in the different grades (interior to 
surface and triple point to inclusion initiation) depending on the different grades and load 
ratios used. The results are discussed using FEM strength calculations and relevant failure 
models. 

INTRODUCTION 
The very high cycle fatigue (VHCF) properties of steels for automotive components have 
gained more interest in the last years [1]. With the large variety of different steel alloys and 
steel conditions being used the mapping of properties are important for the selection of steel 
alloy and design of components. High strength martensitic bar grades and high strength low 
alloy steels are frequently used in automotive applications, carburized steels e.g. in gear 
applications. As a consequence, the number of laboratories installing and using the 
ultrasonic fatigue testing instrument has been increasing [2]. Several different test specimen 
geometries are used in fatigue testing depending on the particular test requirements [3, 4]. 
Common test geometries include smooth and notched specimens, and also different 
specimen sizes. Stress gradients and effectively stressed volumes can be quite dissimilar, 
affecting the test outcome. In particular if there is an associated critical defect distribution 
which initiates failure, these factors need to be considered [5-7]. Of special interest in fatigue 
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data for engineering purposes is the influence of mean stress, and also the presence of 
notches in components. 
 
In the present study results of different specimen geometries used in VHCF testing is 
presented, including hourglass shaped smooth and notched specimens. Stress distributions 
computed by dynamic FEM calculations display the effect of specimen geometries. Test 
results of smooth and notched specimens, Kt=1.4, and with mean stress effect, R= 0.1 and 
R= -1, are displayed in S-N diagrams in the life range 106 – 109 load cycles. 

EXPERIMENTALS 
Material description 
 
Three Sidenor steel grades are investigated in this study, and test specimens sampled and 
prepared from the rolling direction of the ø60mm bar steel billet, as with the chemical 
composition presented in Table 1. 38MnSiV5 is a ferritic-pearlitic micro alloyed steel, in 
which normal contents of sulphide and oxide inclusions were observed. 50CrV4 is a high 
strength spring steel, quenched and tempered at 500°C (after specimen manufacturing) 
achieving the highest tensile strength with tempered martensite found in the microstructure. 
The 16MnCr5 grade contains a relatively higher content of small sized sulphides and oxides 
to improve machinability, and was carburized to obtain a martensitic microstructure with a 
hardened surface layer with 5% retained austenite and a case depth of 0.6 mm.  
 
Table 1. Chemical composition of the three steel grades 

Grade C Mn Si P S Cr Ni Mo V Cu Al Sn Ti 

38MnSiV5 0,37 1,46 0,68 0,011 0,050 0,12 0,10 0,03 0,10 0,12 0,014 0,009 0,014 

50CrV4 0,52 0,87 0,33 0,009 0,003 1,08 0,09 0,03 0,11 0,15 0,005 0,010 0,002 

16MnCr5 0,16 1,10 0,27 0,011 0,021 1,02 0,11 0,03 0,01 0,14 0,021 0,009 0,002 

 
The specimens used were of smooth and notched hourglass geometries designed to run at 
resonance in a 20 kHz ultrasound fatigue test machine. The specimen net section diameter 
was 4 mm, the notch depth was 1.0 mm and the notch radius was 2 mm, Figure 2a-b. The 
test specimens were all prepared to their geometry, then heat treated to final hardness, the 
38MnSiV5 and 50CrV4 were subsequently prepared by fine grinding and polishing to final 
surface finish. The 16MnCr5 was prepared to final surface finish prior to carburizing in order 
to maintain the carburized layer and surface properties. 
 
Table 2. Mechanical properties (*Core properties for 16MnCr5) 

Grade Direction 
Tensile 

Strength, 
(MPa) 

Yield 
Strength, 

(MPA) 
Elongation, 

A (%) 
Area 

Reduction, 
Z (%) 

Hardness, 
HV 

38MnSiV5 Rolling 867 589 20 55 300 
50CrV4 Rolling 1409 1333 13 51 435 
16MnCr5* Rolling 1175 876 9,4 34 365 
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The mechanical properties of the 
steel grades are presented in Table 
2. However, the mechanical 
properties of the carburized 
16MnCr5-grade are for the core 
material of the specimens. The 
carburized hardness profile of these 
specimens is shown in Figure 1.  
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Figure 1. Hardness profile for the carburized 
16MnCr5-grade. 

 
Experimental testing 
 
Hour glass specimens are used in this study with a 4mm mid-section diameter and specimen 
lengths designed to have a resonance frequency at 20 kHz according to the resonance 
frequency of the ultrasonic fatigue testing system. The effect of mean load is investigated by 
using two mean load levels, R=-1 and R=0.1, as well as the notch effect is studied by 
preparing notched specimens with notch factor Kt=1.4. The specimen stresses are computed 
using dynamic simulations at resonance frequency modelled in FEM software ABAQUS. 
Specimen geometries and stress distributions with prescribed 10µm displacement at 
specimen ends are presented in Figure 2c-d. 
 

 
Figure 2. Specimen geometries and longitudinal stress distributions at mid-section and along 
specimen length. 
 
For each material, loading condition and specimen type, 15 specimens are included in a 
staircase test to determine the fatigue strength at 108 cycles. Additional 15 specimens, for 
each sub group, are then tested at 3 different stress levels to produce data for the SN-curves, 
in the 106-1010 cycle regime. Water cooling is used for the R=-1 tests and pressurized air 
cooling for the R=0.1 tests. Temperature measurement were performed during the R=0.1 
tests using a IR thermal imaging camera. 
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Fractography of the failed specimens was performed using a high resolution FEG-SEM LEO 
scanning electron microscope. The cause for initiation, defect size, location and chemical 
content were determined. 

RESULTS 
The staircase fatigue testing method with upper limit at 108 cycles provides the fatigue 
strength data presented in Table 3.  
 
Table 3. Fatigue strength at 108 cycles for different loading conditions 

Load ratio Notch factor 38MnSiV5 50CrV4 16MnCr5 

R=-1 Kt=1,03 343 MPa 558 MPa 677 MPa 

R=0,1 Kt=1,03 258 MPa 543 MPa  402 MPa 

R=-1 Kt=1,4 339 MPa 650 MPa 598 MPa 
 
The fatigue strength is expected to decrease with an increased mean load. This effect is 
clearly seen in the results of the 38MnSiV4- and 16MnCr5-grades, Table 3 and Figures 3-4. 
However, for the 50CrV4-grade the decrease of the fatigue strength with mean load is not 
pronounced, hence the position shift between the 50CrV4- and 16MnCr5- grades in Figures 
3 and 4. Further, the SN-data clearly reveals a small sensitivity of fatigue strength to the 
cyclic life in the life range 106 to 109 cycles, revealed by the flat appearance of the SN-curves. 
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Figure 3. SN-curves for the three steel grades. R=-1 and Kt=1.03. 

 
The SEM study of fracture surfaces supported interpretation of the fatigue test results. 
Initiation occurred 100% at surface defects in the 50CrV4 smooth specimen at R=-1, while at 
R=0.1 loading there was 50% interior inclusion initiation and 50% surface defect initiations. In 
the notched and R=-1 testing there were also mainly surface initiations. As for the 38MnSiV5 
grade, the SEM-analysis of the fracture surfaces reveals the effect of the notch as a 
transition of the initiation sites from approximately 50% interior- and 50% surface-initiations 
to 100% surface initiations.  
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Figure 4. SN-curves for the three steel grades. R=0.1 and Kt=1.03. 
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Figure 5. SN-curves for the three steel grades. R=-1 and Kt=1,4. 

 
To ensure there was no overheating in the R=0.1 testing, where water cooling was not 
possible but where undercooled air was used, the specimen surface temperature was 
measured during fatigue testing. The measured temperatures were always below 45, 50 and 
35 °C for the 38MnSiV5, 50CrV4 and 16MnCr5 grades, respectively. 

DISCUSSION 
An increase in the mean load expectedly results in a decrease in the fatigue strength. Table 
3 together with Figures 3 and 4, shows that the fatigue strength for the 38MnSiV5- and 
16MnCr5-grades decreases with increasing mean stress, i.e. higher R-value. However, the 
50CrV4-grade shows only a very small decrease of the fatigue strength. A possible reason is 
the observed surface defects on the R=-1 specimens causing failure at lower stress levels 
than expected. For the smooth specimens, Kt=1.03, the initiation sites are expected to be 
divided between the surface and interior while for the notched specimens, Kt=1.4, all 
initiation sites should be located at the surface because of the much higher local stresses at 
the surface, see Figure 2c. The SEM fracture surface-analysis confirms this effect for the 

196



38MnSiV5-grade. However, the 50CrV4 initiation sites were located on the surface, for both 
Kt=1.03 and Kt=1.4. Thus, the R=-1 fatigue strength of the 50C4V4 grade is assumed to be 
reduced from an optimal level due to the surface defects. 
An analysis of the notch effect may initially be visualized by the notch factor in fatigue, Kf, in 
relation to the geometrical stress concentration Kt=1.4. The experimental fatigue strengths 
obtained gives the Kf = 1.38, 1,17 and 1.54 for 38MnSiV5, 50CrV4 and 16MnCr5, 
respectively. It may be interpreted as being reasonable for 38MnSiV5, low because of 
enhanced influence of inferior surfaces for 50CrV4 and high because of enhanced effect of 
carburized layer for 16MnCr5.  
The R=0.1 tests of the Kt=1.03 specimens are expected to cause the highest elevated 
temperatures because of the larger, relative to the notched specimens, mid-section volume 
and the higher maximal stresses. For that reason, the temperature measurements presented 
above are the highest occurring during these tests, and the 35-50 °C levels are of minor 
influence. 

CONCLUSIONS 
All three investigated bar grades displayed finite fatigue life up to 109 load cycles, although 
with a quite flat SN-curve. Both interior and surface failure initiations are occurring depending 
on presence of initiation defects, local strength (in the carburized case) and stress 
distribution. The influence of mean loads seems to follow a Goodman relation but with fatigue 
strength results depending on surface properties. The influence of the notch needs additional 
analysis to clarify further. 
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ABSTRACT 
The very high cycle fatigue (VHCF) fracture has been important problem in the field of mechanical 
engineering. From this situation, a research sub-committee on VHCF has been established in the 
Society of Materials Science, Japan (JSMS) and VHCF data of three types of non-ferrous metals, 
such as die-cast aluminum, magnesium and β-titanium alloys, have been collected by many 
research organizations in the sub-committee. Our group deal with aluminum die-casting alloy 
ADC12. An ADC12 alloy is a useful material to reduce a weight of engineering products, but the 
VHCF data of this material are not many. Therefore, our group member have been carried out 
experimental works for studying some effects, effects of loading type, test environment, surface 
treatment and casting defects, on the VHCF properties of ADC12. As a result, it was found that 
there are some difference of VHCF properties between ADC12 and high-strength steel. 
 
KEYWORDS 
Very high cycle fatigue, Die-casting Al alloy, Rotary bending fatigue, Ultrasonic fatigue, Casting 
defects 
 
INTRODUCTION 
Very high cycle fatigue (VHCF) fracture has been an important problem in the field of mechanical 
engineering. Thus, a research sub-committee on VHCF has been established in the Society of 
Materials Science, Japan [1] and VHCF data on three types of non- ferrous metals —extruded 
magnesium [2] and β-titanium alloys [3]— have been collected by many research organizations in 
the sub-committee.  
The group dealing with aluminum die-casting alloy consists of 7 institution members. Each 
institution have been started their research independently. In this paper, interim reports of each 
institution were briefly introduced. 
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MATERIAL AND TESTING 
 
Material 
Materials used our group is aluminum die-casting alloy JIS ADC12. This materials are supplied by 
DENSO Corporation as a round bar shape ingot shown in Fig. 1. As a different of manufacturing 
time, this materials were manufactured in three lots. Fig. 2(a), (b) show an optical micrograph of 
Lot No.1 and Lot No.2. This ingot have some large casting defects in both thick ends. Although, 
there are few defects in middle thin region. Therefore, there are no harmful effects of fatigue 
properties as far as using fatigue specimen having narrow cross section in the middle. The 
mechanical properties obtained by Lot No.1, No.2 and No.3 were indicated in Table 1. 
 

 
 
 
 
 
 

Fig. 1 Photograph of ingot material               (a) Lot No.1             (b) Lot No.2 
                                         Fig. 2 Optical micrographs of microstructure 

 
 
 
 
 
 

(a)shafts                                (b)crankshaft 
 

        Table 1 Mechanical properties 
 

Specimen and testing conditions 
Institution A: Fig.3(a) and (b) show the shape and size of the specimens for fatigue tests. The 
surface on center notch of two kinds of specimens was finished with buffing to mirror finish after 
the polishing with #800 ∼ #2000 of emery papers. The rotary bending fatigue tests and the 
axial-force fatigue tests were carried out at room temperature in air. The testing conditions of the 
rotary bending fatigue tests were the stress ratio of -1 and the frequency of 3120 rpm. The testing 
conditions of the axial-force fatigue tests were the stress ratio R of -1, the frequency f of 30∼50 Hz 
and the run-out stress cycles of 1.0×107 cycles. 
Institution B: Fig.4 showed shape and dimension of fatigue test specimen which was prepared 
by machining from Lot No.1 and Lot No.2 materials. Center part was mirror-finished by emery 
paper and buff cloth. Fatigue test were carried out to 108 cycles with axial loading condition at 
stress ratio R = -1 in air at room temperature. 
Institution C: Two types of ultrasonic fatigue tests are performed at 20 kHz under fully reversed 
loading (stress ratio, R = -1) and under the maximum stress, σmax, constant condition in dry 
(relative humidity, RH < 20%) and humid (RH > 90%) air environments. Shape and dimensions 
are shown in Fig. 5. The former test uses intermittent loading for 0.1 s followed by stopping for 
0.1-0.5 s, and is interrupted at the number of cycles of 108. The latter tests are carried out under 
σmax = 152, 170, 195 and 222 MPa with the stress amplitude, σa, of 50 MPa until 109 cycles. When 
the specimens do not break, the σa was increased by 20 % under the same σmax conditions. Since 
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the σa is small, the loading and stopping durations are 10 and 1-5 s, respectively. 
Institution D: Specimen used in this study was same as that shown in Fig. 3(a). Specimen 
surface was polished by emery paper mesh of #800 after mechanical processing. Fatigue test 
was carried out using a four-axis cantilever-type rotating bending machine at a frequency of 52.5 
Hz under an open environment at room temperature. Repeated two-step loading fatigue test was 
performed using an apparatus for automatically fluctuating of applied load added to the fatigue 
testing machine as shown in Fig. 6. An applied loading pattern of this test was illustrated in Fig. 6. 
Institution E: Fatigue tests were performed using a four-axis cantilever-type rotary bending 
fatigue testing machine operating at a frequency of 52.5 Hz. 3%NaCl solution was used as a 
corrosive environment, which was dropped continually onto the minimum cross section of 
specimen by a pump. 
Institution F: The surface of the specimens shown in Fig.7 and Fig.8 are paper-polished (#320～
#1500). Vanishing processing was given to the surface of the specimen using a ball vanishing tool 
of diameter 6mm. The plain fatigue tests and fretting fatigue test were carried out using the 
electromagnetic fatigue testing machine under a stress ratio R of -1 at frequencies of 150Hz. 
Fretting was induced by clamping a pair of bridge type pads (Fig.8 right side) onto both sides of 
the specimen (Fig.8 left side). 
Institution G: In order to investigate relationship between fatigue strength and defect size, 
specimen having four artificial drilled holes, whose √area were ranged from 300 µm to 2000 µm, 
were used (Fig. 9). Four different size holes were drilled on spiral line with 90°interval. Each hole 
suffered different bending moment. Specimens were buff-finished with alumina abrasive grain 
size of 1 µm after the grinding process. Finally, specimen were heat-treated in vacuum at 473 K 
for two hours to eliminate residual stress. A four-axis cantilever-beam type rotating bending 
fatigue testing machine, testing frequency of 52.5 Hz, was used in this study. 
 
 
 
 
 
(a) For rotating bending          (b) For axial loading fatigue    Fig. 4 Specimen (Institution B) 
Fig. 3 Shape and dimensions of fatigue specimen (Institution A)         
 
 
 
 
 
Fig. 5 Specimen (Institution C) 
 
 
 
 
 
 
Fig. 7 Specimen (Type 1, Institution F)        Fig. 6 Testing device (Institution D) 
 
 
 
 
Fig. 8 Specimen (Type 2, Institution F)                Fig. 9 Specimen (Institution G) 
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EXPERIMENTAL RESULT AND DISCUSSION 
 
Institution A 
Figure 10 show the S-N curves obtained from the rotary bending fatigue tests and the axial-force 
fatigue tests. The fatigue strength σw at 1.0×107 cycles for the rotary bending fatigue tests and the 
axial-force fatigue tests ware respectively 160.9MPa, 132.2MPa. As compared to the fatigue 
strength σw of the rotary bending fatigue tests, the fatigue strength σw of the axial-force fatigue 
tests lowered 18%. 
Institution B 
Figure 11 showed S-N properties of fatigue result obtained by the specimen having no large 
defect which was confirmed by industrial X-ray computer tomography. There were clear 
differences between Lot No.1 and Lot No.2. Maximum value of fatigue strength at 108 cycles of 
Lot No.1 was about 140 MPa and the value of Lot No.2 was about 110 MPa. There was about 30 
MPa difference in those. And fatigue life data between 100 and 150 MPa was very scatter. 
Institution C 
Figure 12 represents the S-N curves obtained by the ultrasonic fatigue tests. For the 
σmax-constant tests, the number of cycles to failure, Nf, is plotted for the σa, under which the 
specimen is broken. The results show a large scatter and the vague effect of RH on the fatigue 
strength. It will be necessary to compare the data with those obtained by the conventional fatigue 
tests, and to clarify the influence of the very high cyclic frequency, i.e. 20 kHz, on the fatigue 
strength. 
Institution D 
S-N diagram obtained under the condition of constant stress amplitude is shown in fatigue 
strength, σw, at 107 cycles is 177.5 MPa. From the experimental result, preset stress amplitude 
was determined for repeated two-step loading fatigue test. The first stress amplitude, σaH, that is 
higher than σw is 220 MPa (1.24 σw), and the second stress amplitude, σaL, set a value of 160 
MPa, which is less than σw (0.901 σw). Experiments were performed for three cases changed a 
combination of number of cycles applied under σaH and σaL in one block mentioned bellow;  

(1) Case 1: Number of cycles, nL, applied under stress amplitude of σaL is constant of 
3.15x106 in one block, and that under σaH, nH, is changed to 3.15x103, 1.575x104 and 
3.15x104. 

(2) Case 2: nH is constant of 3.15x103 cycles in one block and nL is changed from 1.575x104 
to 1.575x106. 

(3) Case 3: To discuss an effect of number of cycles nH in one block, nH is decreased to 83 
cycles compared with Case 2 and nL is changed from 3.15x103 to 5.67x105. 

Fig. 13 shows experimental results obtained from the tests of three cases, as relationship 
between number of cycles to failure, NfH (=∑nH), and σaH = 220 MPa, and also NfL (=∑nL) and σaL 
= 160 MPa. From some discussion, equivalent stress amplitude, σeq, written by Equation (1) was 
proposed for evaluation of repeated two-step loading fatigue life. 
 
       	
  	
 	
 	
 	
 	
 	
 ・・・・・・	
 (1) 
 
Institution E 
The S-N curves in laboratory air and in 3%NaCl solution are represented in Fig.14, where open 
and solid marks are the results in laboratory air and in 3%NaCl solution, respectively. The fatigue 
strength in 3%NaCl solution decreased significantly compared with the results in laboratory air, 
resulting in the continuous decreasing type S-N curve. In laboratory air, fatigue failure was not 
seen at a stress level of 150 MPa, 109 cycles, while in 3%NaCl solution failure took place at 40 
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MPa, 107 cycles. Fracture surfaces were observed by scanning electron microscope (SEM) after 
fatigue test. Failure in laboratory air occurred by a single crack initiation and growth, which 
generated from a casting defect. On the other hand, in 3%NaCl solution, multiple cracks initiated 
from corrosion pits. 
Institution F 
S-N curves for plain fatigue and fretting fatigue are shown in Fig.15. Plain fatigue and fretting 
fatigue strength of the specimen with burnishing has been increased compared to that of the 
untreated specimen. 
Institution G 
Figure 16 shows example of test results using specimens with artificial defects. Four polygonal 
marks arranged in one line indicate bending stress of each artificial defect suffered different 
bending moment. Black marks indicate the defect as fracture origin and white marks indicate the 
defect without fatigue crack after fatigue test. Also, gray marks indicate the defect some fatigue 
crack initiated. In ΔK-√area diagram obtained using specimens having four artificial drilled holes 
(Fig. 17), we assumed that the ΔKth of each size artificial defects were able to define as an 
average ΔKdefect value between fractured (black circle) and without crack (white circle) specimen 
or value between cracked (gray circle) and without crack specimen. After extracting only average 
ΔKdefect value, redrawn diagram is shown in Fig. 17. It is found that the inclination of a regression 
line changed around √area of about 1400 µm. Therefore, following two regression lines were 
obtained.  
For √area ≦ 1400 µm :   
 
For √area > 1400 µm :  
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 S-N properties (Institution A)             Fig. 11 S-N properties (Institution B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 12 S-N properties (Institution C)             Fig. 13 S-N properties (Institution D) 
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   Fig. 14 S-N properties (Institution E)           Fig. 15 S-N properties (Institution F) 
 
 
 
 
 
 
 
 
 

 
 

  Fig. 16 ΔK-Nf properties (Institution G)          Fig. 17 ΔK-√area properties (Institution G) 
 
SUMMARY 
In this paper, interim reports of each institution were briefly introduced. Some institution will 
continue to study with their individual point of view.   
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ABSTRACT 

Very high cycle fatigue (VHCF) is characterized by failures in lower stress levels than 
common fatigue strength determined by surface fractures, and in that region, the failures 
occur from sub-surface of materials. There are many studies on VHCF, however, ferrous 
metals have mainly been investigated. Fatigue test data of non-ferrous metals in very high 
cycle regime are still limited. Previously, mechanisms of sub-surface crack initiation and 
growth have been proposed, however, a unified theory of sub-surface fracture in high 
strength materials remains to be developed. Against such a background, fatigue tests over 
107 cycles were carried out to accumulate fatigue data of non-ferrous materials as a part of 
the research program conducted by a research sub-committee on VHCF in the Society of 
Materials Science, Japan (JSMS). One of the tested materials in the research program was 
beta titanium alloy. Recent years, application of beta titanium alloys have been expanded 
due to their better producibility and cold workability. This study deals with the effects of 
loading type and test frequency on very high cycle fatigue properties of beta Ti22V4Al alloy. 
Three types of testing systems, such as ultrasonic, servo-hydraulic and rotating bending, 
were used to perform the tests. Obtained fatigue test results will be shown, and fracture 
surfaces are going to be investigated in detail. 
 
KEYWORDS 

Non-ferrous metal, Loading type, Test frequency, Stress ratio, Fractography, Ti22V4Al, Beta 
titanium alloy 
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INTRODUCTION 

High strength materials have been widely used in mechanical structures in recent years. 
Regarding the materials, very high cycle fatigue (VHCF) becomes an important issue for 
mechanical engineers [1]. The VHCF is characterized by failures in lower stress levels than 
common fatigue strength determined by surface fractures, and in that region, the failures 
occur from sub-surface of materials. Due to the phenomenon, true fatigue strengths of the 
high strength materials become lower than that expected from the tensile strengths. The 
VHCF has been observed not only in ferrous materials also in non-ferrous materials such as 
aluminum and tianium alloys. Fatigue test data of non-ferrous metals in very high cycle 
regime are still limited. Previously, mechanisms of sub-surface crack initiation and growth 
have been proposed, however, a unified theory of sub-surface fracture in high strength 
materials remains to be developed. Therefore, theoretical method of evaluation for strength 
and fatigue life in very high cycle regime has not been fully established. Against such a 
background, fatigue tests over 107 cycles were carried out to accumulate fatigue data of non-
ferrous materials as a part of the research program conducted by a research sub-committee 
on VHCF in the Society of Materials Science, Japan (JSMS). This study deals with the 
effects of loading type and test frequency on very high cycle fatigue properties of beta 
Ti22V4Al alloy. 

MATERIAL 

Tested materials was beta titanium alloy, Ti22V4Al, and chemical compositions are listed in 
Table 1. A circular rod with machined surface (D: 18 mm, L: 3000 mm) was underwent the 
hot forging process. Subsequently, the rod was given solution treatment (1023K, 3.6 ks, 
Water-cooling) and aging treatment (823K, 14.4 ks, Air-cooling). Microstructure after the heat 
treatments is shown in Fig. 1. The aging process produces acicular alpha phase, and it is 
extremely fine. Table 2 contains mechanical properties after the heat treatments. 
 

Al V Fe C O N H Ti 
4.15 21.17 0.15 0.013 0.14 0.012 0.0124 Bal. 

 
Table 1: Chemical compositions (in mass %) 
 

Tensile strength 
[MPa] 

0.2% proof strength 
[MPa] 

Elongation 
[%] 

Reduction of area 
[%] 

Hardness 
[HV] 

1235 1154 9.3 21.9 327 
 
Table 2: Mechanical properties 
 

Optical

10μm  
 
Fig.1: Microstructure (Ti22V4Al) 
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EFFECT OF LOADING TYPE AND TEST FREQUENCY 

Based on fatigue test results obtained from rotating bending (RB), uniaxial servo-hydraulic 
(AX), and ultrasonic (US) fatigue testing systems, effects of loading type and test frequency 
are going to be investigated.  
 
Test conditions 

Test specimen with the gauge section of 4mm diameter are used for the fatigue testing. 
Stress ratio (R = σmin / σmax) was –1, and test frequencies were 50 Hz for RB, 120 Hz for AX, 
and 20 kHz for US, respectively. All tests were carried out in laboratory air condition. 
 
Test results 

Fatigue test results are summarized in Fig. 2, and the data is arranged by stress amplitude. 
Fatigue lives distributed in almost the same region regardless of the loading type and test 
frequency. Surface fractures occurred before 107 cycles as open marks in the diagram. On 
the other hand, in the region longer than 107 cycles, sub-surface fractures were also 
observed as closed marks. The value of the fatigue limit for this material is about σw = 550 
MPa. Generally, test data obtained in rotating bending tests distribute in the longer life and 
higher strength than that in uni-axial test. However, in this study, no differences were 
observed in fatigue life and strength distribution between different loading types. Focusing on 
the test frequency, fatigue lives of the surface fracture obtained by ultrasonic testing system 
distributed in longer life region than other testing systems (open triangle marks in Fig. 2). 
This result indicates that the test frequency effects on the surface fracture. 
 

 
Fig. 2: S-N curves under different loading type and test frequency 
 
Fracture surface observations 

Examples of fracture surfaces around the origins are shown in Fig. 3. Fatigue cracks (both 
surface and sub-surface crack) propagate from facet, and no inclusions existed at the 
fracture origin. The size of facet was about 15 to 20 μm. Around the fracture origins, 
crystallographic pattern was observed. In the case of sub-surface fractures, fine asperities 
were observed in some cases as shown in Fig. 3b. The fine asperities likely appeared on the 
fracture surfaces obtained in ultrasonic fatigue testing. To investigate the change of the state 
during the fatigue test, hardness of the gauge part of the specimen was measured after 
loading under the condition of σa = 511 MPa, N = 1.0 x 1010 cycles. As a result, the hardness 
of the test specimen was 313 HV near the surface, and 304 HV in the specimen, that is, they 
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were almost same as the hardness of the as-received material. In the fatigue test results, the 
effects of test frequency on the fatigue strength did not appear, however, difference of the 
appearances on the fracture surface was recognized. Therefore, test frequency may effect 
on the crack propagation mechanism in the material. 
 
a. Surface fracture 
R = –1, f = 120 Hz, σa = 700 MPa, Nf = 3.53 x 104 

b. Sub-surface fracture 
R = –1, f = 20 kHz, σa = 570 MPa, Nf = 7.33 x 107 

  
 
Fig. 3: Fracture surfaces around the origin 
 
EFFECT OF STRESS RATIOS 

Test conditions 

Uniaxial fatigue tests were carried out using uniaxial electro-hydraulic fatigue testing system 
with hourglass-shaped test specimens. Sinusoidal waveform loads were applied to the 
specimens. Stress ratios were –1, –0.5 and 0.1. The test frequency was 120 Hz, and test 
environment was laboratory air. Fatigue tests were terminated at 1.0 x 108 cycles. 
 
Test results 

Fig. 4 shows the fatigue test results. Square mark indicates the test results under R = –1, 
triangle indicates R = –0.5, and circle indicates R = 0.1, respectively. Under R = –1, fatigue 
lives extremely extended below 650 MPa. In shorter life region before 105 cycles, failure 
occurred from surface of the material. In long life region around 2 x 107 cycles, on the other 
hand, failure occurred from sub-surface. Under R = –0.5, fatigue lives became clearly longer 
when the stress amplitude was smaller than σa = 618 MPa.  In shorter life region until 105 
cycles, surface fractures were observed. Sub-surface fractures occurred longer than 3 x 106 
cycles. In the case of R = 0.1, surface fracture occurred at σa = 495 MPa. Sub-surface 
fractures occurred below the stress level of σa = 506 MPa, and this is higher than the stress 
at which surface fracture occurred. Different from other stress ratio conditions, sub-surface 
fractures occurred in short life, e.g. Nf = 6.5 x 104 cycles. Sub-surface fractures tend to occur 
under higher stress ratio or higher mean stress. 
 
The endurance limit diagram is shown in Fig. 5. Each data point indicates the fatigue 
strength at 108 cycles. The strength at 108 cycles was defined as the average of the stress of 
censored data at 108 cycles and the minimum stress among the fracture data of sub-surface 
fractures. The yield limit and constant life curves, such as Gerber line and Modified 
Goodman’s line, are also shown in the diagram. The fatigue strength at 108 cycles are 
between the Gerber line and the Modified Goodman’s line. According to the Gerber line, the 
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plots are in the safety area of the diagram, i.e., the fatigue strength in the very high cycle 
region cannot be estimated using the Gerber line. On the other hand, the Modified 
Goodman’s line provides a conservative estimate. The result indicates that an estimation of 
the fatigue strength in the very high cycle region by the modified Goodman’s diagram is 
appropriate for this material. 
 

 
Fig. 4: S-N curves under different stress ratios 
 

 
Fig. 5: Endurance limit diagram 
 
Fracture surface observations 

Fracture surface of the sub-surface fracture is shown in Fig. 6. Regardless of stress ratios 
and fracture types, facet(s) as shown in the figure existed at the fracture origin. Furthermore, 
there is no clear difference in the fracture surface of initial crack propagation region between 
stress ratios or fracture types in this study. Facets at the fracture origin were inclined from 
the maximum principal stress plane. Angles were measured using 3D-observation function in 
the scanning electron microscope system. As a result, each facet was tilted at 25 to 68 
degrees angle, and most of them distributed in 35 to 55 degrees. On the other hand, EBSD 
analyses for the cross section just below the fracture surface revealed that alpha phase 
distributed locally at the origin facet as shown in Fig. 7. Consequently, the glide-plane 
decohesion or cleavage of alpha phase can be responsible for the crack initiation in the 
material. 
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Fig. 6: Fracture surface around the origin 
 

 
Fig. 7: EBSD analysis of the crack initiation site 
 
SUMMARY AND CONCLUSIONS 

The effects of loading type and test frequency on very high cycle fatigue properties of beta 
Ti22V4Al alloy were investigated as a part of the research program conducted by a research 
sub-committee on VHCF in JSMS. The major conclusions are summarized as follows: 
 
(1) Fatigue lives distributed in almost the same region regardless of the loading type and test 

frequency. 
(2) Sub-surface fractures tend to occur under higher stress ratio or higher mean stress. 
(3) The Modified Goodman’s line provides a conservative estimate for this material in the 

very high cycle region. 
(4) The glide-plane decohesion or cleavage of alpha phase can be responsible for the crack 

initiation in the material. 
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Sub-surface fracture, 
R = –0.5, f = 120 Hz, 
σa = 581 MPa, Nf = 3.04 x 106 
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ABSTRACT

A research sub-committee on very high cycle fatigue (VHCF) has been established in the
Society of Materials Science, Japan. VHCF data of three types of non-ferrous metals—
die-cast aluminium, extruded magnesium and β-titanium alloys—have been collected by 
many research organizations in the sub-committee, which deals with three types of
extruded magnesium alloys, namely, AZ31, AZ61 and AZ80. This study introduces basic
VHCF data under rotary bending loading for the mentioned magnesium alloys. The shape
of the S-N diagram obtained from fatigue tests differed depending on the material. Only
AZ61 clearly demonstrated a step-wise S-N characterization. However, it was classified
into the long fatigue life group and short fatigue life group when fatigue tests were
conducted using many specimens with the same stress level in other materials. The S-N
characterization was discussed from the viewpoints of mechanical strength and fracture
surface.

KEYWORDS

Very high cycle fatigue, Extruded magnesium ally, S-N data, Rotary bending loading,
Fatigue life property

INTRODUCTION

Very high cycle fatigue (VHCF) fracture has been an important problem in the field of
mechanical engineering. Thus, a research sub-committee on VHCF has been established
in the Society of Materials Science, Japan [1] and VHCF data on three types of non-
ferrous metals—die-cast aluminium [2], extruded magnesium and β-titanium alloys [3]—
have been collected by many research organizations in the sub-committee. The sub-
committee deals with three types of extruded magnesium alloys: AZ31, AZ61 and AZ80,
which have been commonly used as structural materials for transportation machinery in
recent years. This work deals with the effects of loading type, diameter of specimen, and
surface coating on very high cycle fatigue properties. Moreover, the coaxing effect has
been investigated. This study introduces basic VHCF data under rotary bending loading of
all the aforementioned magnesium alloys.
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EXPERIMENTAL PROCEDURE

Material
For this study, three types of extruded magnesium alloys—AZ31, AZ61 and AZ80—were
used, which were provided by Sankyo Tateyama,Inc.Sankyo Material-Company in JAPAN.
Chemical compositions of the materials are shown in Table 1 and their manufacturing
conditions are shown in Table 2. No thermal treatment was applied to any of the studied
materials. Fig.1 shows the microstructure of the materials. AZ31 is a mixed structure of
small grain crystals and large grain crystals, whereas the crystal grain sizes of AZ61 and
AZ80 were uniform. The average grain sizes of AZ31, AZ61 and AZ80 were 45m, 17m
and 14m, respectively. Mechanical properties of the materials are shown in Table 3.
AZ80 presented the highest strength among the three materials. The compressive 0.2%
proof stress of each material was about half of the respective tensile 0.2% proof stress

Specimen and fatigue test
High cycle fatigue tests were carried out under cantilever type rotary bending loading in air
at room temperature and with a frequency of 4000rpm. Fig. 2 shows the shape and

material Al Zn Mn Si Fe Cu Ni Mg

AZ31 3.0 1.1 0.31 0.007 0.002 0.001 0.001 Bal.

AZ61 5.9 0.6 0.28 0.010 0.002 0.002 0.002 Bal.

AZ80 8.1 0.5 0.25 0.038 0.002 0.002 0.001 Bal.

Table 1: Chemical composition of materials [wt%].

material Billet temperature

K

Manufacture speed

m/min

Bar diameter

mm

AZ31 673 5

13AZ61 653 2

AZ80 623 1

Table 2: Manufacturing conditions.

material 0.2 MPa B

MPa


%

E

GPa
Hv

Ten. Com.

AZ31 197 90 232 19 43 54

AZ61 221 134 309 13 44 57

AZ80 223 168 341 16 46 63

Table 3: Mechanical properties of materials.

Fig.1: Materials microstructure.

100m

(a) AZ31 (b) AZ61 (c) AZ80
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dimensions of the fatigue specimen. At first, basic S-N diagrams of all the materials were
obtained using the 6mm specimen of Fig.2(a). After the first fatigue test, in order to
investigate the fatigue life scattering property under a certain stress amplitude, 5mm of the
specimen Fig.2 (b) was machined from the red-dashed frame part of the fatigue-fractured
specimen of Fig.2(a). The part of the 5 mm specimen with the minimum diameter was
subjected to the fatigue load in the initial fatigue test, but since it was 3% or lower of the
set stress, it was considered to hardly have any influence. The surfaces of the central part
of all specimens were finished by buffing with an alumina solution after #600 to #2000 wet
emery paper polishing with oil. The stress concentration factor for both materials was
1.074. The fracture surfaces were observed by scanning electron microscopy (SEM) to
specify the crack initiation sites.

Fig.2: Shape of test specimens (unit: mm).

RESULUTS AND DISCUSSION

Fatigue results of AZ31
Fig. 3(a) shows the S-N diagram of AZ31 materials. The S-N diagram is a very gentle
curve. Fatigue strength for 108 cycles of AZ31 was about 90MPa, which is the same value
as the compressive 0.2% proof stress of the material. Thus, even if the fatigue stress
amplitude is lower than the tensile 0.2% proof stress, plastic strain is caused by the
compressive stress amplitude. Therefore, the fatigue property of this material is affected
by compressive plastic strain. Fatigue life scattering was investigated at two stress
amplitude levels of 100MPa and 120MPa. Fig.3(b) shows the Weibull plot of these results.
Especially, fatigue life data of 120MPa were divided into long life group and short life
group. From this result, the S-N data could be divided into two groups: the shorter fatigue
life group of 105 cycles or fewer and longer life group of 106 cycles or more. Fig.3(c)
shows an example of macroscopic fracture surface. There was no fish-eye fracture
pattern in either group. Fig. 4 shows the fracture surface observation result of Fig.3(c)
specimens by SEM. The fracture surface of AZ31 was very rough. But there was no

Fig.3: Fatigue results of AZ31.
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difference in the fracture surface between the short life group and long life group at this
magnification. There were many white stripe patterns in the crystal grain. It was difficult to
identify where the fatigue crack initiation point was.

Fig.4: SEM observation results of Fig.3(c) specimens.

Fatigue results of AZ61
Fig. 5(a) shows the S-N diagram of AZ61 materials. The S-N data of AZ61 was located at
a higher stress amplitude level than the data of AZ31 because the tensile strength of
AZ61 was higher than that of AZ31. The S-N data was approximated to a two-step
diagram with a first step stress level at about 190MPa. Although the fatigue strength at 108

cycles of AZ61 was about 150MPa, fatigue fracture occurred at 8x108 cycles under a
stress amplitude of 130MPa, the same value as the compressive 0.2% proof stress of the
material. Thus, the fatigue properties of this material are also affected by compressive
plastic strain. Fatigue life scattering was investigated at two stress amplitude levels:
150MPa and 190MPa. Fig.5(b) shows the Weibull plot of these results. Although the
fatigue life data of 150MPa could be approximated to the Weibull distribution, the fatigue
life data of 190MPa could not be approximated. Two specimens clearly presented longer
fatigue life than the other data. Fig.5(c) shows an example of the macroscopic fracture
surface of the short fatigue life group and long fatigue life group. Both fatigue specimens
were fractured from surface. Fig.6 shows the fracture surface results of Fig.5(c)
specimens according to SEM. The fracture surface morphology of AZ61 presented a flat
shape. There seemed to be slight difference in the fracture surfaces shown in Fig.6(a) and
Fig.6(b). It seemed that the crack initiation point of long life group specimen was located
slightly under the surface. But it was difficult to identify the fatigue crack initiation point.

Fig.5: Fatigue results of AZ61.
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Fig.6: SEM observation results of Fig.5(c) specimens.

Fatigue results of AZ80
Fig.7(a) shows the S-N diagram of AZ80 materials. The S-N diagram of AZ80 is a simple
S-N curve. Fatigue strength at 108 cycles of AZ80 was about 140MPa. Although the
tensile and compressive strengths of AZ80 were higher than the strength of AZ61, fatigue
properties of AZ80 were inferior to the properties of AZ61. Only the fatigue strength at 108

cycles of AZ80 did not correspond to the compressive 0.2% strength of material among
the three types of materials. It was expected that the fatigue strength at 108 cycles of
AZ80 is not affected by the compressive plastic strain. Fatigue life scattering was
investigated at only the stress amplitude level of 150MPa. Fig.7(b) shows the Weibull plot
of the result. Fatigue life data was divided into long life group and short life group. A mixed
Weibull distribution was proposed. It could be that the S-N diagram of AZ80 would
become a two-step diagram if the fatigue tests were carried out under stress conditions
lower than 140MPa. Fig.7(c) shows an example of the macroscopic fracture surface.
There was no fish-eye fracture in both groups. Fig.8 shows the fracture surface
observation of the result shown in Fig.7(c) specimens by SEM. Fracture surface
morphology of AZ80 presented a flat shape. It seems that the crack initiation point of short
life group specimen was located slightly under the surface as the long life group of AZ61.
On the other hand, crack initiation area of the long life group specimen was coarser than
the surrounding area and it seemed that the crack initiation point was located in a deeper
position than for the short life group specimen. Nevertheless, it was difficult to identify
where the fatigue crack initiation point was.

Fig.7: Fatigue results of AZ80.
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Fig.8: SEM observation results of Fig.7(c) specimens.

INTRODUCTION TO OUR RESEARCH

This paper introduces our research on basic rotary bending loading fatigue properties of
AZ31, AZ61 and AZ80. This sub-committee is looking into more fatigue properties as
shown below.

 Effect of loading type: axial loading condition, rotary bending loading condition
 Effect of specimen size: minimum diameter of specimen (4, 5, 6 mm )
 Effect of surface treatment: peening, coating etc.
 Coaxing effects
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ABSTRACT 
 
S-N response of three kinds of polycrystalline copper is reported. New results may explain 
up-to-date controversial results of different authors. Plastic strains and micro-hardness were 
measured in this study and their consequences on the S-N behaviour are derived. 
Responsible mechanisms of fatigue damage in the very-high cycle fatigue regime are 
discussed as well as consequences for life-time predictions. 
 
 
KEYWORDS 
 
Plastic-strain measurement, VHCF, polycrystalline Cu, S-N diagram, Coffin-Manson curves, 
frequency influence 
 
 
INTRODUCTION 
 
The existence or non-existence of fatigue limits and of cyclic threshold stress intensity factors 
for fatigue crack growth became of increasing interest during the last years for several 
materials. At very high numbers of cycles - typically beyond 5 × 108, failure is observed, 
which predominantly arises from cracks, being initiated at the surface or in the interior of a 
specimen. Their formation is strongly influenced by loading mode (uniaxial, constant-
amplitude (CA) or variable-amplitude (VA) loading, R-ratio etc.), loading amplitudes, 
microstructure, surface properties of specimens and surface-to-volume ratio. 
In an attempt to correlate the fatigue limits with the mechanisms for damage and fracture, 
experiments were performed with the ultrasonic fatigue testing technique (testing frequency 
about 19 kHz), which allows obtaining very high numbers of cycles within reasonable testing 
times. New, partly surprising results on the S-N response of polycrystalline copper are 
reported in this paper. They shed light on up-to-date controversial results of different authors. 
Relevant cyclic stress and plastic-strain intensity values were measured, and results on the 
role of material microstructure caused by chemical composition and heat-treatment as well 
as frequency effects are reported. 
 
 
MATERIAL AND EXPERIMENTAL PROCEDURE 
 
Material 
Three different variants of polycrystalline copper with different purity and production process 
were studied. A-Cu is an electrolyte 99.98% copper (DIN 1787/17672/1756), B-Cu is an 
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electrolytic Cu-ETP (CW004A) of 99.990% purity (DIN E-Cu58/57 (2.0065/60)) [1] and C-Cu 
is high purity 99.999% copper [3].  
All materials were heat-treated in vacuum. A-Cu 750 °C for 75 min, cooled in air, B-Cu 
680 °C for 25 min, cooled 300 °C/h in vacuum, C-Cu 650 °C for 60 min, furnace cooled in 
vacuum. The mechanical properties are summarized in Table 1  
 

Material Purity 
(wt.%) 

E-Modul. 
(GPa) 

Rm 
(MPa) 

Rp,0.2 
(MPa) A MH 

(HV) 
Grain size 

(µm) 
A-Cu 99.98 130 ~200 ~130 30 35-70 60 
B-Cu 99.990 127.7 ~271 ~203 ~12 ~87 39 
C-Cu 99.999 120 250 140 30 50 60 

Table 1: Mechanical properties 
 
Different specimen shapes were chosen for the different types of tests. For the fatigue tests, 
hourglass shapes with 3 mm diameter in their centre were prepared. With high-purity copper 
(C-Cu) not only hour shapes were tested but specimens were also machined from rods with 
7 mm diameter such that, two opposite flat areas were produced (details see [3]). For the 
thermoelectric measurements, cylindrical rods with a diameter of 5 mm were used [2]. After 
machining, all specimens were ground, heat treated and subsequently electrolytically 
polished.  
 
Experimental Procedure 
It was aimed to realize experimental conditions (especially specimen geometry and surface 
conditions as well as loading conditions) as similar as possible for the three copper variants 
and both frequencies.  
The fatigue loading experiments at a testing frequency of about 19 kHz were performed with 
a closed-loop controlled ultrasonic equipment. A vibration gauge serves as feed-back 
controlling the vibration with an accuracy of ±1%. The total strain amplitudes are calibrated 
using a strain gauge in the area of maximum strains. For more details of the ultrasonic 
testing technique see [4, 5]. Since ultrasound tests are displacement, i.e. total strain 
controlled, stresses (or loads) cannot be measured directly, but are determined from the 
measured total strain amplitude Δεtot/2 = Δεel/2 + Δεpl/2. Subtracting Δεpl/2 from Δεtot/2, the 
elastic part Δεel/2 is determined. The axial stress amplitude Δσ/2 is calculated using Hooke’s 
law: Δσ/2 = E.Δεel/2. In order to minimize the damping heat, pulse-pause sequences are 
performed and in addition forced air is used [2].  
The 20 Hz studies were performed with servo-hydraulic testing equipment under load control. 
A training procedure was chosen in accordance with former tests [2] for both loading 
frequencies. The specimens were ramp-loaded in steps of 1 MPa and 5 MPa with a step 
length of 300 cycles at 20 Hz and 2.1 × 104 cycles at 19 kHz. The tests were started at a 
stress amplitude of 10 MPa in the S-N experiments. As no influence of the step height was 
observed, this task will not be considered in the following. For more experimental details see 
[1, 5]. 
If plastic-strain amplitudes are expected to play a role, they have to be determined indirectly 
by measuring the damping heat with micro-thermocouples in the ultrasonic tests [2]. For 
these measurements, the temperature rise during one pulse consisting of 1.9 × 104 cycles or 
less, e.g. 500 cycles at higher total strain amplitudes (Δεtot/2 above approximately 5 × 10-4) is 
recorded. The accuracy of measurement is 0.01 °C and the statistical error of the plastic 
strain amplitudes therefore a few percent. The dissipated energy per cycle ΔW/N can be 
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linked to the plastic strain amplitude Δεpl/2 using the heat capacity c, the mass m and the 
temperature change per cycle ΔT/N [6]: 

∆𝑊 𝑁⁄ = 𝑐 ∙ 𝑚 ∙ ∆𝑇 𝑁⁄ = 𝑐 ∙ 𝜌 ∙ 𝑉 ∙ ∆𝑇 𝑁⁄  (1) 
with ρ = mass density. The plastic part of the cyclic strain Δεpl/2 can be determined by 
subtracting the elastic portion Δεpl/2 from Δεtot/2. Approximating the hysteresis loop´s shape 
by an ellipse, its area A corresponds to the dissipated energy:  

𝐴 = ∆𝑊 𝑁⁄ = ∆𝜀pl ∙ ∆𝜎 2⁄  (2) 
The plastic strain thus is  

∆𝜀pl = 1
2
∙ 𝑐∙𝜌∙𝑉∙∆𝑇
𝜋∙∆𝜎 2⁄ ∙𝑁

 (3) 
The plastic strain amplitudes were determined at both loading frequencies during the training 
process and also during the S-N tests. During the training procedure at 20 Hz,  Δεpl/2 was 
measured every fifth load step. Beginning with a stress amplitude of 10 MPa, the load was 
increased in steps of 1 MPa for a defined number of cycles, where the  Δεpl/2 remained 
constant. Then the load was shut-off. The length of every shut-off period, where  Δεpl/2 was 
recorded, was five times the step length used in the S-N tests, namely 1500 cycles. To 
obtain data on the evolution of the  Δεpl/2 during S-N testing,  Δεpl/2 was measured for the 
highest and lowest stress level tested. Data were recorded automatically by the test and 
motion software of the machine to calculate  Δεpl/2, single hysteresis loops were used, which 
can be obtained directly from the machine data, which is in contrast to the ultrasonic- 
resonance test [1].  
 
 
RESULTS 
 
Fig. 1 shows the material influence on the S-N curves (a) and Coffin-Manson plots (applied 
total-strain amplitudes) (b) at the testing frequency of 19 kHz. The two electrolyte copper 
materials A-Cu (99.98%) and B-Cu (99.990%) were measured. A-Cu was measured by 
different researchers using different ultrasonic equipment at different times. The good 
agreement assesses the validity of the results. The VHCF S-N curve above about 108 cycles 
and endurance limit as well as the strain values of A-Cu are much higher [3] compared to B-
Cu. Said in other words, the somewhat cleaner 99.990% electrolytic copper breaks much 
earlier at comparable cyclic-stress and plastic-strain amplitudes.  

 
Fig. 1: Strong influence of material properties (two kinds of electrolytic copper) at 19 kHz-
loading on fatigue lives. (a) S-N curves, (b) Coffin-Manson plot 
 
This is in contrast to the low-frequency 20 Hz results which show identical S-N results 
(Fig. 2) of C-Cu (high-purity 99.999% Cu) and B-Cu (electrolytic 99.990% Cu) [1].  
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Fig. 2: Almost no influence of material conditions (electrolytic and high-purity copper) on S-N 
response at 20 Hz loading frequency  
 
Fig. 3 shows the influence of testing frequency (20 Hz and 19 kHz) on the S-N curves and 
(Δεpl vs. Nf)-plots (with the associated plastic strain amplitudes) of the two electrolytic 
materials, A-Cu and B-Cu [1, 7].The VHCF S-N curve and endurance limit of the A-Cu are 
shifted towards higher cyclic stress amplitudes (Fig. 3a) or said in other words to higher 
numbers of cycles at comparable stress amplitudes. The plastic strain values are much lower 
(Fig. 3b) [3].  

 
Fig. 3: Influence of testing frequency (20 Hz and 19 kHz) on S-N curves and plastic strain 
amplitudes Δεpl/2 at different numbers of cycles of electrolytic copper B-Cu (99.990% Cu). 
(a) Larger life-times at 19 kHz, (b) much lower Δεpl/2 at 19 kHz fatigue 
 
In order to interpret the different S-N curves in the ultrasonic-fatigue tests, extensive 
investigations of the plastic strains were performed as mentioned above and described in 
detail in [2, 6]. Fig. 4 gives a comparison of the 20 Hz and 19 kHz plastic strain amplitudes 
vs. the applied total strain amplitudes Δεtot/2 and shows in Fig. 4a that, the plastic strain 
amplitudes are considerably higher at 20 Hz than at 19 kHz between  Δεtot/2 ~ 8 × 10-5 and 
8 × 10-4. 
In addition, Figs. 4a and b demonstrate that, cyclic hardening is the reason for this result. 
Cycling hardening was determined after each raise of the load level. This is visible in Fig. 4a 
and can be better identified in Fig. 4b. This plot shows the repeated decrease of  Δεpl/2 over 
the number of cycles at 20 Hz during a training procedure as described above (5 MPa steps). 
Additional studies were undertaken for an assessment of the mechanical response of cyclic 
loading at the two frequencies by micro-hardness measurements (9.8 kN load during 15 s). 
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The results are summarized in a box plot [8] in Fig. 5. They verify that, the mean micro-
hardness and thus static strength of 99.990% electrolytic copper is considerably higher than 
that of the high purity 99.999% copper. For each test series, ten hardness intends were 
performed and as reference for the non-loading condition of the 19 kHz test, the lower outer 
specimen part with a diameter of 14 mm served (the diameter of the fatigue loaded inner part 
was 3 mm diameter). It is suspected that, the higher scatter of the electrolytic-copper results 
is caused by an inhomogeneity of the microstructure owing to the production process. 
 

 
Fig 4: Role of frequency (20 Hz and 19 kHz) on plastic strain amplitudes Δεpl/2 at different 
total strain amplitudes Δεtot/2.(a) Changes of Δεpl/2 at Δεtot/2 between ~ 10-4 and 10-3 in 
electrolytic and high-purity copper. (b) Strain hardening of electrolytic B-Cu at 20 Hz loading 
vs. number of cycles. 

 
Fig. 5: Micro-hardness of two kinds of electrolytic copper (A-Cu and B-Cu) after 19 kHz 
fatigue loading   
 
 
EVALUATION OF RESULTS 
 
The results demonstrate up-to-date unexpected reasons for partly completely different 
results on life-times such as S-N curves and endurance limits in the VHCF regime reported 
by different authors, especially obtained with the ultrasonic-fatigue technique. In many 
investigations, it was assumed that the high frequency of 19 kHz introduces other micro and 
nano-structural features than conventional frequencies. It can be assessed, however, that 
such frequency effects can account for maximal 10% higher Δσ/2 values if an appropriate 
testing procedure is applied, especially if sufficient cooling during loading is provided. In 
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contrast to this, the results of this study demonstrate that the properties of the raw material 
are mainly responsible for the partly reported different life times, i.e. S-N curves of 
polycrystalline copper.  
The results also implicate that all up-to-date procedures of life-time predictions (at constant 
and variable amplitudes) based solely on physical laws are not in general useful, even if they 
are restricted to only one metal (copper e.g.). They have to be adapted such that, for 
example, the different strengthening features of each individual material during the different 
stages of fatigue loading are introduced considering even processes in the nanometer range. 
But even such an analysis does not help, if it is based on a general treatment of dislocation 
arrangements only. Especially in the VHCF regime, only very few parts (grains) of a 
specimen are affected by changes [9, 10]. Details of the currently active micromechanical 
response of each individual material condition must be known and only if they are all 
implemented, prediction of endurance limits might be possible. 
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ABSTRACT 

The steady demand for lightweight and fatigue-resistant solutions in several applications, 
especially in automotive and aerospace industries, requires the extensive use of light alloys. 
In particular, aluminum cast alloys are promising candidates for highly loaded lightweight 
components due to their excellent strength-to-weight ratio. Since these alloys contain 
metallurgical defects, like porosity and precipitates, the knowledge about the relationship 
between microstructure characteristics and fatigue mechanisms as well as fatigue life of 
aluminum cast alloys is essential to ensure a safe design for critical components. For this 
purpose, fatigue tests in the VHCF regime ranging from 106 to 109 cycles were performed 
using the cast alloy EN AC-AlSi7Mg0.3. For this purpose, samples were cast into a steel 
mold with grain refinement (AlTi5B1), Sr refining and a melt cleaning by nitrogen releasing 
tablets. An additional HIP treatment was carried out to remove the process-induced porosity. 
The number of cycles and the location of crack initiation were determined by means of 
correlated thermographic and fractographic investigations. Due to the absence of inner 
defects, the eutectic phases act as stress concentrators for fatigue initiation. However, the 
crack propagation progress was dominated by the eutectic phases as well as grain 
boundaries to act as efficient barriers to reduce and stop crack advance.  

KEYWORDS 

EN AC-AlSi7Mg0.3, aluminum cast alloy, VHCF, fatigue crack initiation, high-resolution 
thermography 

INTRODUCTION 

Modern cast aluminum alloys are suitable for light construction applications, e.g. in 
automotive and aircraft construction, due to the low density of 2.7 g/cm3 and the excellent 
strength-to-weight ratio. Compared to the widespread aluminum wrought alloys, the use of 
cast aluminum alloys is limited by metallurgical defects. Therefore, to ensure a safe design 
for critical components, the knowledge about the influence of microstructure characteristics 
on fatigue life and mechanisms of aluminum cast alloys is essential.  
By means of advanced casting processes, e.g. melt refinement, melt cleaning, and further 
material post-treatments, e.g. hot isostatic pressing, the remnant porosity in current 
aluminum cast alloys can be significantly reduced or even removed (cf. [1]). Especially, hot 
isostatic pressing (HIP) is a common post-processing in automotive industry to remove 
remnant porosities. Once the porosity is no longer the weakest link of Al cast alloys, 
microstructure characteristics dominate the fatigue performance. These characteristics 
include the secondary dendrite arm spacing (SDAS), the grain size as well as the shape and 
distribution of the silicon particles, and are relevant to ensure a safe design for safety-
relevant components made of aluminum cast alloys [1-2]. In the present study, the influence 
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of microstructural characteristics on the fatigue behavior in the VHCF regime has been 
characterized by constant amplitude fatigue tests. A new measuring method was evaluated 
for the detection of crack initiation and progress using high-resolution thermography. 

MATERIAL AND EXPERIMENTAL SETUP 

Material and Microstructure 
 
For testing the fatigue behavior in the VHCF regime, specimens of the cast aluminum alloy 
EN AC-AlSi7Mg0.3 were produced by die casting. The raw material was melted in a 
resistance furnace with titanium grain refining treatment (using AlTi5B1 additions) and a 
strontium refining treatment (using AlSr10 additions) before casting it into a steel mould. In 
order to reduce the porosity, solid and gaseous impurities were flushed out of the melt by 
nitrogen-emitting tablets. Selected samples were densified by hot isostatic pressing. Finally, 
the samples were solution heat treated according to a two-stage T6 procedure at 545 °C for 
one hour and then quenched in water. In addition, the samples were artificially aged at 
160 °C for five hours. The chemical composition (Table 1) was analysed by means of spark 
emission spectroscopy. 
 

Si Mg Fe Mn Ti Al 

7.5 0.288 0.094 0.0018 0.146 bal. 

Table 1: Chemical composition of the aluminum cast alloy EN AC-AlSi7Mg0.3, in wt.-% 

The grain size, the secondary dendrite arm spacing and the formation of the silicon particles 
have been determined by light microscopy. The grain size was made visible in micrographs 
by using the electrolytical Barker etching and quantified by line-cutting method. The same 
line-cutting evaluation procedure was applied to determine the SDAS on polished cross 
sections. The image processing program ImageJ has been used to evaluate the silicon 
particle distribution. At first the image has been binarized by ImageJ, in order to establish a 
limit value for the silicon particle circularity analysis in the next step. In addition to this, X-ray 
computer tomography (Nikon XT) was used to quantify the effect of hot isostatic pressing on 
the relative density characteristic microstructures, which are shown in Fig. 1a-c. 
 

 
a)                                                         b)                                             c)               

Fig. 1: Light micrographs: a) Barker etched (grains), b-c) polished Al dendrites – Al-Si 
interdendritic eutectic and c) Si precipitates within the Al-Si eutectic. 
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Grain size 
[µm] 

SDAS 
[µm] 

Rel. 
density 

[%] 
Circularity 

[-] 

623 ± 334 40.5 ± 7.5 100 0.9 

Table 2: Microstructure characteristics of the aluminum cast alloy EN AC-AlSi7Mg0.3 

 
Fatigue Testing 
 
To characterize the fatigue behavior in the VHCF regime, specimens for fatigue tests 
(Fig. 2a) were machined, mechanically ground and polished. The specimens are provided 
with a shallow notch symmetrically on both sides, which leads to a negligible stress 
concentration (notch factor αk = 1.1). Preferential fatigue damage is limited to the area of the 
shallow notch, which is observed in-situ by means of high-resolution thermography in order 
to detect the crack initiation location, crack initiation time and crack propagation. The 
polished surface of the shallow notch was aligned to the three-magnifying macro lens of the 
thermal camera (InfraTec ImageIR 8300) to record the temperature development of the 
microstructure at the base of the shallow notch during fatigue loading (Fig. 2b). For this 
purpose, the difference image was observed to clearly identify localized heat development in 
microstructure, so-called hotspots, and resulting cracks. 
 
For the  VHCF tests, an ultrasonic fatigue system (type BOKU Vienna, Fig. 2b) has been 
used, with which the tests could be carried out in a reasonable time. In this test technique, a 
sinusoidal (f ≈ 19.9 kHz) electric power generated by a frequency generator and amplifier is 
converted from a piezoelectric crystal into a mechanical oscillation. The oscillation is 
amplified in its amplitude by a titanium horn (Fig. 2b, pos. 1) and transferred into the fatigue 
specimen (Fig. 2b, pos. 2). As soon as the exciter frequency coincides with the natural 
frequency of the fatigue test, the specimen resonates. 
 
The specimen is loaded by a cyclic push-pull loading at a stress ratio of R = -1 in the gauge 
length. The stress is determined by a strain gauge in the mid-section of the specimen. The 
desired strain or voltage amplitude, respectively, is calculated using Hooke's law and 
adjusted via the electrical power provided by the amplifier. The measuring signal of the 
control loop is supplied by an inductive displacement transducer (Fig. 2b, pos. 3), which 
detects the displacement of the titanium horn. A further control loop monitors the excitation 
frequency of the natural frequency of the fatigue specimen during fatigue test. The test 
frequency changes during the experiment by crack formation and growth, as well as 
hardening or debonding in the test material. A defined drop in the natural frequency or test 
frequency, respectively, serves as a shut-off criterion for the test machine. 
 
In order to avoid sample heating, the test was carried out in the pulse-pause mode (200 ms 
to 800 ms), which led to a reduction of the effective test frequency to 4,000 Hz. 
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a)           b) 

  
 
Fig. 2: a) Specimen design with shallow notch (R = 25 mm), b) VHCF testing setup with high-
resolution thermal camera 

EXPERIMENTAL RESULTS 

The results of the constant amplitude fatigue tests with high-resolution thermography are 
shown in a S-N curve, Fig. 3. The stress amplitude over the number of cycles to failure is 
shown in a double-logarithmic manner. As the stress amplitude decreases, higher numbers 
of cycles to failure are achieved. 
 

  

Fig. 3: S-N curve for VHCF regime                      Fig. 4: Experimental results of thermography 
 
As an example, Fig. 4 and Fig. 5 show the results of in-situ high-resolution thermography 
observation of the shallow notch during the fatigue test with a stress amplitude of 
σa = 75 MPa. Fig. 4 shows the temperature development in the region of the shallow notch 
over the number of cycles. During the linear temperature increase between 5·106 and 
2.75·108 cycles, the formation of a hot spot in the α-Al solid solution was observed at 
1.53·108 cycles, Fig. 5a. In the interval between 2.50·108 and 2.75·108 cycles, a slightly 
higher temperature increase was observed, which is due to the growth of a fatigue crack, Fig. 
5b. From 2.75·108 cycles, a sharp temperature increase occurs, which is accompanied with 
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the fatigue crack growth, Fig. 5c. The plateau in the interval between 3.0·108 and 3.3·108 
cycles is associated with less pronounced crack growth. The final failure of the specimen, in 
which a fatigue crack has formed over the entire width of the shallow notch leads to a 
significant temperature increase at 3.3·108 cycles, Fig. 5d. 
 

 
a)                                                      b) 
 

  
c)                                                                        d) 
Fig. 5: Constant amplitude VHCF test at σa = 75 MPa: a) Crack initiation at 1.53·108 cycles, 
b) crack propagation at 2.39·108 cycles, c) crack propagation at 3.55·108 cycles and d) 
fracture at 3.76·108 cycles 
 
Fig. 6a-d show the SEM analysis of the fracture surface of a specimen failed after at 3.3·108 

cycles. The fracture surface can be divided into two regions. The crack initiation was found to 
originate from a microcell on the specimen surface in region I. Typical features of this crack 
initiation site are smooth surfaces, which are caused by planar slip, Fig 5b. Striations and 
debonded Si particles are visible in the vicinity of the microcell, Fig. 5c (cf. [3]). A 
characteristic feature of the VHCF fracture surface are micro cleavage facets as shown in 
Fig. 5d, reflecting mode II crack propagation until the crack turns into ductile rupture (tensile 
loading after resonant testing) in region II. 
 

   
 a)                                                                      b) 
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c)                                                                       d)  

Fig 6: Characteristic fracture surfaces of a specimen loaded at σa = 80 MPa: a) overview, b) 
and c) detailed view of microcell at surface and d) detailed view of the facet-like fracture 
surface due to single slip in the Al solid solution 

CONCLUDING REMARKS 

The results of the fatigue tests in the VHCF regime in combination with in-situ high-resolution 
thermographic observation of the shallow notches and fractographic investigations reveal 
that the reduction of porosity causes fatigue crack initiation at microcells. The jagged facet-
like structure of the fracture surface indicates mode II crack propagation dominated by single 
slip limited to the slip systems with the smallest Schmid factor. In this case, the slip bands 
interact with the eutectic regions, where either the fracture of the silicon particles or their 
debonding from the surrounding aluminum matrix occurs. The fatigue progress can be 
described and evaluated in-situ by high-resolution thermography. The thermography allows a 
distinct identification of the crack initiation and crack propagation phases during fatigue 
testing. 
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ABSTRACT 

Selective laser melting (SLM) is a novel technique in additive manufacturing which uses laser 
energy to melt the powder material according to the geometry of the computer aided design 
(CAD) model provided to the SLM system. The process uses a layer-wise manufacturing 
process which is specifically suitable for complex geometries and customised parts which 
otherwise would be costly, and even impossible, to be manufactured using conventional 
manufacturing processes. This study aims at determining the very high cycle fatigue (VHCF) 
behaviour of AlSi12 alloy manufactured by SLM process. Two different cooling conditions 
have been analysed and VHCF characterisation has been carried out until 1E9 cycles to 
determine the effect of SLM processing parameters on the ultrasonic fatigue behaviour of 
AlSi12 alloy. Additionally, it is investigated to manufacture hybrid Al structures, i.e. 
combination of conventional and additive manufacturing, which can reduce the costs of 
manufacturing for several structures. AlSi12 alloy was additively melted over base material to 
get the optimal joint strength so that an optimal strength and toughness combination can be 
obtained. The specimens were then tested in the VHCF regime. The results show that by 
appropriate heat treatment, joint strength of the hybrid specimens as well as their fatigue 
behaviour can be improved to bring them at par with pure alloys. 

KEYWORDS 

Selective laser melting (SLM), AlSi12, porosity, VHCF, hybrid structures 
 

INTRODUCTION 

Selective laser melting (SLM) process, which belongs to the class of metal additive 
manufacturing (AM) processes, relies on the consolidation of fine powder layers sequentially 
until a geometry can be obtained. The fusion source is a highly-focused laser beam 
controlled by state of the art numerical control [1,2]. The process schematic can be 
envisaged in Fig. 1 [3]. With the extensive freeform fabrication capability of SLM, an 
opportunity to produce complex parts with intricate geometries has appealed to 
manufacturers instinctively. The immense advantage is the possibility to get new complex 
designs to serial production lines in the shortest possible time, thus the product development 
cycle is significantly reduced [4]. Such capabilities do not imply elimination of conventional 
manufacturing processes; instead a combined manufacturing strategy is now proposed in 
which relatively simple part geometries can be obtained by conventional processes while the 
more intricate part of the component by direct SLM deposition on the conventional part, thus 
the need for time- and cost-extensive development of special tooling is eliminated. The result 
is essentially a hybrid manufacturing process which can be envisaged schematically in Fig. 
2. 
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Fig. 1: Schematic of SLM process 

 
Fig. 2: Envisaged hybridisation concept 

 

The aim of this study is the assessment of cyclic load bearing capabilities of hybrid structures 
in VHCF regimes. Quasi-static tensile testing was utilized in the initial stage to screen 
different configurations of the SLM process. Morphology in the fusion zone between SLM 
and conventional alloys are analysed. Following this stage, fatigue behaviour is investigated 
via ultrasonic fatigue (USF) system and finite element modelling. In the end, the results 
conclude about the application of hybrid structures in fatigue applications.  

SPECIMEN MATERIAL AND TESTING 

The SLM alloy in this study is chosen to be AlSi12 (commercially Al4047) which is a well-
established casting alloy in automotive industry. The Al-Si system depends on a balance of 
eutectic phase formation and a dispersion strengthening mechanism. The conventional base 
material is wrought alloy AlZn4.5Mg1 (commercially Al7020) which is a high strength 
aluminium alloy established in aerospace industry. The preeminent Al-Zn system relies on 
the nano-dispersion strengthening of post eutectic disintegration towards room temperature 
which gives the alloy its age hardening potential [5]. Chemical compositions for both alloys 
are given in Table 1 and Table 2.  

Al Si Fe Cu Mn Mg 
Bal. 12.00 0.80 0.30 0.15 0.10 

Table 1: Nominal chemical composition of Al4047 

Al Si Fe Cu Mn Cr Mg Zn Zr Ti 
Bal. 0.35 0.40 0.20 0.50 0.35 1.40 5.00 0.20 0.25 

Table 2: Nominal chemical composition of Al7020 

The investigated configurations consist of 4 batches: A, B, C and D as listed in Table 3. 
Batches A and B are Al4047 alloy configurations processed by SLM. Both of these 
configurations were subjected to post-process stress relief (SR) at 240°C followed by oven 
cooling. Batch B was manufactured with base plate heating (BPH) at 200°C during SLM 
processing. The need for post-process stress relief (SR) for SLM structures have been 
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demonstrated previously in several studies [6,7]. Batches C and D are hybrid specimens 
prepared by SLM processing of Al4047 on Al7020 alloy. Batch D was subjected to post- 
process stress relief heat treatment.  

Batch  A B C D 
Hybridisation  No No Yes Yes 
Material  Al4047 Al4047 Hybrid Hybrid 
Base plate heating (BPH)  °C 0 200 0  0 
Stress relief (SR) °C 240 240 0 240 

Table 3: Study design for structural strength of SLM pure and hybrid structures 

Characterisation of the resulting structure was carried out by analysis of microstructure 
morphology in a scanning electron microscope Tescan Mira XMU. Specimens were first 
sequentially ground and polished with diamond and oxide suspension, then etched using 
solutions of NaOH and HNO3. Secondly, quasi-static tensile tests followed at Shimadzu AG-
100 kN Xplus with a video camera utilized for the strain measurement. Specimen geometry 
for tensile testing is shown in Fig. 3a.  

          a)                                 b) 

  
Fig. 3: Technical drawing: a) tensile test specimen, b) VHCF specimen 

 

                                                    a)                            b) 

 
Fig. 4: Representation of defect state of a batch B specimen: a) µ-CT scan, b) corresponding 

finite element model 
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An ultrasonic fatigue testing system Shimadzu USF-2000 was utilised for VHCF testing with 
a frequency of 20 kHz and a fully reversed load spectrum, i.e. load ratio R = -1. The working 
principle of this system can be found in detail elsewhere [8]. Specimen geometry for VHCF 
testing can be seen in Fig. 3b. Finite element modelling of the VHCF behaviour was built 
relying on µ-CT scans in Nikon X TH 160. An exemplary µ-CT scan and the corresponding 
FEM model can be found in Fig. 4. 

RESULTS AND DISCUSSION 

The direct SLM deposition on the conventional material surface did lead to the formation of 
semi-fusion bond at the boundary interface as seen in Fig. 5. It is a diffusion-driven bonding 
at the interface evident by the existence of inter-boundary defects in Fig. 5a (exemplary 
instances pointed by arrows). On the other hand, in Fig. 5b, where post-process heat 
treatment has been conducted, such interface defects are rarely visible, because of heat 
treatment promoting continuation of diffusion process started earlier during deposition. Such 
interface defects can decrease the joint strength which is evident by comparing the total 
strain at fracture for the batches C and D.  

a) 

 

b) 

 
Fig. 5: SEM micrographs of the interface boundary between conventional wrought alloy 

Al7020 and Al4047: a) batch C, b) batch D  

Exemplary stress-strain curves for the batches C and D in Fig. 6 show an increase in total 
strain from 4.3·10-2 to 10.6·10-2. For the pure alloy Al4047, base plate heating has increased 
the fracture strain marginally (batch B compared to batch A).  

  
Fig. 6: Effect of base plate heating, 
hybridisation, and stress relief on  

stress-strain behaviour  

Fig. 7: Woehler curves of batches A, B and D 
by VHCF testing 
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Comparing hybrid and non-hybrid alloys after stress relief, the ultimate tensile strength for 
the hybrid alloy decreased from 370 MPa (batch A) to 320 MPa (batch D); however, the 
corresponding increase in fracture strain to 10.6·10-2 is beneficial for the dynamic 
applications where a combination of strength and toughness is important. Batch C was not 
regarded for fatigue investigations since it was clear that weakness of interface bond 
precipitated a premature failure of the specimen.  
 
Fig. 7 summarises the VHCF results of the three batches. Batch A resulted in a fatigue 
strength of 60.5 MPa; whereas it increased to 88.6 MPa for the base plate heated 
configuration (batch B). For the hybrid specimens (batch D), it turned out to be 78.3 MPa. 
Hybrid specimens have consistently higher fatigue life as compared to pure Al4047 alloy. 
Better joint strength due to post-process stress relief can be a reason for increased fatigue 
life. Altogether, the expected economic benefit obtained from hybridised structure did 
nonetheless result in improved performance. 
 
Fatigue life predictions by the FEM2 (Finite Element Monte-Carlo Modelling) method, 
developed at WPT TU Dortmund, were conducted for batches B and D. The method which 
relies on the simulation of fatigue damage process using finite element method is followed by 
a Monte-Carlo fatigue life integration scheme. It showed good agreement with experimental 
results. Comparison between computational fatigue life and experimental results can be 
realised in Fig. 8. The method allows the construction of Woehler curve based on plastic 
strain measurements in a continuous load increase test. One strong advantage is the 
freedom out of geometrical constraints, since the scheme can be applied to arbitrary 
geometries and multi-materials like seen here in the hybrid specimens.  

          a) 

 

          b) 

 

Fig. 8: Comparison between experimental fatigue strength and predicted fatigue strength by 
the FEM2 method: a) batch B, b) batch D 

CONLUSIONS AND OUTLOOK 

In this work, the feasibility of producing SLM-conventional hybrid structures has been 
investigated. The resulting components showed good fatigue performance until VHCF 
regimes. Base plate heating of the pure alloy Al4047 increased fatigue strength by 46% at 
109 cycles. As-built hybrid specimens resulted in reduced fracture strain due to failure from 
joint, which was controlled by appropriate post-process heat treatment, by which fracture 
zone shifted from joint to conventional Al7020 part of the specimen. Modelling of the damage 
process and the resulting fatigue strength has been proven possible by means of application 
of the FEM2 method. This gives a prelude of aspects with design of additively manufactured 

232



hybrid and cellular structures, in which their fatigue strength can be modelled by the newly 
developed scheme, since experimental fatigue testing of such structures is an immensely 
challenging task. This should utilise advantages of the FEM2 method such as geometrically 
unconstrained prediction and a quite short analysis time. The accuracy of the method should 
be validated for more material and component conditions as well as different load spectra, 
such that the method can be reliably applied for structural applications. 
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Precipitation-hardening 17-4PH stainless steel was tested under variable amplitude (VA) 
fatigue loading up to the very high cycle fatigue (VHCF) regime. The tests were performed at 
load ratio R = 0.05 with ultrasonic fatigue testing equipment at approximately 20 kHz cycling 
frequency. 
 
In previous studies on the fatigue behavior of 17-4PH stainless steel, several factors such as 
uniaxial and torsional loading condition, environment, defect tolerance and load ratio were 
investigated. These tests were performed under constant amplitude (CA) loading, however, 
in service most technical components are stressed with variable amplitude. Therefore, it is of 
great technical as well as of scientific interest, how varying stress amplitudes over time 
influence the mechanisms of fatigue failure and fatigue lifetimes. Ultrasonic VA fatigue tests 
at constant load ratio are performed to investigate the HCF and VHCF regime within 
bearable testing times. 
 
Results of VA fatigue tests at R = 0.05 to up to 1010 cycles with 17-4PH stainless steel are 
presented in this study. Damage sums according to Miner´s rule are calculated using the 
actually measured load spectra experienced by the specimens. It is found that the damage 
sums depend on various influences, such as number of cycles to failure (HCF vs. VHCF) and 
the location of crack initiation. The mechanisms of fatigue failure in the present VA tests are 
compared to CA loading under different conditions. 
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ABSTRACT 
 
Precipitation-hardening 17-4PH stainless steel was tested under constant amplitude (CA) 
and variable amplitude (VA) loading conditions. Experiments were performed with ultrasonic 
fatigue testing equipment at a constant load ratio of R = 0.05 up to the very high cycle fatigue 
regime. CA tests did not show a fatigue limit below 1010 cycles. Servo-hydraulic CA tests 
yield similar lifetimes in the high cycle fatigue regime indicating no frequency effect. VA tests 
with ultrasonic equipment were performed with a Gaussian cumulative frequency distribution 
of load cycles. Load amplitudes below 30% or 60% of the maximum stress amplitude, σmax, 
of the VA sequence were omitted. VA tests with omission level 60% delivered failures at an 
average damage sum of S = 0.25. Failures occurred at an average damage sum of S = 1.05 
in VA tests with omission level 30%. Low load cycles between 60% and 100% of σmax are 
more damaging than considered in a Miner calculation, whereas those between 30% and 
60% of σmax extend the fatigue lifetime.  
 
 
KEYWORDS 
 
Variable amplitude loading, damage accumulation, ultrasonic fatigue testing, very high cycle 
fatigue, 17-4PH stainless steel 
 
 
INTRODUCTION 
 
Precipitation-hardening chromium-nickel-copper 17-4PH stainless steel is widely used for 
applications requiring high strength and good corrosion resistance, such as in the aerospace, 
chemical, food processing, paper and power industry. In several applications, a very high 
number of load cycles is accumulated within service life. In the last decades, a number of 
investigations on the fatigue properties of 17-4PH have been performed, but the vast majority 
of the experimental work was conducted under constant amplitude (CA) loading. Technical 
components are, however, often loaded with variable amplitude (VA). Testing the VA fatigue 
properties is therefore of great practical interest.  
 
Considering in-service loading with lifetimes in the very high cycle fatigue (VHCF) regime, VA 
load sequences typically contain relatively few high and numerous rather low load 
amplitudes. It is reasonable to assume that load amplitudes that are far below the cyclic 
strength of a material will hardly contribute to fatigue damage. Omission of low load cycles 
shortens the testing time in VA experiments, the more the higher the omission level is 
chosen. VA experiments with excessive omission levels, on the other hand, do not take their 
possible influences into account.  
 
In the present work, CA and VA fatigue properties of 17-4PH stainless steel were 
investigated at a load ratio of R = 0.05. Ultrasonic CA fatigue tests yielded lifetimes between 
105 and 1010 cycles. Additional CA fatigue tests at 20 Hz using servo-hydraulic testing were 
conducted to investigate a potential strain-rate influence on fatigue lifetimes. VA fatigue tests 
were performed with ultrasonic fatigue testing equipment. Already three decades ago, first 
ultrasonic fatigue test with VA at fully reversed loading (R = –1) were performed [1]. Recent 
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development enables VA ultrasonic fatigue tests at constant load ratios other than R = –1 [2]. 
This method is used to investigate VA lifetimes of more than 1010 cycles at R = 0.05. VA tests 
with a Gaussian cumulative frequency distribution of load amplitudes are conducted. Fatigue 
lifetimes are studied in two VA test series, one with an omission level of 30% of the 
maximum stress amplitude, σmax, and one series with an omission level of 60% of σmax.  
 
 
MATERIAL AND EXPERIMENTAL PROCEDURE 
 
Chromium-nickel-copper stainless steel 17-4PH is investigated. The material was 
precipitation hardened at 621 °C for 4 h (condition H1150). Chemical composition and 
mechanical properties are summarised in Table 1 and 2, respectively. For more details on 
the material, see Ref. [3]. 
 

Cr Ni Cu Mn Si Nb+Ta C P S 

15.57 4.37 3.31 0.49 0.40 0.23 0.033 0.027 0.001 

 
Table 1: Chemical composition of 17-4PH (in weight %) 
 
 

Tensile strength 
(MPa) 

Yield strength 
(MPa) 

Elongation 
 (%) 

Reduction of area 
(%) 

Vickers hardness 
(kgf/mm²) 

1030 983 21 61 352 

 
Table 2: Mechanical properties of 17-4PH  
 
Fatigue tests at 19 kHz were conducted with dumbbell shaped specimens as shown in Fig. 1. 
The surfaces of specimens were ground and electropolished. The specimens were 
additionally stress-relief annealed in high vacuum at 600 °C for one hour to remove residual 
stresses. 
 

 
Fig. 1: Specimen geometry for ultrasonic fatigue testing (dimensions in mm) 
 
Ultrasonic fatigue testing equipment developed at BOKU University, Vienna was used which 
enables VHCF testing at different load ratios, R. Specimens are stimulated to resonance 
vibration. At one end of the specimen, the oscillation amplitude is measured with a vibration 
gauge which is used to control loading in a closed-loop circuit. An accuracy of ±1% of the 
vibration amplitude is realised. For tests at fully-reversed loading (R = –1), only one end of 
the specimen is fixed to the resonance system, while the other end vibrates freely. In the 
present investigation, tests at R = 0.05 were executed by mounting the ultrasonic load train 
into an electromechanical load frame and superimposing forces to the vibration of the 
specimen. Compressed air cooling as well as pulsed loading were employed to allow 
carrying off the heat generated by self-heating of the specimen. The lengths of pulses and 
pauses were chosen according to the applied load amplitude to keep the specimen 
temperature below 30 °C.  More details about the principles of ultrasonic fatigue testing and 
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related recent developments are provided in [4]. Additionally, constant amplitude fatigue tests 
at 20 Hz were performed using servo-hydraulic testing equipment. 
 
For CA ultrasonic fatigue testing, the nominal vibration amplitude, as well as the 
superimposed static mean load, is constant, see Fig. 2(a). During VA ultrasonic fatigue 
testing at constant load ratio of R > –1, successive pulses have different nominal vibration 
amplitudes and associated mean loads. The applied loads follow a pre-determined repeat 
sequence. The schematic load-time history of a VA ultrasonic fatigue test at R = 0.05 is 
shown in Fig. 2(b). An appropriate mean load is applied for each pulse according to the 
nominal vibration amplitude to ensure a constant load ratio. The force is applied in a ramping 
motion to avoid overshoot and is changed in every pause between two pulses of vibration. It 
is ensured that the correct preload is reached before the ultrasonic pulse is started. For more 
details on VA ultrasonic fatigue testing at load ratios of R > -1, see Ref. [2]. 
 

 
Fig. 2: Schematic load-time histories during ultrasonic fatigue testing with (a) CA and 

(b) VA loading 
 
In the present work, the cumulative frequency distribution of the load cycles during VA 
ultrasonic fatigue testing follows a Gauss distribution. Two different load collectives with 
omission levels of 30% and 60% of the maximum cyclic stress, σmax, were used, denoted by 
VA(30%) and VA(60%) in the following, see Fig. 3. It is noted that these omission levels are 
related to the nominal stress amplitude rather than to the fatigue limit. The repeat sequence 
consists of 770 pulses at 27 different stress amplitudes for VA(30%) loading and 155 pulses 
at 16 different stress amplitudes for VA(60%). 
 

 
Fig. 3: Cumulative frequency distribution of nominal stress amplitude for VA loading with 

omission levels of 30% and 60% 
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RESULTS AND DISCUSSION 
 
The results of ultrasonic fatigue tests under CA and VA loading are summarised in Fig. 4. 
Under CA loading conditions, data can be clearly distinguished between early fatigue failure 
with crack initiation at the surface and VHCF failure with internal crack initiation, resulting in a 
duplex S-N curve. VA lifetimes at maximum stress amplitude 462.5 MPa are also strongly 
influenced by the crack initiation location. Specimens with surface crack initiation show much 
shorter lifetimes than specimens with interior crack initiation.  
 
The three additional CA tests performed with a cyclic frequency of 20 Hz are in good 
accordance with the ultrasonic fatigue test, see Fig. 4. This suggests that the strain rate does 
not influence the fatigue lifetimes of the investigated 17-4PH steel. 
 

 
Fig. 4: Fatigue lifetimes of 17-4PH measured at load ratio of R = 0.05 under CA loading 

condition and VA loading conditions with omission levels of 30% and 60% 
 
In Figure 4, data obtained from CA fatigue tests are approximated with straight lines in the 
double-logarithmic plot, assuming a power law dependency between stress amplitude, σa, 
and number of cycles to failure, Nf, according to following equation: 
 

Nf = c∙σa
-n (1) 

 
where c and n are material constants. With stresses in MPa, c = 3.13×1055 and n = 18.69 for 
specimens with surface crack initiation, and c = 2.37×10112 and n = 39.27 for specimens with 
internal crack initiation. These lines are plotted with solid lines in Fig. 4 and represent the 
mean lifetimes for CA loading. 

 
Damage sums for VA loading are calculated according to linear damage accumulation 
calculation (Miner calculation) [5, 6]: 
 

S = �
NVA(𝜎a)
NCA(𝜎a)

 (2) 

 
NVA(σa) is the number of load cycles at specific stress amplitude, σa, during VA loading, and 
NCA(σa) is the mean lifetime for CA loading at the stress amplitude σa determined by Eq. (1). 
The CA curves are extrapolated to zero stress with the same slope for the purpose of 
damage accumulation calculation.  
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The predicted lifetimes for VA(60%) and VA(30%) assuming fracture at a damage sum of 
S = 1 are plotted in Fig. 4 with dashed and dashed-dotted lines, respectively. By mean, 
fracture occurred at damage sum of S = 0.25±0.07 for VA(60%) and S = 1.05±0.45 for 
VA(30%). Predicted fatigue lifetimes using these damage sums are plotted with thin dotted 
lines in Fig. 4. 
 
Figure 5 shows the cumulative frequency distributions of load cycles for three specimens, 
one tested with CA at σa = 462.5 MPa and two tested with VA at σmax = 462.5 MPa with an 
omission level of 30% and 60%, respectively. The cumulative frequency distribution of load 
cycles for the specimen tested with VA(30%) is shifted towards higher numbers of cycles 
compared with the specimen tested with VA(60%). This is interesting, since the VA(30%) 
specimen is additionally stressed with a high number of load cycles below 60% of the 
maximum stress amplitude. These load cycles obviously have beneficial rather than 
detrimental influences on the fatigue lifetime.  
 

 
Fig. 5: Cumulative frequency distribution of specimens tested with CA of σa = 462.5 MPa and 

with VA with maximum stress amplitude of σmax = 462.5 MPa and omission level 30% 
and 60% 

 
The present experiments point to a complex influence of numerous load cycles in a VA load 
sequence. VA tests with omission level 60% show failures when, on average, a damage sum 
of S = 0.25 is reached. Low load cycles more severely contribute to fatigue damage than 
considered in the linear damage accumulation calculation. Experiments with omission level 
30% showed failures when, on average, a damage sum of S = 1.05 is reached. This 
suggests that load cycles in the regime between 30% and 60% of the maximum load 
amplitude have beneficial influences.  
 
Detrimental as well as beneficial influences of numerous low load cycles have been 
previously demonstrated in two-step variable amplitude tests with a low carbon steel [7] and 
a cast aluminium alloy [8]. Low load cycles can accelerate crack propagation and thus 
reduce the fatigue lifetime. However, they can also increase the threshold for fatigue crack 
growth and consequently prolong the fatigue lifetime. The rather complex damaging or 
strengthening effects of low load cycles in VA sequences can hardly be predicted and makes 
fatigue tests with low omission levels necessary. This points to a great benefit of the 
ultrasonic VA testing method. The high testing frequency allows VA tests with low amplitude 
cycles included.  
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CONCLUSIONS 
 
Constant amplitude (CA) and variable amplitude (VA) ultrasonic fatigue tests were performed 
with 17-4PH stainless steel at a load ratio of R = 0.05. Additional CA servo-hydraulic tests   
were conducted at 20 Hz. The VA ultrasonic fatigue tests were performed with a cumulative 
frequency distribution of load amplitudes following a Gauss distribution. Experiments were 
conducted with omission levels of 30% and 60% of the maximum stress amplitude.  
 
1. Similar fatigue lifetimes were measured in CA tests at 20 Hz and 19 kHz loading 

frequency. The material does not show strain rate influences on the fatigue lifetime.  
 
2. The material does not show a fatigue limit. Failures were found in CA tests up to 

1010 cycles. A power law dependency between stress amplitude and number of cycles to 
failure approximates the measured S-N data well. 

 
3. VA tests in the VHCF regime with omission level 60% delivered failures at an average 

damage sum of S = 0.25. Stress amplitudes between 60% and 100% of maximum stress 
amplitude are more damaging than considered in a Miner calculation.  

 
4. Tests with omission level 30% led to failure at an average damage sum of S = 1.05. 

Numerous low stress amplitudes between 30% and 60% of maximum stress amplitude 
extend the fatigue lifetime and have beneficial rather than detrimental influences.  
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ABSTRACT 
 
S-N tests in the very high cycle fatigue (VHCF) regime and near threshold fatigue crack 
growth investigations have been performed on wrought magnesium alloy AZ61 hp. Tests 
have been conducted at ultrasonic frequency and load ratio R = –1. No endurance limit is 
found, failures still occurred above 109 cycles. Fatigue cracks are initiated predominantly at 
the surface. No inclusions or other imperfections were found at the crack initiations sites. The 
ratio of VHCF strength and tensile strength is 0.32. Ambient as well as dry air strongly 
accelerates the near threshold fatigue crack growth compared with vacuum. Threshold stress 
intensity factor amplitudes are 1.1 MPa√m in ambient air, 1.2 MPa√m in dry air, and 
1.9 MPa√m in vacuum. In vacuum, ductile crack growth was found, whereas, in ambient and 
dry air, brittle, cleavage-like failure was observed as the stress intensity factor amplitude 
reaches the threshold.  
 
 
KEYWORDS 
 
Magnesium alloy; Threshold stress intensity factor; Fatigue crack growth; Corrosion fatigue; 
Ultrasonic fatigue  
 
 
INTRODUCTION 
 
Magnesium alloys being the lightest of the industrial metals feature a high ratio of strength to 
mass density. This makes magnesium alloys potentially attractive materials for load-bearing 
applications in transportation industry, for example, where reduction of weight and 
consequential fuel saving is important. However, magnesium alloys are known to be 
sensitive to environmental influences, which can significantly deteriorate their mechanical 
properties.  
 
Fatigue testing is often performed in ambient air, which is a chemically active environment for 
magnesium alloys. Fatigue tests in wet air with magnesium alloy AZ61 show increased 
propagation rates compared with dry air in the Paris regime, which points to a corrosive 
effect of humidity [1-3]. Hydrogen diffusion along the crack wake could be found, and it is 
concluded that hydrogen embrittlement is the primary effective mechanism that deteriorates 
the cyclic properties [3]. Ultrasonic fatigue tests in ambient air and in vacuum [4] show, that 
environmental effects are active also at high testing frequencies: Crack growth rates 
measured in vacuum were nearly two orders of magnitude lower than in ambient air.  
 
These investigations suggest a strong influence of ambient air on the process of fatigue 
damage in magnesium alloys, with air humidity being an important chemically active agent. 
However, the experiments were performed at crack growth rates governing the high cycle 
fatigue regime, i.e. at crack growth rates above 10-9 m/cycle. Much lower mean crack growth 
rates are of significance for the very high cycle fatigue (VHCF) regime.  
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The present work investigates the influence of ambient air on fatigue crack growth in the near 
threshold regime of AZ61 hp. Fatigue crack growth rate (FCGR) measurements are 
performed in vacuum and in ambient air. Additionally, fatigue tests in dry air serve to 
investigate whether humidity is responsible for the deterioration of cyclic properties in the 
VHCF regime.  
 
 
EXPERIMENTAL PROCEDURE 
 
Material and Specimens 
 
Testing material was the as-extruded high purity magnesium alloy AZ61 hp. The chemical 
composition given by weight per cent is: 6.3% Al, 1.0% Zn, 0.2% Mn and balance Mg. 
Mechanical properties are: Tensile strength of 302 MPa, yield stress of 224 MPa and 
elongation of 14%.  
 
Specimens were machined from as received, rectangular bars with the specimens’ axis 
parallel to the extrusion direction. The specimen shapes used for ultrasonic fatigue testing 
and FCGR measurements are shown in Fig. 1. Edges in the centre of the specimens used in 
S-N tests were rounded and the surfaces were ground with abrasive paper up to grade #600 
prior to testing. Specimens used in FCGR measurements were ground with abrasive paper 
and subsequently polished to obtain a mirror like finish to enable observation of fatigue crack 
growth on the specimen surface. A single edge notch of 1 mm served for defined crack 
initiation in FCGR tests. 
 

 
 
Fig. 1: Specimen shape used for S-N tests (a) and crack growth tests (b) 
 
Experimental setup 
 
The experiments were performed using ultrasonic fatigue testing equipment developed at 
BOKU, Vienna [5]. All measurements were performed under fully reversed loading 
conditions.  
 
S-N investigations were performed in ambient air of 20-22 °C and 50% relative humidity.  
 
FCGR measurements were performed in three different environments: (1) ambient air of 20-
22 °C and 50% relative humidity; (2) vacuum of approximately 1.5 × 10-5 mbar and (3) dry air 
featuring a dew point of -65 °C. Fatigue crack propagation was observed in progress on the 
surface of the specimens using an optical system with a CCD camera.  
 
The fracture surfaces of the specimens were examined using a scanning electron 
microscope. 
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RESULTS 
 
Fatigue lifetime measurements in ambient air 
 
S-N data measured in ambient air are shown in Fig. 2(a). Numbers of cycles to failure range 
from 106 to 109. The material shows no fatigue limit, and failures were found beyond 
109 cycles. 50% probability to survive at 109 cycles is 98 MPa. The ratio of VHCF strength 
and tensile strength is 0.32.  
 

 
 

Fig. 2: S-N curve of AZ61 measured in ambient air (a), overview of the fracture surface of a 
specimen that failed after 3.9×108 cycles at a stress amplitude ∆σ/2 = 110 MPa (b), 
crack initiation site of the same specimen at higher magnification (c)  

 
Fatigue cracks of all but two specimens initiated at the surface. An overview of the fracture 
surface of a specimen that failed in the VHCF regime is shown in Fig. 2(b) and in higher 
magnification in Fig. 2(c). No inclusions or other imperfections were found at the crack 
initiation sites.  
 
 
Fatigue crack growth measurements in different environments 
 
The results of near threshold FCGR measurements are shown in Fig. 3(a). The investigated 
FCGRs range from 10-7 to 10-13 m/cycle corresponding to stress intensity factor amplitudes, 
Kmax, between 7 and 1 MPa√m. It is assumed that the threshold stress intensity factor has 
been reached if no detectable crack propagation within 2×107 cycles was observed. The 
resolution of the used optical system was approximately 10 µm, which enabled observation 
of crack growth rates below 5×10-13 m/cycle.  
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Fig. 3: Fatigue crack growth rates measured in ambient air, dry air and in vacuum (a); 
fracture surface formed in ambient air (b), in dry air (c) and in vacuum (d) at 
Kmax ≈ 3 MPa√m (crack propagation is from left to right) 

 
The threshold stress intensity factor amplitude, Kmax,th, determined is  1.1 MPa√m in ambient 
air, 1.2 MPa√m in dry air and 1.9 MPa√m in vacuum. Crack propagation curves in all 
environments show a change of slope at FCGRs of approximately 10-9 m/cycle. Crack 
propagation in vacuum decreases steadily featuring a steepening of slope at crack FCGRs 
below 5×10-10 m/cycle. Crack propagation curves in ambient and dry air, on the other hand, 
show a pronounced flattening of slope resulting in a plateau-like regime of almost constant 
FCGRs of 10-9 m/cycle.  
 
Reaching the threshold stress intensity factor amplitude, the FCGR curves deflect sharply, 
less pronounced in dry than in ambient air, where the curve forms a distinct knee. The 
observed FCGRs range from 10-7 to 10-10 m/cycle in ambient air and from 10-7 to 10-13 m/cycle 
in dry air and vacuum. Interestingly, very low crack growth rates (down to 10-12 m/cycle) 
could be observed in dry air and in vacuum but not in ambient air.  
 
Fractography 
 
A transgranular crack path was found for all environments and for all investigated crack 
growth rates. At stress intensity factor amplitudes of approximately Kmax = 3 MPa√m, the 
fracture surfaces obtained in ambient and dry air feature a quasi-cleavage fracture mode 
(see Figs. 3(b) and 3(c)). Facets in the range of the grain size as well as corrosion products 
and secondary cracking are visible.  
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Fig. 4: Fracture surfaces obtained at the respective threshold stress intensities factors in 

ambient air (a), dry air (b) and vacuum (c) (crack propagation is from left to right)  
 
At the threshold stress intensity factor, the size of cleavage facets is considerably increased 
resulting in a smooth and low-contrast fracture surface, see Figs. 4(a) and 4(b). The 
morphologies generated in ambient and dry air appear to be essentially similar. However, the 
fracture surface in ambient air seems to show a higher contrast featuring to a greater extent 
cleavage steps and areas of tearing topography fracture. 
 
In vacuum, a low-contrast fracture surface can be observed exhibiting areas of fine granular 
appearance and deformation twins, see Figs. 3(c) and 4(c). 
 
 
DISCUSSION 
 
The results show primarily a very strong environmental influence of ambient air on the crack 
propagation of AZ61 hp. Compared with vacuum, crack growth rates in ambient air are 
accelerated and Kmax,th is decreased by a factor of 1.7. In vacuum, the fracture mode was 
ductile whereas in ambient air, a brittle, cleavage-like fracture mode was found featuring 
cleavage facets that increase in size with decreasing stress intensity factor.  
 
The FCGR curves obtained in dry air are similar with those in ambient air. Furthermore, a 
brittle, cleavage-like fracture mode is observed, which is well comparable to the results found 
in ambient air.  
 
The detrimental influences of ambient air on the fatigue properties of magnesium alloys have 
been reported [2,3]. Using dry air as a reference, previous studies showed, that humidity 
present in ambient air was an effective agent and concluded that hydrogen embrittlement 
was likely to be the acting mechanism [1,3]. However, these results were found for FCGRs in 
the range of 10-6 - 10-9 m/cycle.  
 
It must be taken into account that the present study concentrates on the threshold regime, 
where the measured FCGRs can be three orders of magnitude lower. It could be clearly 
shown from the present experiments in dry air that in the absence of humidity, FCGRs in the 
near threshold regime are still accelerated and comparable to ambient air. Therefore, it might 
be concluded that besides humidity additional agents of ambient air are active. Different 
mechanisms causing material embrittlement are acting depending on the growth rate and the 
stress intensity factor.  
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CONCLUSIONS 
 
Ultrasonic fatigue tests were conducted on wrought magnesium alloy AZ61 hp. S-N tests in 
the very high cycle fatigue regime and near threshold fatigue crack growth rate 
measurements were performed in ambient and dry air and in vacuum. 
 
Following conclusions may be drawn: 
 

1. AZ61 hp shows no fatigue limit below 109 cycles. Mean cyclic strength at 109 cycles is 
32% of the tensile strength of the material. 
 

2. Fatigue crack propagation in ambient and dry air is accelerated compared with 
vacuum. Threshold stress intensity factor amplitudes were determined as 
Kmax,th = 1.1 MPa√m in ambient air, Kmax,th = 1.2 MPa√m in dry air and 

Kmax,th = 1.9 MPa√m in vacuum. 
 

3. Material embrittlement was observed for both ambient and dry air resulting in a quasi-
cleavage fracture mode. Embrittlement was found in absence of humidity which 
means that mechanisms others than hydrogen embrittlement are active in the near 
threshold regime were crack growth rates are very low. 
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ABSTRACT 
In the present study, specimens of metastable austenitic steel AISI 347 (1.4550, 
X6CrNiNb1810) were cyclically loaded in a servo-hydraulic fatigue testing system at a 
frequency of 980 Hz under stress control at a load ratio of R = -1 to study the fatigue behavior 
in Very High Cycle Fatigue regime at elevated temperature of T = 300°C in air. Additionally, 
the cyclic deformation behavior was investigated using stress-strain hysteresis measurement 
in fatigue tests at the same temperature with a load frequency of 20 Hz up to the limit cycle 
number NL = 107. The results showed, with the stress amplitude decreasing below 165 MPa, 
a change in the cyclic deformation behavior from cyclic softening to cyclic hardening. Cyclic 
hardening is driven by deformation induced phase transformation from paramagnetic face-
centered cubic -austenite to ferromagnetic body-centered cubic ´-martensite. Measurement 
of change in magnetic permeability using a Feritscope™ sensor on specimens before and after 
fatigue testing allowed detection of deformation induced ´-martensite. The fatigue-related 
changes in microstructure were characterized by scanning and transmission electron 
microscopy as well as by X-ray diffraction. 
 
KEYWORDS 
VHCF, austenitic steel, elevated temperature, cyclic deformation behavior, ´-martensite, 
phase transformation 
 
 
INTRODUCTION 
A large number of austenitic Cr-Ni stainless steels are metastable under technically relevant 
loading conditions [1], i.e. transformation from austenite to ’- or -martensite can take place 
in service. Due to their excellent mechanical and technological properties as well as corrosion 
resistance, austenitic stainless steels are used for components in nuclear power and chemical 
plants. In start up and shut down procedures loadings in the Low Cycle Fatigue (LCF) regime 
occur. Some components additionally undergo high frequency loadings in the Very High Cycle 
Fatigue (VHCF) regime, induced e.g. by stresses due to fast cyclic thermal fluctuations 
triggered by fluid dynamic processes [2]. For characterization of the VHCF behavior of metallic 
and non-metallic materials, typically ultrasonic fatigue systems with a load frequency of 20 kHz 
are used and experiments are performed at ambient temperature in a pulse-pause sequence. 
Moreover, some VHCF investigations at elevated temperature are reported in literature [3]. 
Due to metastability of several austenitic steels, their cyclic deformation behavior is 
significantly affected by deformation induced formation of martensitic phases and twinning [4]. 
These microstructural changes are influenced by chemical composition, temperature, strain 
amplitude and strain rate and can be well interpreted based on the stacking fault energy (SFE) 
[5]. Furthermore, due to martensite formation and/or twinning, metastable austenitic steels 
show a “true fatigue limit” in the HCF/VHCF regime [6]. It has been shown in [4-6] that the 
tendency of deformation induced martensite or twin formation decreases with increasing 
temperature, due decreasing thermodynamic driving force, i.e. difference of the Gibbs free 
energies of both phases. Therefore, it is necessary to characterize the fatigue behavior of 
metastable austenitic steels experimentally at typical operating temperatures, e.g. 300°C, 
particularly in the VHCF regime. 
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EXPERIMENTAL PROCEDURES AND MATERIAL 
Stress controlled fatigue tests with a load ratio R = -1 were performed using two servo-
hydraulic systems: (i) for investigations in HCF regime at MTS 100 kN with a load frequency 
f = 20 Hz and (ii) for investigations in VHCF regime at MTS 25 kN with a load frequency 
f = 980 Hz at 300°C in air. The HCF tests allow characterization of cyclic deformation behavior 
using stress-strain hysteresis measurements. Furthermore, ex-situ magnetic Feritscope™ 
measurements were performed before and after fatigue tests at ambient temperature. Because 
of the larger permeability of ferromagnetic ferrite compared to paramagnetic austenite, the 
material’s response to the magnetic induction increases with increasing ferrite content. 
FeritscopeTM measurements are a non-destructive method to measure the relative permeability 
of a material in the alternating magnetic field of its probe resulting in a ferrite content signal 
(FE-%), which is influenced by curvature of specimen surface and stress-strain state. To 
determine the ferromagnetic ´-martensite content in vol.-% the Feritscope™ signal (FE-%) 
needs to be multiplied with the factor 1.7 according to [7]. Moreover, X-ray diffraction method 
with Cu-Kα1-radiation at 40 kV acceleration voltage 40 mA current, a scan speed of 0.002 °/s 
and a spot size of 1.5x1.5 mm was used for qualitative phase analysis in the near surface 
layer. To maximize the possibility to detect very small content of ´-martensite, the diffraction 
profiles were measured at nine different tilt angles in the range of 0°    40°. The HCF and 
VHCF specimens were produced from an original nuclear power plant surge pipeline made of 
the metastable austenitic steel X6CrNiNb1810 with an outside diameter of 330 mm and a wall 
thickness of 30 mm by turning as well as mechanical and electrical polishing. 
 

C Cr Ni Nb Ti Mn Mo N Cu Si P S V 
0.04 17.60 10.64 0.62 0.02 1.83 0.29 0.007 0.06 0.41 0.02 0.007 0.07 

Tab. 1: Chemical composition in weight-% 
 

 
Temperature in °C Rp0.2 in MPa Rp1 in MPa UTS in MPa A in %  in FE-%

300 180 211 357 36 0.00 
AT 242 282 569 66 4.41 

Tab. 2: Mechanical properties at 300°C as well as at ambient temperature for reference;  
 are magnetic Feritscope™ measurements of ´-martensite 

 
The chemical composition of the investigated Nb-stabilized austenitic stainless steel AISI 347 
(1.4550, X6CrNiNb1810) given in Tab. 1 meets the specifications of DIN (German Institute for 
Standardization) and KTA (German Nuclear Safety Standards Commission). The calculation 
of the austenite stability parameters e.g. Md30 = 26°C by Angel [4] indicates a metastable state 
of the test material at ambient temperature. The microstructure of the investigated steel has a 
mean grain size of 120 µm, and a hardness of 140 HV10. The results of the monotonic tensile 
tests are consistent with specification of DIN and KTA. As expected, the yield stress and 
ultimate tensile strength decrease while elongation to fracture decreases with increasing 
temperature, see Tab. 2. At ambient temperature 4.41 FE-% ´-martensite (using the 
mentioned calibration factor ´ = 7.50 vol.-%) were formed after plastic deformation of 66 %. 
The ´-martensite formation starts at a total strain of 22 %. Magnetic Feritscope™ 
measurements and micrographs after tensile tests at 300°C indicated no ´-martensite 
fraction [9]. 
 
RESULTS 
Figure 1 shows S-N curves of the investigated material at 300°C in HCF and VHCF regime. It 
can be seen that a “true fatigue limit” exists. Different specimen geometries were used in the 
two testing systems mentioned above. The HCF specimens have gauge length with constant 
diameter of 7.6 mm and 15 mm length, allowing stress-strain hysteresis measurement for 
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detailed characterization of cycle deformation behavior (see. Fig. 3). The VHCF specimens 
feature a slight notch with radius 6 mm in the gauge length with 7 mm diameter in the middle 
of the specimen and shafts diameter of 10 mm. Note that higher numbers of cycles to failure 
are measured in VHCF compared to HCF experiments with the same nominal stress 
amplitude. On the one hand, higher strain rates in VHCF testing tend to reduce dislocation 
movement and therewith increase of the yield strength of the material. On the other hand, a 
smaller volume is loaded with maximum stress in the VHCF sample, resulting in higher fatigue 
life due to statistical size / notch support effects. To clarify both influences, a VHCF specimen 
was loaded at 20 Hz with a stress amplitude of 180 MPa. The resulting failure at Nf = 5·105, 
i.e. in the same cycle range as VHCF specimens loaded with 980 Hz at this stress amplitude, 
proves that in the present case specimen geometry has a stronger influence on fatigue life 
than test frequency. Hence, the shift of the S-N-curve for 980 Hz with respect to the 20 Hz 
experiments is mainly attributed to statistical size / notch support effects and the influence of 
frequency is, within the limits investigated here, considered negligible. 

 

         

Fig. 1: S-N curves in HCF and VHCF regime at 300°C and specimen geometry 
 
Interestingly, two HCF specimens tested at a = 160 MPa reached the limit cycle number 
NL = 107 without failure while at a = 165 MPa failure occurred below 105 cycles. In the VHCF 
tests a stress amplitude of 160 MPa can lead to both, specimen failure and reaching the limit 
of NL = 5·108 cycles without failure. A similar result is observed at a = 156, 155 and 150 MPa. 
To study the reasons for this behavior in more detail, Feritscope™ measurements were 
performed. Measurements at all HCF and VHCF specimens before fatigue testing resulted in 
 values of 0.00 FE-%, i.e. no ´-martensite was indicated in the as-received specimens. As 
mentioned above, all specimens were mechanically and electrolytically polished. Therefore, 
very small ´-martensite contents at the specimen surface possibly induced by turning process 
were removed. Feritscope™ measurements of all samples after fatigue testing revealed only 
in specimens reaching the limit number of cycles without failure a small content of 
ferromagnetic ´-martensite, while no ´-martensite could be detected in samples which 
underwent fatigue failure. Figure 2a shows results of Feritscope™ measurements of all 
samples which reached NL without failure. The ´-martensite content consistently increases 
with stress amplitude, with a maximum value of 0.43 ± 0.05 FE-%. The standard deviations 
were calculated from measurements taken at 4 positions in circumferential direction around 
gauge length. Note that even the max. value of ´-martensite of 0.73 vol.-% at a = 180 MPa, 
calculated by multiplication of FE-% with factor 1.7 [7], is small and difficult to verify with other 
non-destructive methods. However, ´-martensite was also detected in X-ray diffraction 
measurements, see. Fig. 2b. 
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Fig. 2: ´-martensite at the end of fatigue tests measured by Feritscope™ (a) and by X-ray 
diffraction before and after fatigue test on specimen loaded with 180 MPa (b) 
 
It is known that deformation induced ´-martensite formation significantly influences the cyclic 
deformation behavior and leads to cyclic hardening [1, 4, 6, 9]. Figure 3a shows the 
development of plastic strain amplitude during the fatigue loading of HCF specimens with the 
frequency f = 20 Hz. At the beginning of the tests, cyclic softening was detected for all stress 
amplitudes followed by saturation for stress amplitude 200 MPa ≤ a ≤ 165 MPa and crack 
growth up to specimen failure. Contrariwise, a stress amplitude of 160 MPa leads after initial 
softening up to about 2·104 cycles to cyclic hardening until plastic strain amplitude approaches 
zero, i.e. macroscopically elastic cyclic loading occurred, and, hence, NL was reached without 
failure. Feritscope™ measurements indicated 0.13 FE-% for this specimen and 0.00 FE-% for 
all tests where fatigue failure occurred. Because stress-strain hysteresis measurement is not 
possible in tests with f = 980 Hz, an interrupted VHCF test with a stress amplitude of 160 MPa 
was realized to detect the beginning of ´-martensite formation. At defined load cycles ex-situ 
Feritscope™ measurements were performed at ambient temperature. Figure 3b shows no 
indication of ´-martensite formation up to N = 1·107. The onset of ´-martensite formation 
occurred between N = 1·107 and N = 1·108. At N = 1·108, saturation is approached at 
 = 0.14 FE-%. Only a slight increase is detected until NL = 5·108 is reached without failure. 
 

  
Fig. 3: Development of plastic strain amplitude versus number of cycles in HCF regime (a) and 
development of ´-martensite in VHCF test with stress amplitude of 160 MPa (b) 
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In addition to the Feritscope™ measurements, scanning electron microscopy investigations at 
the same number of cycles were realized in the interrupted VHCF test with a = 160 MPa. 
Figure 4a shows some slip bands with a small micro-crack observed at N = 1·107. Further 
cycling up to N = 1·108 induced slight changes in the surface relief indicating microcrack growth 
(Fig. 4b). The same surface area is shown in Fig. 4c at NL = 5·108. Compared with N = 1·108, 
the surface relief did not change significantly and micro-crack growth was stopped. However, 
evolution of a white dot structure localized along lines (marked by arrows in Fig. 4c) is clearly 
seen at the specimen surface. To characterize these microstructural features, transmission 
electron microscopy investigations on focus ion beam (FIB) prepared foils are planned. 
 

 
 
Fig. 4: Surface relief from specimen loaded with a = 160 MPa at N = 1·107 (a), N = 1·108 (b) 
and N = 5·108 (c)  
 
CONCLUSIONS 
Considering load amplitude dependent changes in cyclic deformation behavior, it can be 
assumed that certain loading conditions need to be met to induce ´-martensite formation at 
elevated temperature (Fig. 3), but the actual occurrence of this transformation process is also 
subject to significant scatter (Fig. 1). Generally cyclic deformation mode of face centered cubic 
materials, represented by typical dislocation structures as schematically summarized in 
Fig. 5b, is a function of stacking fault energy / temperature and plastic strain amplitude. 
 

 
Fig. 5: TEM micrograph form a specimen loaded in LCF regime [9] (a), cyclic deformation map 
according [8] (b) slip bands with staking faults from specimen loaded in VHCF regime (c); 
investigated material AISI 347 
 
At 300°C, the investigated metastable austenitic steel AISI 347 showed no ´-martensite 
formation in monotonic tensile loading (see. Tab. 2), under LCF [9], HCF as well as VHCF 
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loading at “higher” loading amplitude (comp. Fig. 1 with Fig. 2). TEM investigations of 
specimen after LCF and VHCF loading confirm the validity of the dislocation structure map in 
Fig. 5b. For high load amplitude in LCF regime, dislocation cells can be seen in Fig. 5a. Hence, 
cyclic deformation at 300°C in LCF/HCF regime is characterized by cross slip of dislocation. 
Furthermore, due to the small driving force given by the difference of free energies of fcc and 
bcc phase at 300°C, no´-martensite formation occurred in these tests. However, at smaller 
amplitudes, i.e. in the VHCF regime, planar dislocation glide with formation of typical stacking 
fault intersections is seen in Fig. 5c. The small plastic deformations in the VHCF regime are 
confined these structures. Intersection of stacking fault bands, often referred to as -martensite 
are nucleation points for body cubic center ´-martensite formation. The formation of small 
nuclei of ´-martensite suppresses further plastic deformation and, consequently results in the 
“true fatigue limit” in VHCF regime of metastable austenitic steels. 
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ABSTRACT 
Fatigue property in gigacycle regime is focused as an important subject in recent years. In 
such a long-life region, a tremendous long period is required to perform the tests. To overcome 
this difficulty, a part of authors has been developing the new rotating bending fatigue testing 
machine, which enables to reduce the test period and cost drastically. It was confirmed that 
the fatigue test dates are consistent with many experimental results obtained by hydraulic 
tension and compression fatigue testing machines and the rotating bending fatigue test 
machines of both-handed type known as Ono type. Although it prefers to reduce the fatigue 
test period as short as possible, the maximum frequency of a rotating bending fatigue test is 
limited by the standards because of the possibility of local temperature rise in specimen caused 
by the cyclic plastic work and the heat transfer from fatigue testing machine. Such local 
temperature rise might affect the fatigue property. However, the appropriate loading frequency 
limit is unclear because of the difficulty of the temperature measurement in the fracture portion 
of a specimen precisely during the rotating bending fatigue test. An in-situ temperature 
measuring technique is proposed to measure the temperature at the fracture portion of the 
specimen in real time during the fatigue testing, and the validity to determine the loading 
frequency of a rotating bending fatigue testing machine is discussed in this study. 
 
 
KEYWORDS 
Maximum loading frequency, Cantilever type rotating bending fatigue testing machine, 
Temperature measuring, Fracture portion, In-site temperature measuring technique 
 
 
INTRODUCTION 
 
The fatigue property in gigacycle regime is focused as an important subject in recent years. 
For example, it will take too much time to obtain P-S-N curves or S-N curves especially in the 
regime of very high cycle.  In order to shorten the test period, some works have been tried by 
applying the ultrasonic fatigue test system. In such an ultrasonic fatigue testing, local 
temperature rise inside the specimen increases so significantly that appropriate temperature 
control systems are required [2-4]. In addition, the loading frequency is quite higher than the 
in-service condition of the machines and structures. 
Therefore, the high speed fatigue testing machines with mechanical loading system should be developed. In order 
to shorten the testing period, a part of authors developed a multiplex rotating bending fatigue 
machine [8-9]. Such a fatigue testing machine can perform the fatigue test on multiple 
specimens under different load magnitude simultaneously at an appropriate loading frequency 
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without local temperature increase inside the specimen which might affect the fatigue property 
and the fracture mechanism. Such a kind of multiplex fatigue testing machine is adopted more 
and more widely, because the testing condition is quite same with testing performed by the 
conventional testing machine and the testing result is compatible with the data base of fatigue 
property which is obtained by the conventional testing machines and usually referred in fatigue 
testing and safety design of mechanical products [5-6]. 
On the other hand, many standards for the fatigue tests restrict the loading frequency. For 
example, Japan Industrial standards JIS Z 2274 for the rotating bending fatigue test is specified 
in a range of 1000 to 5000 rpm [10]. To obtain effective experimental data, the loading 
frequency should be limited into a reasonable range, although fatigue testing machine can 
work very well at a higher frequency. It is considered the local temperature increasing inside 
the specimen caused by the plastic work during cyclic loading in fatigue test is one of reasons 
to set a limit of loading frequency. However, the appropriate loading frequency limit is unclear 
because of the difficulty of the temperature measurement near a fracture portion of a specimen 
precisely during the rotating bending fatigue test.  
In this paper, an in-situ temperature measuring technique is proposed to measure the 
temperature at the fracture portion of the specimen in real time during the fatigue testing, and 
the validity of limit loading frequency in the rotating bending fatigue testing machine is 
discussed. 
 
 
DUAL-SPINDLE FATIGUE TESTING MACHINE 
 
In this research, a duplex rotating bend fatigue testing machine developed by a part of authors 
was applied to perform the fatigue tests.  This fatigue testing machine has two spindles and 
two specimens can be installed at both ends of each spindle. Both spindles are driven by an 
electric motor. Thus, 4 specimens can be tested simultaneously at a given speed under a given 
rotating bending load. A photograph (front view) of such a fatigue testing machine is indicated 
in Fig.1 and a specimen mounted in the chucking parts is shown in Fig.2.  
 

                 
Fig.1: Dual-spindle rotating bending                Fig.2: Dual-spindle rotating bending 
fatigue machine YRB300L (front view)             fatigue machine YRB300L (chucking 

parts and specimen) 
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IN-SITU TEMPERATURE MEASURING TECHNIQUE 
 
A wireless temperature monitoring system developed by the authors as indicated in Fig.3 [7]. 
Amplifier, A/D converter, micro-controller, and transmitter are encapsulated in a tool holder. 
The analog signal produced by the thermocouple is converted to a digital signal and wirelessly 
and continuously transmitted to a PC through a receiver connected to PC. The temperature 
history is recorded and monitored on PC in real time. An exchangeable adapter as shown in 
Fig.4 is adopted to mount such the wireless temperature monitoring tool into the fatigue testing 
machine. 
 
 
 
 
 
 
 
 
 
 
 
    

 
 
 
 
 
 
 
 
 
 

TEMPERATURE MEASURING METHOD NEAR THE MINIMUM CROSS SECTION OF 
SPECIMEN 
 

In order to measure the temperature near the minimum cross section of specimen, the 
developed temperature monitoring system is installed on the other spindle opposite side of the 
specimen as indicated in Fig.5. A bearing unit is adopted to support the end of temperature 
monitoring tool to suppress the vibration during the spindle rotating at a high speed. As shown 
in Fig. 6, a hole with diameter of 0.5mm is prepared at one side of the specimen. A 
thermocouple (JIS C1605-95, Class 2, K type) is inserted to the center of specimen through 
the prepared hole and the thermocouple is connected to the temperature monitoring tool 
through the hollow spindle as indicated in Fig.5. 
 

Fig.3: Construction of the wireless 
temperature monitoring system 

Fig.4: Appearance of the wireless 
temperature monitoring tool 
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Fig.5: Construction of the wireless temperature measuring system 
 

 
 

Fig.6: Specimen for temperature monitoring 
 
TEMPERATURE MEASUREMENT RESULTS  
 
The testing conditions are listed in Table 1. Materials used in this study are A6005C (also 
named as A6N01 in Japan)-T5 aluminum alloy and anti-flammable magnesium alloy AZX611-
F. Fatigue specimens were machined into the shape and dimensions indicated in Fig.6. The 
temperature near the minimum cross section of a specimen was measured during a fatigue 
test by developed monitoring system as indicated in Fig.5.  The stress amplitude loaded on 
the specimen is 15MPa. 
 

 
Table1: Test conditions 
 
The temperature measured results are shown in Figs.7 and 8. At each rotation speed, the 
temperature near the minimum cross section of the specimen rose gradually and tended to 
converge to a constant value for both material. Furthermore, there is a tendency that the 
amount of temperature increase is large according to the loading speed is higher. However, 
the maximum temperature increase during the tests is less than 20 degree Celsius for each 
specimen as shown in Fig.7 and Fig.8. Thus, it was confirmed that the temperature increase 
during the fatigue tests is not too high to affect the fatigue testing result. Also, same tendencies 
were confirmed under different load levels such as 80MPa and 148MPa introduced by the 
authors in the past research [1]. 
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Fig.7: Results of temperature monitoring                Fig.8: Results of temperature monitoring 

(material: A6005C-T5)                                              (material: AZX611-F) 
 
 
FATIGUE TESTING RESULT UNDER OVER TESTING SPEED LIMIT 
 
Maximum loading frequency is limited below 5000rpm as indicated in the Japanese Industry 
Standard (JISZ 2274) [10]. Usually the maximum loading frequency is set as nearly 3000rpm 
[5-6]. In order to investigate the possibility of the enhancement of maximum loading frequency, 
fatigue test results between the loading frequency 6000 rpm and 3000rpm was compared.   
It is confirmed that there is no clear gap between the experimental results as indicated in Fig.10. 
The scatter of fatigue life is in an acceptable range. Referring to the temperature monitoring 
result indicated in before section, we know that there is no clear temperature increase between 
them. Thus, it is rational to enhance the maximum loading frequency to 6000rpm for collecting 
the fatigue data more efficiently. 
If the maximum loading frequency is enhanced from 3000rpm to 6000rpm, the fatigue testing 
period can be shortened to about 120 days in a case of fatigue test in a gigacyle regime. 
 

 
 

Fig.10: Influence of rotating speed on fatigue test results 
 

CONCLUSIONS 
 
A wireless temperature monitoring system is developed to measure the temperature at the 
fracture portion of the specimen in real time during the fatigue testing, and the validity to 
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enhance the loading frequency is discussed. Main conclusions obtained in this study are 
summarized as follows. 
(1) The temperature increase in vicinity of fracture section of specimen is compared at a 

loading frequency of 3000rpm which is in the range provided by Japanese Industry 
Standard (JISZ 2274) and 6000rpm which is over the maximum limit of the loading 
frequency (5000rpm) provided in JISZ 2274. Although the temperature increase is a little 
higher at a loading frequency of 6000rpm, there is no clear effect on the fatigue life. 

(2) It is rational to enhance the testing frequency of cantilever rotating bending fatigue test to 
6000rpm which is over the limit value of 5000rpm provided in JISZ 2274 for collecting the 
fatigue data more efficiently. 

(3) The developed wireless temperature monitoring system can be used to measure the 
temperature of fracture section in a real time during fatigue testing. Thus, it is an effective 
system to evaluate the loading frequency limit of cantilever rotating bending fatigue test. 
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ABSTRACT 
 
An ultrasonic fatigue testing system (20 KHz) equipped with induction heating 
attachment was employed to study the gigacycle fatigue properties of a turbine 
engine blade titanium alloy (Ti-8Al-1Mo-1V, named TA11 by Chinese Standard) 
at ambient temperature (20 ◦C) and 300 ◦C under fully reverse loading (stress 
ratio R=-1). With the increase of temperature, the stress-life curve types 
changed from continuous decline shape to duplex characteristic. Compared 
with room temperature, very high cycle fatigue (VHCF) strength of the titanium 
alloy decreased dramatically at high temperature. The interior initiations were 
only detected at ambient temperature. Fracture surfaces failed at 300 ◦C 
showed specific features. Moreover, the mechanism of facet-induced fatigue 
crack initiation is activated at high temperature. 
 
KEYWORDS 
 
Gigacycle fatigue, titanium alloy, elevated temperature, fatigue strength, fatigue 
crack initiation 
 
1. INTRODUCTION 
 
Titanium alloys are characterized by high specific strength, fatigue resistance 
and corrosion resistance, so they are generally used to manufacture blades 
and disks of advanced turbine engines. TI811 titanium alloy was developed by 
America in the 1950's for fabricating advanced aircraft low pressure 
compressor blades [1], it was exposed to elevated temperatures and high 
frequency vibration loading at low amplitude levels due to the interaction of air 
and blades. Larsen et al. [1] has investigated the high cycle fatigue (HCF) 
behaviors of this alloy, however in-service turbine engine blade failure 
appeared in the VHCF regime [2] owing to the high frequency vibration loading. 
The ultrasonic fatigue testing devices with a high loading frequency of 20 KHz 
have been employed in determining the VHCF performances in view of its high 
efficiency and economy in recent years. 
The application of this alloy raises the question of its fatigue behaviors, 
especially in the VHCF regime, at elevated temperatures and high frequency 
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vibration loading. However, so far no relevant study has been reported with 
respect to the titanium alloy. So in this study, an ultrasonic fatigue testing 
system that is capable of testing at elevated temperatures was developed to 
ascertain this issue. 
 
2. MATERAIL AND EXPERIMENTAL METHOD 
 
2.1 Material 
 
The chemical composition (in % weight) of the titanium alloy (Ti-8Al-1Mo-1V) 
is: 7.79 Al, 0.98 Mo, 1.00 V, 0.04 Fe, 0.01 C, <0.01 N, 0.006 H, 0.06 O and 
balance Ti. A double anneal heat treatment process (910 °C for 1 hour, air 
cooled and 580 °C for 8 hours, air cooled) was applied to the material. Tensile 
tests were conducted to determine the mechanical properties, and it delivered 
a Young’s modulus of 113.5 GPa, a yield strength of 915 MPa and a tensile 
strength of 940 MPa.  

 
Fig. 1. Specimen geometry (units: mm) for fatigue tests [3]. 

In order to meet the requirements of ultrasonic fatigue test facilities, the 
specimens were designed to work at a resonance frequency of 20 KHz in the 
axial direction. Hour-glass shaped specimens were obtained by machining and 
final axial-direction mirror polishing as shown in Fig. 1. A diameter of 3 mm at 
the test section was manufactured for ambient and elevated temperature tests. 
 
2.2 Experimental method 
 
In this study, a commercial ultrasonic fatigue test machine was used to 
investigate the fatigue behaviors at ambient temperature. For the sake of 
reducing the temperature of the gauge section of specimens resulting from self-
heating, a compressed dry air cooling system was equipped. Finally, the 
surface temperature maintained in the range of 12-16 °C with no pause. 
Therefore, there was no interruption in the experiment process at ambient 
temperature. 
In order to carry out ultrasonic fatigue tests at elevated temperature, 
electromagnetic induction heating technology was utilized. An induction coil 
was equipped in the commercial ultrasonic fatigue test machine. The coil was 
adjusted in the middle of specimens to heat the test section of specimens at a 
given temperature. Meanwhile, an infrared camera was applied to monitor and 
control the temperature. Furthermore, intermittent vibration with a resonance 
interval of 300 ms per 800 ms was applied to better manage the temperature. 
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Prior to the experiment, the temperature measured by thermocouples was used 
to calibrate the emissivity which applied to the infrared camera. In this test, the 
temperature of 300 ◦C was chosen due to the operating temperature of the 
material in low pressure compressor blades. After the fatigue experiments, all 
fracture surfaces of broken specimens were observed carefully by a scanning 
electron microscope (SEM). 
 
3. RESULTS AND DISCUSSION 
 
3.1 Fatigue strength 
 
Fatigue data regarding stress amplitude versus cycles at room and elevated 
temperature are shown in Fig. 2. The symbols expressed in square and circle 
represent the fatigue data at room and high temperature, respectively.  

 
Fig. 2. Fatigue data of the titanium alloy at room and elevated temperature. 

With the increase of temperature, the S-N curves turned into a duplex pattern 
from a continuous declining shape. Moreover, high temperature decreased the 
fatigue strength dramatically. In order to characterize the degeneration 
quantitatively, a lognormal distribution with respect to fatigue life was 
introduced. The solid line denote 50% failure probability of fatigue data at room 
temperature, and the dash line represent 50% failure probability at elevated 
temperature in the VHCF regime (Nf >107 cycles). As a result, the fatigue 
endurance limits at the limiting lifetime of 109 cycles at room and elevated 
temperature were determined as 508 and 390 MPa, respectively. The fatigue 
strength at elevated temperature almost decreased a quarter of the fatigue 
strength obtained at room temperature. Meanwhile, the fatigue resistance 
decreased in a nearly uniform tendency with the limiting lifetime increased at 
room and elevated temperature in the range of VHCF. 
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3.2 Fractography 
 
The fracture surfaces were examined by SEM with the purpose of illuminating 
the effect of elevated temperature on fatigue failure mechanism of the titanium 
alloy. As illustrated in Fig. 2, almost all fatigue cracks initiated at the surface 
except for three fracture surfaces which appeared interior crack initiation, in 
addition, only one fracture surface emerged special fracture morphology at 
room temperature. In contrast, no interior crack initiation was detected, and a 
large amount of fracture surfaces presented special fracture morphology, 
especially in the LCF and HCF regime, at elevated temperature. 

  
Fig. 3. Typical fracture morphology of the specimens with surface crack 
initiation at (a) room and (b) elevated temperature. (a) a=570 MPa, Nf 

=1.5728×108 cycles; (b) a=440 MPa, Nf =1.0183×107 cycles. 
Fig. 3 shows the fracture morphology of initiation points with surface crack 
initiation at different temperatures. In general, the fatigue fracture origins of 
many materials are located in the surface owing to the formation and evolution 
of persistent slip bands (PSBs) in the HCF regime [4, 5]. However, no PSB was 
discovered in this tests. The accumulation of irreversible random slips [6] 
assisted by the lower constraint effect , the possibility of residual manufactured 
defects [7] and heterogeneity of the microstructure [8] result in  
inhomogeneously and localised irreversible plastic deformations, and finally 
lead to surface fatigue crack initiation. On the effect of elevated temperature, 
the irreversible random slips reached a higher occurrence probability and 
preferred appearance by means of planar slip (facet) as shown in Fig. 3, it gave 
rise to the degeneration of fatigue strength essentially. 
Fig. 4 illustrates emblematic specific fracture surfaces at elevated temperature. 
Fig. 4b and c show the high-magnification photographs at the two given regions 
in Fig. 4a. The planar slips related to crack initiation and radial streaks resulted 
from crack propagation were not visible in this specific fracture surface, as 
shown in Fig. 4b and c. The characteristic of intergranular fracture was detected 
obviously because of the effect of cyclic creep at elevated temperature. The 
similar intergranular fracture morphology was reported by Shanyavskiy [2] in a 
failure in-service turbine blade.  
Only dimples and shear lips, like the tensile fracture surface without any distinct 
fatigue features, were discovered in the other specific fracture surface depicted 
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in Fig. 4d. This fracture aspects are consistant with the fatigued specimens 
tested under high superimposed mean stresses found by Kovacs et al. [5], its 
failure process was dominated by cyclic creep. This fracture mode merely 
occurred in very high stress amplitudes in this experiments. The cyclic creep at 
elevated temperature governed the deformation and failure of specimens under 
very high stress amplitudes. 

 

 
Fig. 4. Typical fracture morphology of the specimens with specific feature at 
elevated temperature. (a, b and c) a=430 MPa, Nf =2.0368×107 cycles; (d) 

a=450 MPa, Nf =1.52×105 cycles. 
Based on the discussion above, the conclusion that the dominance of 

cyclic creep at elevated temperature on failure process of specimens 
decreased with the applied stress amplitude levels diminution could be drawn. 
Meanwhile, the effect of cyclic creep at elevated temperature on fracture 
strength was prominent in the LCF and HCF regime, as presented in Fig. 2. 
The competition between two failure modes of cyclic creep-induced and 
fatigue-induced resulted in the appearance of the platform of S-N curve in the 
vicinity of the stress amplitude level of 440 MPa at elevated temperature for 
this titanium alloy. 
 
4. CONCLUSIONS 
 

This paper investigated the elevated temperature effect on fatigue 
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behaviors of the titanium alloy by performing ultrasonic fatigue tests. The main 
conclusions could be drawn as follows: The fatigue strength at elevated 
temperature almost decreases a quarter of the value at room temperature due 
to the higher occurrence probability of irreversible random slips and the 
appearance of planar slip in the VHCF regime. The cyclic creep dominates the 
failure process at elevated temperature in the LCF and HCF regime, and the 
dominance decreases with the applied stress amplitude levels reduction. The 
competition between two failure modes of cyclic creep-induced and fatigue-
induced lead to the transformation of S-N curve from continuous decline shape 
to duplex pattern with increased temperatures. 
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Abstract 

The progression of damage from initial stages till failure of fiber reinforced polymers has been one of 
the key aspects of research in the worldwide fatigue community. However, our understanding suffers 
from a lack of knowledge of quantitative damage evolution as a function of micro-structure. The 
mathematical framework of stereology offers a huge potential in accurate prediction of damage 
descriptors, thereby giving a composite damage index. Accordingly, the objective of the research was 
to provide quantitative characterization of microstructural damage as a function of number of fatigue 
cycles.  For this purpose, unidirectional glass fibre reinforced polymer specimens of 0° fibre orientation 
were subjected to tension-tension fatigue cycles at 10 Hz for two different R ratios. The fatigue tests 
were performed at mean stress of forty percent of the tensile strength. The tests were interrupted at 
1000, 5000, 10000 and 50000 cycles and the samples were, tested for residual tensile strength. Digital 
image analysis and detailed stereological measurements in micro-structure were made, and the 
damage observed was quantified for two damage states, Fiber Matrix De-bonding (FMD) and Fiber 
Cracking (FC). The number of fiber cracks per unit volume Nv(FC) , and the surface area of fibre-matrix 
de-bonded surface per unit volume [(Sv(FMD)] was estimated from 2D metallographic sections. It was 
found that both de-bonding and fiber cracking increase monotonically with increase in fatigue cycles. 
Both NV(FC) and SV(FMD) were found to correlate well with the residual strength; however, NV(FC) showed 
a larger influence on residual strength than SV(FMD). 

KEYWORDS 

Glass Fiber Reinforced Polymer (GFRP), Stereology, Fiber Matrix De-bonding (FMD), Fiber Cracking 
(FC). 

Introduction 

Fibre Reinforced Polymers (FRP) are finding application in a diverse range of aero-structural 
components. Research in composite design methodologies over the last few decades has explored 
minimization of weight to volume ratio. This has resulted in FRPs being subjected to in-service loads 
which are close to their static strength and increases the probability of damage due to fatigue. 

For fatigue [1-5], the parameters that play a key role are the type of fibre and matrix, stacking sequence 
of laminates, and the loading conditions (Stress Ratio (R), frequency and boundary conditions). 
Damage is manifested in the form of matrix cracking, fibre matrix delamination and fibre failure. 

Stereology is the technique used to extract quantitative information in 3D from 2D sections. The 
mathematical framework of stereology [6-8], offers a huge potential in accurate prediction of damage 
descriptors, thereby giving a composite damage index. It is a robust method in which statistical 
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inferences can be drawn from plan sections of a solid material. It is important to point out that majority 
of the studies on polymer composites subjected to fatigue reported in the literature are of qualitative 
nature. None of the investigations report statistically unbiased estimations of ensemble averaged 
geometric attributes of fatigue damage, namely fiber-cracks, fibre-matrix de-bonding, matrix cracks in 
three dimensional microstructural space, relationships of such attributes with the material 
microstructure and their quantitative linkages to the fatigue crack initiation. 

Manufacturing and Experimentation 

The Vacuum Assisted Resin Transfer Molding (VARTM) process was used to manufacture two plates 
of unidirectional 0 degree orientation [0]4s having dimensions of 600 mm x 600 x 4 mm as shown in 
Fig. 1 from E-Glass (Hindoostan Tech.) unidirectional fibre (1200 tex) and having a fabric thickness of 
0.36 mm.  

The resin system used was epoxy resin Epotec YD 535 LV and hardener TH 7257 from Aditya Birla 
Chemicals Ltd. This resin system has a pot life of 330 min and a viscosity of 1200 cPs s at 25 °C. 

 

Fig.1. VARTM setup at IIT Bombay 

Vacmobile Modular 2S system was used to maintain an absolute vacuum pressure of 15 mbar 
throughout the infusion process. The epoxy system was degassed for 20 min under vacuum, before 
commencing the impregnation of resin through the dry fabric. Infusion of the resin was carried out at 
room temperature, without pre-heating the resin, fabric or mold. The laminate was allowed to cure for 
24 hours at room temperature under vacuum and then released. Target fiber volume fraction of 
composite was 0.6. After curing the material, specimens (210 mm x 19 mm x 4 mm) were obtained by 
cutting the plate using water jet. 

Specimens were subjected to uniaxial tension to obtain ultimate tensile strength using 100 kN capacity 
universal testing machine (Instron 5982). Ten specimens were loaded in tension until failure to get 
ultimate tensile strength. 

Axial tension-tension fatigue testing of unidirectional GFRP specimens were carried out using fatigue 
testing machine (Instron 8850) with maximum stress (σMax) at 40% of mean ultimate tensile strength, 
obtained from tension test. Specimens were cyclically loaded at 10 Hz frequency. Stress ratio (R) of 
0.1 and 0.3 was used. 

To capture the degradation of the GFRPs during different stages of damage initiation, the specimens 
were loaded to the stress ratios of 0.1 and 0.3 for 1000, 5000, 10000 and 50000 cycles. Ten specimens 
were tested for each case. Eight of the ten specimens corresponding to each number of cycles was 
tested to find residual strength of the composite. The remaining two samples were used for microscopic 
observation. 
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Five specimens, one untested and four fatigue loaded at different number of cycles, were used for 
microscopic observation. Each specimen was cut in such a way as to get three different sections, 
namely, plan (P), longitudinal (L) and cross-section(C). Specimens were cut using diamond saw to 
obtain three pieces, one for each section. These pieces were cold mounted and then polished using 
polishing machine to obtain surface roughness less than 1 µm. 

Research Methodology 

Stereology has been used to quantify fibre cracks and fibre matrix de-bonding from 2D sections of 
micro-structures. The entire calculation has been done using open source image processing software, 
Image J. 

Fiber/matrix de-bonding area can be estimated in a micrograph having de-bonding. This is performed 
by superimposing an array of grid lines on an image and counting the number of intersections of lines 
and de-bonding. This is defined by 

                                                        Sv(DB) = 2 (IL) 

where SV(DB) is the de-bonding area per unit volume in (µm)-1. IL is the average number of intersection 
points per unit length of test lines. 

Fiber cracks per unit area include cracks at centre and missing portions of fiber. They can be estimated 
by counting the number of cracks in an image and it is defined by 

                                                          NA(FC) = NF/A 

where NF is the number of fiber cracks and A is the area of micrograph in µm2. 

Number per unit volume of fibre cracks NV(FC) is given by the relation 

                                                     NV(FC)  = NA(FC)/ Ἧ 

where Ἧ is caliper diameter. In the case of unidirectional glass fibres, it is equal to 1.57 times the 
radius of fibres. 

Results and Discussion 

Damage progression in Unidirectional GFRP during tension-tension fatigue loading is listed in four 
stages. 

Stage 1 : 1000 cycles: GFRP without any damage or damage due to manufacturing defects.  

Stage 2: 5000 cycles: initial fiber breakage as the local failure strain is exceeded.  

Stage 3: 10000 cycles: the broken fibers from stage 2, getting de-bonded from the matrix.  

Stage 4: 50000 cycles: fibers surrounding the broken fibers taking more load and in turn failing 
consecutively. 

All the above stages can be seen in Fig 2B as the number of fatigue cycles are increased. Since 
unidirectional (UD) laminates are subjected to unidirectional tension, no damages can be seen in the 
cross-sectional view of microstructures (Fig 2A). 
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Fig 2A. Cross section of UD fibers 

        Fig 2B. Micro-structural damage progression with increasing number of fatigue cycles 

Thirty random micrographs were used for each case and their average was taken. Surface area per 
unit volume of fiber matrix de-bonding verses number of cycles is shown in Fig 3a. Both fibre-matrix 
de-bonding (FMD) and fibre cracking increase with fatigue cycles. However, these two phenomena 
appear to be independent. The number of fiber matrix de-bonded interfaces has increased with number 
of fatigue cycles. The instances of FMD has been found to be lower for R = 0.3 as compared to R = 
0.1. 

The number of fibre cracks per unit volume shows a steady increase (Fig 3.b) with increased number 
of fatigue cycles. Also the fibre crack density is more for R = 0.1 as compared to R = 0.3. 

  

Fig 3a. Sv(FMD) vs Number of cycles    Fig 3b. Nv(FC) vs  Number of cycles 

b

. 
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Fig 4. Normalized Residual Strength vs Sv and Nv A) R = .1 B) R = .3 

As it can be seen from Fig 4, normalized residual strength for R = 0.1, shows a steep fall from 10000 
cycles to 50000 cycles, which coincides with an exponential increase in Nv(FC) during this period. 
However, for R = 0.3, the fall in residual strength is only about five percent till 10000 cycles, followed 
by a steep drop of twenty percent while progressing from10000 to 50000 cycles. 

 

Correlation (R2 = 0.99) of stereological property with residual strength 

Stereological 
Property 

SV(FMD) co-eff. Nv(FC) co-eff. Highest 
Contributor 

%Contribution 

UD R =.3 0.13 0.27 Nv(fc) 66.7 

UD R= .1 0.23 0.35 Nv(fc) 60.3 

Table 1. Correlation of Residual strength with stereological parameters 

From Table 1, it can be understood that Nv(FC) has a greater influence on residual strength as compared 
to Sv(FMD) for both the load ratios in unidirectional composites. 
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Conclusions 

This paper reports a reliable methodology for fatigue life and damage modeling of Glass Fiber 
Reinforced Polymers (GFRPs). The process does not compromise the essential nature of the fatigue 
process. The number of experiments required is within reasonable limits. The quantitative measures 
of damage postulated in this paper, have been correlated with the property degradation. This gives an 
adequate foundation for estimating the life and residual tensile properties of structural components 
made from GFRPs after fatigue. Future work in this area will explore various combinations of fiber 
orientations and stacking sequences. The trends observed are expected to aid in designing better 
GFRPs.  
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ABSTRACT 
 
This paper focuses on the aspect on how damage evolution processes in composite 
materials and structures including matrix fracture, delamination, fibre-matrix debond-
ing, and fibre fracture can be detected by taking advantage of the material’s inherit 
mechanical properties. These properties can be described on the basis of non-linear 
mechanical phenomena measurable as an inert frequency response signal. The ap-
proach is proposed as a means for residual life structural assessment specifically in 
the context of VHCF. 
 
 
KEYWORDS 
 
Composite materials, damage, non-destructive testing, fatigue, non-linear vibration, 
structural simulation 
 
 
INTRODUCTION 
 
Composite materials such as CFRP are exposed to fatigue loading as many other 
materials are which also includes VHCF. The resulting damaging mechanisms are 
various and do include matrix fracture, delamination, fibre-matrix debonding and fibre 
fracture, to just name a few. Degradation of those composite materials needs to be 
measured by some relevant means where the question is open on how to get this 
done most efficiently. Established means by doing this is certainly the use of X-ray 
based computed tomography. However, the effort for doing this may be extremely 
high and is also limited in terms of size and not to forget cost. Ultrasonic based 
acoustic methods are an alternative, where again classical ultrasound may be the 
primary choice. However, if the damages to be detected are fairly small in size then 
easily transducers have to be used which operate at relatively high frequencies, mak-
ing the analysis again costly in the end. 
 
An alternative is to look into the vibrational behaviour of materials and here specifi-
cally the different vibrational modes in terms of the eigenfrequencies or also being 
called the eigenmodes of those. Every mechanical system has eigenmodes and this 
virtually at all scales. It is therefore not just the eigenmodes of the component con-
sidered which can be observed but rather also those being generated through the 
damage mechanisms such as those mentioned above. These may result in some 
complex vibrational signals being worth to be analysed. 
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VHCF TESTING AND CHARACTERISATION OF CFRP COUPONS 
 
In a recently completed project jointly performed with the Institute of Materials Sci-
ence and Engineering (WKK) of the University of Kaiserslautern/Germany small cou-
pon specimens of the type shown in Fig. 1 have been tested at WKK under VHCF 
conditions, where further details can be found in [1]. The material used was a com-
mercial carbon fibre reinforced polyphenylensulfide (CF-PPS) of 4.06 mm in thick-
ness, which was cut into bars of 33.5 mm in length and 15 mm in width. The speci-
mens were exposed to a 3-point bending fatigue load applied at frequencies up to 20 
kHz.  
 

 
 
Fig. 1 a) Light micrographs of the examined CFRP material; b) cross section image 
showing the 0° and 90° oriented and matrix material; c) 3-point bending experimental 
setup 
 
Following the observations reported in [1] damages of the character of fibre-matrix-
debonding and transversal cracking followed by micro, meta and macro delamina-
tions have been observed which have been summarised under the expression of 
‘crack densities’ and have been carefully analysed. Following this analysis it has 
been observed that fibre-matrix-debonding has been developing at the onset of fa-
tigue loading while delaminations mainly emerged at 40% and beyond the speci-
mens’ fatigue life.  
 
What damage is considered to be needs to be defined. Every material and specifical-
ly composite has voids or any other imperfections which are part of the material’s 
pristine condition. To get a feeling of this behaviour some of the specimens were 
analysed using X-ray computed tomography with an X-ray energy of 60 kV and 150 
µA as well as a voxel size of 9.5 µm without pre-filtering. 500 × 1600 × 1800 voxels of 
the field of view (FOV) comply with a volume of 4.800 × 15.200 × 17.100 µm. Fig. 2 
shows the results for the pristine and the damaged condition of a specimen. For the 
undamaged condition (Fig. 2 left) a large amount of micro-imperfections and micro-
cracks can be observed, however, no delaminations, while for the damaged condi-
tions delaminations have been identified (Fig. 2 right). Similar images (Fig. 3) have 
been obtained through ultrasonic scanning based on immersion testing with the Ø 25 
mm transducer of 25 MHz centre frequency. It can be observed that different smaller 

(c) 
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delaminations seem to gradually merge having most likely started at different of the 
micro-imperfections observed in the pristine condition. 
 

 
 
Fig. 2 CT image of pristine composite specimen analysed 
 

 
Fig. 3 Ultrasonic scans taken from the top and bottom side of the specimen  
 
 
NON-LINEAR CHARACTERISTICS IN DAMAGED CFRP 
 
A material may also be characterised based on its vibrational modes. If a delaminat-
ed specimen is brought into vibration it may represent different mechanical systems 
with different vibrational modes. Fig. 4 shows the model of the delaminated specimen 
as discussed before. Two cases can at least be considered here: a) the delamination 
is open (Fig. 4b) and b) the delamination is closed (Fig. 4c). Each case may generate 
a different eigenfrequency and it can be thought that this difference also applies for 
the higher vibrational modes. 
 
If a frequency spectrum is determined from the specimens described above then a 
result is obtained as shown in Fig. 5 below. Besides the 20 kHz frequency, which has 
been generated due to the VHCF actuation, there is a larger number of higher har-
monic frequencies, which are implied by the specimen itself as well as possible man-
ufacturing related imperfections. As soon as those imperfections gradually grow the 
intensities of their induced eigenfrequencies grow as well in amplitude as can be 
seen from the right hand figure in Fig. 5. Another effect is that the eigenfrquency due 
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to the increasing delamination will gradually reduce, which is another effect observed 
from the disparity between experiment and simulation in the right hand figure of Fig. 
5. To explain this disparity a series of simulations has been performed where the 
(through) delamination was placed at a location similar to where the delaminations 
were observed in the experiments shown in Fig.s 2 and 3 and where the delamina-
tion size was gradually increased from 1 to 6 mm in length. The results of this are 
shown in Fig. 6 below. It can indeed be observed that with increasing delamination 
length the amplitude of the higher harmonic signal increases as well and that the ei-
genfrequency moves to lower frequencies. With respect to the disparity addressed in 
Fig. 5 (right) it must therefore be concluded, that the damage occurred in the experi-
ment must have been larger than what had been assumed in the simulation.  
 

 
Fig. 4 Simulation of delaminated specimen: a) Neutral position; b) delamination 
open; c) delamination closed 
 

 
Fig. 5 Higher harmonic vibrational response of composite specimen: comparison 
between pristine and damaged specimen (left) and comparison between experiment 
and damaged specimen (right) 
 
 
SIMULATION BASED DAMAGE PLOTS FOR STRUCTURAL ASSESSMENT 
 
The ability to simulate the vibrational behaviour of a delaminated composite material 
and even structure may lead to the idea to generate damage plots in terms of a data-
base that can be used as look-up tables. An example for the specimen considered 
here is shown in Fig. 7. The 3D-plot considers the delamination size, the location of 
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the delamination in terms of the position from the left edge and a frequency function. 
The frequency function is basically a parameter derived from the frequency response 
such as the FFT-plot where a selection of such parameters is provided in [2]. 
 

 
Fig. 6 Fast Fourier transform (FFT) plot obtained from FE simulations performed for 
composite specimen with an increasing size of a delamination located towards the 
right hand end of the specimen  
 

 
Fig. 7 Simulated frequency response as a function of size and location of a delami-
nation in 3-point bent VHCF specimen 
 
The ability to generate such frequency response plots may allow the degree and lo-
cation of a delamination to be determined from the frequency response measured. 
This could therefore become a first approach in terms of assessing damaged struc-
tures also under VHCF conditions regarding their degree of damage when applying 
such an inverse problem approach. The way that could be done is schematically 
shown in Fig. 8.  
 
 
CONCLUSION 
 
Discussing fatigue damage within the frame of composite materials and structures is 
a valid point nowadays. This also includes VHCF induced damage. As damage in 
composite materials accumulates in a non-linear way similar to metals, prognostics  
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Fig. 8 Inverse problem approach to determine delamination location and size of the 
VHCF damaged specimen 
 
become difficult, specifically in view of the fact that this non-linearity may even scatter 
substantially. However, in case the damage tolerance principle should be applied 
even in composite material structures such that a further light weight potential could 
be taken advantage of from those materials, then a monitoring principle needs to be 
implemented that allows monitoring to be performed at a fairly continuous basis. A 
basis for such a principle may have been laid down with the steps described above. If 
a sensor or better monitoring system could be implemented into the composite struc-
ture considered, which would be able to measure a respective frequency response, 
then the response signal could be used to determine the structure’s damage condi-
tion based on a look-up database having been determined beforehand through simu-
lation. What has been shown here for a simple coupon specimen could be possibly 
extended to real composite structures where the damage tolerance principle could be 
built in and the resulting inspection performed in the sense of structural health moni-
toring. The application of such an approach in the context of VHCF may have a fur-
ther flavour in that regard that the structure may be actuated by the inert high fre-
quency load, that would also generate the higher harmonic vibrations induced by 
some damage resulting from the structure’s degradation. 
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ABSTRACT 
 
The influence of R-ratio on the fatigue properties of Ti6Al4V was investigated in the VHCF 
regime with an ultrasonic testing facility of the type “UltraFAST-WKK-Kaiserslautern” (UFK). 
The UFK allows to control process parameters such as displacement amplitude and power of 
the ultrasonic generator. The generator power or the temperature are well suited to describe 
the cyclic deformation behavior at 20 kHz. At R=-1 a multi slope S,Nf –curve, which can be 
divided into four ranges, was observed. In the range -1 ≤ R ≤ 0.3, a change from surface to 
subsurface crack initiation occurs in the VHCF regime. With R-values increasing from -1 to 
0.3 the tolerable stress amplitude for run-out specimens decreases significantly from σa = 
400 MPa to σa = 235 MPa. Microscopic investigations indicate that local inhomogeneities in 
the α- and β-phase distribution are responsible for subsurface crack initiation in the VHCF 
regime. For the investigated R-values the fracture surfaces show the typical fish eye 
structure with a rough optical dark area (ODA) in their center surrounded by a smoother 
circular area. The size of the ODAs increases with decreasing stress amplitude and 
increases with increasing number of cycles to failure. 
 
 
KEYWORDS 
 
VHCF, Ti6Al4V, R-ratio, cyclic deformation behavior, crack initiation 
 
 
INTRODUCTION 
 
Due to attractive properties, i.e. high specific strength and excellent corrosion resistance, 
titanium alloys are widely used in aerospace application. Compressor blades / disks undergo 
more than 10 million cycles induced by vibration and/or inhomogenous flow fields and, hence 
are operated in the Very High Cycle Fatigue (VHCF) regime. Recent investigations show that 
the stress amplitudes tolerable for Ti6Al4V decrease significantly in the VHCF regime, if 107 
cycles are exceeded [1-3]. Furthermore, a change in the failure mechanisms from surface to 
subsurface crack initiation as well as grain refinement was observed [3, 4, 9]. To realize 1010 
cycles and more in an acceptable time, ultrasonic fatigue testing systems, operated at 
frequencies of about 20 kHz, were developed [5]. At the Institute of Material Science and 
Engineering of TU Kaiserslautern (WKK), Germany, ultrasonic fatigue tests are performed 
using the in-house-developed test system “UltraFAST-WKK-Kaiserslautern” (UFK) [3]. In this 
investigation single step tests (SST) in the range -1 ≤ R ≤ 0.3 were carried out to evaluate 
the influence of R on the fatigue behavior of Ti6Al4V in the VHCF regime. 
 
 
EXPERIMENTAL PROCEDURES 
 
Material and specimen design 
 
The fatigue tests were carried out at the α + β titanium alloy Ti6Al4V with the chemical 
composition 6.45 Al, 4.1 V, 0.01 C, 0.05 Fe, 0.16 O, 0.01 N (weight %) and balance Ti. The 
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mechanical properties determined in tensile tests according to DIN EN ISO 6892 are given in 
Table 1. 
 

E in GPa UTS in MPa Rp0.2 in MPa A in % HV30 

103 1010 920 17.5 308 
 

Table 1: Monotonic properties of Ti6Al4V 
 

The SEM micrograph in Fig. 1a shows a cross-section of the Ti6Al4V alloy with about 25 
volume % fine grained bcc β-phase embedded in the equiaxed hcp α-phase. 
 

 
 

Fig. 1: a) SEM micrograph of the cross-section of the investigated Ti6Al4V, b) Ti6Al4V 
specimen used for ultrasonic fatigue tests 

 
The specimen design for the ultrasonic fatigue tests is shown in Fig. 1b. The specimen has a 
gauge length of 4 mm with a diameter of 4 mm. Elastic finite element method (FEM) 
simulations were used to design a specimen with an eigenfrequency of 20 kHz and 
sufficiently high stress amplitudes. Additionally, strain gauge measurement and 3D laser 
scanning vibrometry were used to validate the calculated stress amplitudes.  
 
 
Ultrasonic testing facility 
 
An ultrasonic testing facility type “UltraFAST-Kaiserslautern” (UFK), in Fig. 2 was used to 
investigate the VHCF-behavior of Ti6Al4V. 
 

 
 

Fig. 2: Ultrasonic testing facility of the type “UltraFAST-WKK-Kaiserslautern” (a), ultrasonic 
resonance system (b) and specimen mounting (c) 
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To apply cyclic loads with superimposed mean stresses in the range -1 ≤ R ≤ 0.3, a servo-
hydraulic cylinder in closed-loop control was used. A central part of the testing facility is the 
ultrasonic resonance system, consisting of an ultrasonic generator, a piezo-electrical 
converter and two boosters. The specimens did oscillate with a frequency of 20 kHz. The 
tests were performed in pulse pause mode to avoid a temperature increase of the specimens 
of more than 10 K due to cyclic micro-plastic deformation. The measuring unit represents the 
interface to the external measuring equipment like e.g. a Laser Doppler Vibrometer (LDV) or 
the infrared sensor for temperature measurement. Furthermore, it records the process 
parameters of the digital generator and the specimen temperature with a recording rate of 1 
kHz. The displacement of the specimens is measured by the LDV and recorded with a rate of 
500 kHz. These parameters are well suited to control the loading process and to characterize 
the fatigue behavior [3, 5]. The used digital ultrasonic generator allows a well defined onset 
and decay of the oscillation with very short transients. 
 
 
RESULTS 
 
S,Nf – curves 
 
Results of the tests at R=-1 are summarized in Fig. 3. The observed multi slope S,Nf -curve 
can be divided into four ranges according to the findings of Kanazawa and Oguma [1, 6]. 
Range I is the High Cycle Fatigue (HCF) regime, which is characterized by decreasing stress 
amplitudes until σa = 645 MPa and a maximum number of cycles to failure (Nf) of 2 x 106 
followed by an almost horizontal portion of the S,Nf -curve until Nf = 4 x 107 cycles (range II in 
Fig. 3). Ranges III and IV represent the VHCF regime. Range III is characterized by a 
considerable decrease of the stress amplitude of about 200 MPa. In range IV a second 
plateau is observed at about 410 MPa until 109 cycles and beyond.  

 

 
Fig. 3: S,Nf -curves of Ti6Al4V at R= -1, 0.2 and 0.3 

At this stress amplitude all specimens exceeded 109 cycles, some specimens failed between 
109 and 1010 cycles, and some reached 1010 cycles without failure. At σa = 400 MPa four 
specimens (◊) were tested until 1010 cycles without failure. But also in these specimens 
fatigue cracks were observed. In comparison to range III, the scatter of the data increases 
significantly in range IV. At the transition from the HCF (range I and II) to the VHCF regime 
(range III and IV) a change of the failure mechanisms occurs: At stress amplitudes above 
645 MPa surface crack initiation was observed, below 645 MPa subsurface cracks dominate. 
The influence of a raising stress ratio from R=-1 to R=0.2 and 0.3 is also shown in Fig. 3. The 
fatigue strength significantly decreases with increasing R-value from about 400 MPa at R=-1 
to 250 MPa at R=0.2. As already shown for R=-1 also in the case of positive R-values a 
tendency to multi slope S,  Nf -curves is observed at the transition from HCF to VHCF. 
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Furthermore already the slight increase in R from 0.2 to 0.3 shifts the S, Nf -data to smaller 
numbers of cycles to failure. Specimens which exceed 109 cycles are marked with open 
squares . VHCF crack initiation and growth are very sensitive to a variation in R and the 
maximum stress, respectively [1, 8, 9]. There is some evidence that crack closure effects are 
responsible for this behavior [1, 4]. 
 
 
Microscopic investigations of the fracture surfaces 
 
The fracture surfaces of the specimens tested in the VHCF-regime were investigated by light 
and scanning electron microscopy. The fracture surfaces are characterized by a fish eye 
structure with a rough optical dark area (ODA) in their center surrounded by a smoother, 
circular area, which in some cases reached to the surface of the specimens. Characteristic 
optical dark areas of specimens tested at R=-1 are shown in Fig. 4. There exists a clear 
correlation between the stress amplitude, the number of cycles to failure and the size of the 
ODA, i.e. at the highest stress amplitude the lowest Nf and the smallest ODA diameter is 
observed. 
 

 
Fig. 4: Influence of σa and Nf on the size of the ODA at R=-1 

 
A characteristic example of an ODA for R=0.3 is shown in the SEM micrographs of Fig. 5 a) 
and b). In the center of the ODA the surface structure is significantly rougher compared to 
the surrounding black area.  

 

 
 

Fig. 5: Characteristic ODA at R=0.3 and σa =247 MPa and b) Characteristic facets in the 
center of an ODA at R=0.3 and σa =247 MPa 

 
Furthermore planar facets are a typical feature at positive R-values and seem to be the crack 
origins. A systematic dependency between the stress amplitude and the location of the 
subsurface crack initiation site could not be found. Hence, it was assumed that differences in 
the local microstructure of the Ti6Al4V alloy determine the individual crack initiation site [3]. 
Light microscopy was used to quantify the radii rODA of the circular ODA. Figure 6a shows the 
dependency between rODA and the stress amplitude. The size of the ODA nearly linearly 
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decreases with increasing stress amplitude following the equation rODA=459 µm–0,6 
µm/MPa× σa (Fig. 6a). Plotting rODA vs. lg Nf and linear fitting reveals that rODA increases in an 
exponential manner with rODA=1.4 µm × Nf 0.226 as shown in Fig. 6b (circles: R=0.3; black 
squares: R=0.2; grey diamonds: R=-1).The values of rODA were used to calculate the stress 
intensity factor ∆KODA by equation (1) 
 

∆KODA = 0.5 ∆σ (π (π rODA
2)1/2)1/2                   (1) 

 
according to [7]. The average value of ∆KODA is 6.76 ± 0.39 MPa m1/2 which is in good 
agreement with Ti6Al4V data in literature [9]. 
 

 
Fig. 6: a) Radius of the ODA versus σa, b) Radius of the ODA versus Nf at R=-1, 0,2 and 0,3 

 
Micro crack formation as well as deformation induced twining was mainly observed in the 
primary α-phase and at interfaces between α- and β-phase. Fig. 7 shows a SEM micrograph 
of a longitudinal-section through the center of an ODA of a specimen which failed at 
σa = 460 MPa at R=-1 after 1.2 × 109 cycles. Close to the fracture surface micro cracks were 
found in larger grains of the primary α-phase parallel to the ODA surface sections (Fig. 7b). 
Furthermore, near to the ODAs grain refinement was observed in the VHCF regime  in 
specimen areas with very high plastic deformation. The formation process of nanocrystalline 
regions seems to be similar to the mechanisms activated in the production of ultrafine grain 
via severe plastic deformation [9]. Grain refinement was only detected after tests at R=-1 by 
EBSD analysis of longitudinal sections in different fatigue states and distances from the ODA 
[3]. 
 

 
 

Fig. 7: a) SEM micrograph of a longitudinal-section through the center of an ODA, b) detail 
 

The grain refinement increases with proceeding cyclic loading and decreasing distance to the 
ODA surface, especially close to growing internal micro cracks. The existence of nanograins 
additionally could be proven in FIB cross-sections taken just below the ODA surface until a 
depth of about 2.6 µm (Fig. 8). In a greater depth the original grain size of Ti6Al4V was 
observed. After raising the R-value to 0.2 and 0.3 nanograins were not observed in the FIB 
section. These results prove that the crucial condition for VHCF grain refinement in Ti6Al4V 
is a very high local plastic deformation independent if there cracks already exist or not [8]. 
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Fig. 8: FIB cross-section near to the ODA of a specimen tested at σa =430 MPa and R=-1 
 

With EBSD analysis and FIB cross sections it was proven that under VHCF loading 
conditions microstructural changes also occur in specimens running 1010 cycles without 
fracture. Nevertheless fatigue induced microstructural changes like the formation of 
pronounced deformation twins in the hexagonal α-phase and grain refinement as well as 
micro cracks could be clearly identified. 
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ABSTRACT 
 
The fatigue behavior of martensitic steel X10CrNiMoV12-2-2 has been investigated for load 
ratios from R = -1 up to 0.5 and different stress concentration factors (1.09, 1.31 and 2.42) 
under ambient air conditions up to a maximum of 2·109 load cycles using an ultrasonic 
fatigue testing system developed at the authors’ institute. The S-N-curves for αk = 1.09 show 
a flat slope independent on the R-value (R = -1 and R = 0.5) with a transition from surface to 
volume crack initiation from spherical AlCaO or AlCaMgO inclusions at about 1·107 to 2·107 
load cycles. As observed in earlier investigations for smooth specimens [1], the maximum 
number of load cycles where failure occurs increases for higher R-values. With increasing 
stress concentration factor the fatigue strength for 2·109 load cycles decreases and the S-N-
curve’s slope becomes steeper in the HCF-regime, especially for αk = 2.42. Fatigue failure of 
notched samples initiates at small surface defects resulting from the turning process 
(αk = 2.42) or at regions with increased roughness due to formation of extrusions and 
intrusions at persistent slip bands or other surface defects (αk = 1.31). The maximum number 
of load cycles where fatigue fracture can be observed at pure tension-compression loading 
(R = -1) is about 1·106 (αk = 2.42) and 5·107 (αk = 1.31). A thin layer of nano-scaled grains 
below the fracture surface within the fish-eye around the crack initiating inclusion, a so called 
fine granular area (FGA), could only be observed for slightly notched (αk = 1.09) samples at a 
load ratio of R = -1. FGA formation can be explained by the model of Grad et al. [2]. 
However, other mechanisms, especially cyclic pressing, can’t be entirely excluded. 
 
 
KEYWORDS 
 
VHCF-behavior, low-pressure steam turbine, mean stress, 12 % Cr-steel 
 
 
INTRODUCTION 
 
The development of ultrasonic fatigue testing systems enabled investigations of materials 
behavior under cyclic loadings beyond the classic fatigue limit at about 1·107 load cycles in 
acceptable time. It has been shown that the fatigue strength might decrease in the VHCF-
regime, often associated with a change in the fracture mechanism especially for Type II 
materials according to the definition given by Mughrabi [3]. The martensitic 12 %-Cr-steel 
investigated in the present work is a state-of-the-art material for the last stages in low-
pressure steam turbine blades in power plant applications. During decades of service, these 
components reach the VHCF-regime due to cyclic loads resulting from an inhomogeneous 
flow field, superimposed by high mean stresses from centrifugal forces. Earlier investigations 
at the same material showed that load ratio R significantly influences the fracture mechanism 
and the maximum number of load cycles where failure occurs [1]. These findings correlate 
well with the results by Schönbauer et al. who also investigated different low-pressure steam 
turbine steels in the VHCF-regime in a wide range of load ratios [4]. A change of the crack 
origin from the surface to the specimen’s volume (fish-eye) is often reported in literature and, 
especially for high strength steels at pure tension-compression loading, associated with a 
fine granular area (FGA) in the vicinity of the inclusion. Several models for FGA formation are 
proposed describing on the one hand the FGA as a necessary condition for crack initiation 
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and propagation [2, 5] or, on the other hand, as a result of repeating contact of the fracture 
surfaces under inert conditions at very low crack propagation rates [6, 7]. 
 
 
EXPERIMENTAL PROCEDURES 
 
Material and specimen design 
 
In the present study the martensitic steel X10CrNiMoV12-2-2 was investigated. Specimens 
were prepared from the root section of steam turbine blades supplied by Siemens Energy. 
The chemical composition is given in Table 1. 
 

Element Fe C Cr Ni Mo V Mn Si 

weight % bal. 0.10 12.02 2.64 1.59 0.34 0.75 0.18 

 
Table 1: Chemical composition of X10CrNiMoV12-2-2 

 
Heat treatment (hardening, tempering and stress relief annealing followed by slow furnace 
cooling) results in a tempered martensitic microstructure with finely distributed carbides along 
the former austenite grain boundaries and martensite laths. The mechanical properties 
(Table 2) combine relatively high strength and ductility. 
 
yield strength 
[MPa] 

tensile strength 
[MPa] 

elongation at 
fracture [%] 

Young’s-Modulus 
[GPa] 

Hardness 
[HV] 

843 1001 17.7 213 334 

 
Table 2: Mechanical properties of martensitic steel X10CrNiMoV12-2-2 

 
Three specimen geometries with different stress concentration factors were designed for 
fatigue testing in the ultrasonic system described below at a load ratio of R = -1 and with 
superimposed mean stress. Notches with 3.0 mm root diameter and a depth of 0.25 mm 
were turned for all variants. Different stress concentration factors where achieved by notch 
radii of 0.25 mm (αk = 2.42), 1.5 mm (αk = 1.31) and 7.7 mm (αk = 1.09). The two highest 
factors represent a component relevant stress concentration factor (αk = 2.42) and a 
component relevant stress gradient, respectively (αk = 1.31). The stress concentration factor 
of 1.09 results from the ratio of Murakami’s weighting factors for surface induced and internal 
crack initiation. The surfaces of αk = 1.09 and 1.31 samples were mechanically polished 
which was not possible in case of αk = 2.42, due to a very small notch. Single samples of this 
type have been electropolished to clarify the influence of surface morphology on fatigue life. 
To correlate the displacement amplitude measured via laser vibrometry at the lower end of 
the sample with stress in the gauge length and notch root, respectively, elastic FEM-
simulations were performed. 
 
 
Ultrasonic testing facility 
 
Fatigue tests were carried out using an ultrasonic fatigue testing system, shown in Fig. 1, 
developed at the author’s institute. The main components are the ultrasonic generator (2), 
converter (3) and the oscillation system including two boosters (10) and the VHCF-sample 
(9). For increased R-values the mean load is applied by a servohydraulic system consisting 
of a pump (4), a hydraulic cylinder (5), a traverse (6) and the load frame (7). Fatigue data is 
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collected and processed simultaneously from the US-generator (dissipated energy, 
frequency), laser vibrometer (8), an infrared temperature sensor (13), a load cell (14) and an 
inductive displacement sensor to measure sample elongation as a result of cyclic creep. To 
avoid temperatures above 50 °C fatigue tests were performed in pulse-pause mode resulting 
in an effective frequency of approximately 2500 Hz (500 ms pulse and 3500 ms pause) and 
additional cooling by compressed air. 
 

 
Fig. 1: a) Ultrasonic fatigue testing system b) Detailed view of oscillation system with VHCF-

sample 
 
 
RESULTS 
 
The results of fatigue tests for three different sample types and load ratios from -1 < R <0.5 
are summarized in S-N-curves in Fig. 2. Failures originated at the sample’s surface are 
plotted as open symbols. Internal crack initiation is represented by half-filled symbols and 
run-outs by solid symbols with added arrows. For αk = 1.09 the slopes of the S-N curves 
plotted as black and grey squares for R = -1 and R = 0.5, respectively, are rather flat, 
independent on the R-value. Similar to smooth specimens [1] a transition from surface to 
internal crack initiation at oxide inclusions of the type AlCaO or AlCaMgO is observed at 
Nf ≈ 1·107 to Nf ≈ 2·107 which does not correlate with a decrease of the fatigue strength or 
any change in the S-N-curve’s slope. SEM images in Fig. 3 a) and b) show typical crack 
initiating surface and volume inclusions, respectively, as well as the fish-eye structure in case 
of volume cracking. Note that the number of load cycles where fracture can occur increases 
with increasing R-value: While for R = -1 no failure was observed at N > 1·108, samples 
failed even beyond 2·109 load cycles for R = 0.5. The fatigue strength at 2·109 load cycles is 
about 524 MPa and 251 MPa for R = -1 and R = 0.5, respectively. For all samples failed in 
the VHCF-regime at R = -1, fish-eye fracture with a region of increased roughness around 
the crack initiating inclusion, indicating FGA formation, was found. For increased R-values 
internal crack initiation and propagation was observed without formation of a thin 
nanocrystalline layer below the fracture surface, as seen in Fig. 3 d) showing the fracture 
surface of a sample failed in the VHCF-regime at R = 0.5. Both, the presence of a FGA after 
fatigue tests at R = -1 and preservation of the initial microstructure in case of superimposed 
mean stress was proved by SEM investigations of FIB-cross-sections perpendicular to the 
fracture surface at NSC of University of Kaiserslautern. The FGA formation can be described 
by the model of Grad et al. [2] where a local decrease of the fatigue crack propagation 
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threshold as a result of grain refinement in the plastic zone near the crack tip is postulated 
which enables a crack to propagate. This grain refinement continues during early crack 
propagation until stress intensity range exceeds the threshold value of the initial 
microstructure and the crack continues to grow without FGA formation. Nevertheless, other 
interpretations, such as a discontinuous FGA formation proposed by Sakai [5], or the NCP (= 
Numerous Cyclic Pressing) approach by Hong et al. can’t be excluded [6, 7]. In the latter 
model, grain refinement is not assumed to take place in front of the crack tip. Instead, FGA 
formation is caused by repeating contact of the fracture surfaces under inert conditions at 
very low crack propagation rates. Due to reduced or entirely missing contact of the fracture 
surfaces at increased R-values this model might explain the absence of a FGA observed for 
high mean stress in the present work as well for several other materials [6, 7]. The discussed 
results are in good accordance with investigations by Schönbauer et al. who investigated 
similar steam turbine steels and also found a correlation between stress ratio and maximum 
number of cycles to failure [4]. In one case the S-N-curve’s slope also changed with 
increasing R-value [8]. 
For increased stress concentration factors, especially αk = 2.42 (plotted as black circles / see 
Fig. 2), the S-N-curve’s slope becomes steeper in the HCF-regime. Note that for this stress 
concentration factor only surface crack initiation is observed and no failures occur beyond 
1·106 load cycles. Fracture is originated at small surface defects with elliptical shape (length: 
≈ 20 µm / height: ≈ 10 µm) resulting from the turning process as shown in a SEM image with 
tilted view in Fig. 3 f). Electropolishing the specimen (black triangles, Fig. 2) does, with one 
exception indicating a shift to higher tolerable stress amplitudes, not significantly influence 
the fatigue strength of sharply notched samples. The fatigue strength calculated according to 
the arcsin√P method taking only as-turned samples into account is 213 MPa. 
 

 
Fig. 2: S-N-curves for fatigue tests at ambient air up to a maximum number of load cycles of 

2·109 for three different stress concentration factors and R-values from -1 to 0.5 
 
Selected run-out samples, represented by stars in Fig. 2 (black: αk = 1.09 / grey αk = 1.31), 
have been re-tested again at a higher stress amplitudes at least up to 5·108 load cycles. For 
αk = 1.09 three run-out samples have been re-tested at stepwise increased stress amplitudes 
and failed in the VHCF-regime at internal defects (smaller inclusions / microstructural 
inhomogeneities). Note that these samples still reach a very high number of load cycles and 
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do not fail in the LCF- or HCF-regime, despite remarkably high stress amplitudes. One 
possible reason might be microstructural changes during the previous run-out test. The 
fracture surface of a re-tested sample failed with FGA-formation at a microstructural 
inhomogeneity is shown in Fig. 3c). 
 

 
 

Fig. 3: SEM-analyses of fracture surfaces of: a) αk = 1.09, R = -1, σa = 527 MPa, Nf = 43294 
b) αk = 1.09, R = -1, σa = 532 MPa, Nf = 4.1·107 c) re-tested sample αk = 1.09, R = -1, 

σa = 593 MPa, Nf = 8.2·107 d) αk = 1.09, R = 0.5, σa = 264 MPa, Nf = 5.4·108 e) re-tested 
sample αk = 1.31, R = -1, σa = 479 MPa, Nf = 2.75·106 f) αk = 2.42, R = -1, σa = 246 MPa, 

Nf = 900224 
 
For αk = 1.31, five run-out specimens were re-tested at increased stress amplitudes. Similar 
as for αk = 1.09, fatigue strength of these samples becomes, compared to the as-received 
state, shifted to higher values. Furthermore, in case of re-tested samples with αk = 1.31, 
VHCF-failure starting at surface defects or persistent slip bands is possible. In Fig. 3 e) crack 
initiation at a PSB with characteristic fracture surface tilted by 45° against the specimen axis 
near the crack origin is shown. Fatigue fracture initiated at surface or volume inclusions has 
not been observed so far for this stress concentration factor. The fatigue strength for 
αk = 1.31 taking only as-received samples into account (grey diamonds in Fig. 2) calculated 
by the arcsin√P method is 441 MPa. 
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CONCLUSIONS AND OUTLOOK 
 
The VHCF-behavior of martensitic steel X10CrNiMoV12-2-2 has been investigated under the 
influence of notches and R-values from -1 up to 0.5. The S-N-curves for αk = 1.09 show a flat 
slope independent on the R-value (R = -1 and R = 0.5) with a transition from surface to 
volume crack initiation at about 1·107 to 2·107 load cycles which is not associated with a 
decrease of the fatigue strength or a change in the S-N-curve’s slope. Run-out samples re-
tested at significantly higher stress amplitudes still failed in the VHCF-regime. FGA formation 
was observed only for pure tension-compression loading and can be described by the model 
of Grad et al. [2] while other mechanisms like the NCP-model by Hong et al. [6] or 
discontinuous FGA / crack formation according to Sakai et al. [5] can’t be excluded. Fatigue 
strength decreases with increasing stress concentration factor while internal crack initiation is 
avoided and, especially for αk = 2.42, a steeper slope of the S-N-curve is observed. Current 
investigations focus on further fatigue testing at increased R-values and clarification of the 
FGA formation mechanism as well as possible changes in the microstructure during run-out 
fatigue tests leading to a higher fatigue strength for re-tested samples. 
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ABSTRACT 
 
In order to investigate the coaxing effect of magnesium alloy, stress-incremental tests were 
carried out on magnesium alloys, AZ31, AZ61 and AZ80 by means of cantilever-type rotating 
bending fatigue testing machine. Stress-incremental tests were started from 10 MPa lower 
stress than the fatigue strength at 109 cycles in each specimen. It was found that AZ31 and 
AZ61 indicated a marked coaxing effect. On the other hand, in AZ80, the noticeable coaxing 
effect was hardly appeared. Hardness was examined before and after the stress-incremental 
test and the conventional fatigue test using micro-Vickers hardness tester. Based on the 
hardness measurement, it was suggested that the coaxing effect in AZ31 and AZ61 was 
attributed to work-hardening. The stress incremental test results were analyzed by Miner’s rule. 
In AZ31 and AZ61, the cumulative damage values in almost all stress-incremental test results 
are more than unity. 
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INTRODUCTION 
 
Fatigue limit can be improved by understressing followed by a process of small step-wise 
increasing of stress amplitude, which is known as coaxing effect [1]. Over the past years, the 
coaxing effect has been studied for ferrous metals, and consequently it has been indicated 
that the coaxing effect was attributed to strain-aging, work hardening and the strengthening at 
the crack tip of non-propagating cracks [1-3]. However, the researches on the coaxing effect 
of non-ferrous metals are relatively few, compared to ferrous metals.  
 
In the present study, three types of extruded magnesium alloy with different strength levels 
were prepared and used in stress-incremental tests. The purpose of the present work is to 
clarify the effect of strength level on the coaxing behavior in magnesium alloys. 
 
 
EXPERIMENTS 
 
Materials 
 
The materials used in this study were extruded magnesium alloys, AZ31, AZ61 and AZ80. 
Their chemical compositions are given in Table 1. Fig.1 shows microstructures of materials. 
The average grain sizes of AZ31, AZ61 and AZ80 were 48.5µm, 14.0 µm and 11.0 µm, 
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respectively. Table 2 indicates mechanical property of the materials. Fig.2 shows the fatigue 
specimen configurations, whose central part of the specimen surface was buff-finished after 
polishing by the emery paper with the grade of #2000. 
 
 
 
 
 
 
Table 1: Chemical composition of materials. [in mass%] 
 
 
 
 
 
 
 
 
 
 
 
 

(a)AZ31                                     (b)AZ61                                   (c)AZ80 
Fig.1: Microstructure of materials. 
 
 
 
 
 
 
 
 
Table 2: Mechanical properties of materials. 
 
 
 
 
 
 
 
 
 
Fig.2: Specimen configurations. 
 
 
Procedures 
 
Fatigue tests were performed using cantilever-type rotary bending fatigue testing machines 
operating at a frequency of 53Hz in laboratory air. Stress-incremental tests were started at a 
stress level of 10MPa below the fatigue strength at 109 cycles of each material, i.e., initial stress, 
σini. If no failure occurred after given cycles, Ns (106, 107 and 108 cycles), then the stress level 
was increased by a small increment of 10MPa. This procedure was repeated until fatigue 
failure took place.  

Material Al Zn Mn Si Fe Cu Ni Mg
AZ31 3.0 1.1 0.31 0.007 0.002 0.001 0.001 Bal.
AZ61 5.9 0.6 0.280 0.010 0.002 0.002 0.002 Bal.
AZ80 8.1 0.5 0.25 0.038 0.002 0.002 0.001 Bal.

Tension Compresstion
AZ31 232 197 64 19 50
AZ61 309 221 121 13 56
AZ80 341 223 157 16 62

Material
Tensile strength

(MPa)
0.2% proof stress (MPa)

Elongation (%) Vickers hardness
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Hardness was examined before and after the stress-incremental test using micro-Vickers 
hardness tester. After experiments, fracture surfaces were examined using a scanning electron 
microscope (SEM). 
 
EXPRRIMENTAL RESULTS AND DISCUSSIONS 
 
Fatigue strength 
 
The S-N curves of AZ31, AZ61 and AZ80 under constant stress amplitude are shown in Fig.3. 
As can be seen in the figure, all the S-N curves show no clear fatigue limit, with the curves 
decreasing continuously with an increase of the number of stress cycles to failure. As expected 
from tensile strength and Vickers hardness in Table 2, the fatigue strength of AZ80 is higher 
than that of AZ31 and AZ61. In the case of AZ80, interior-crack initiations occurred at stress 
levels ≦190MPa.  Fig.4 shows the SEM image of the crack initiation site of AZ80 failed at 
180MPa with Nf=11,228,660. Clear fish-eye was observed at the crack initiation site. However, 
no inclusion was found at the center of fish-eye.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3: S-N diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4: Appearance of fish-eye observed under stress-incremental test in AZ80. 
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STRESS INCREMENTAL TEST RESULTS 
 
The results of stress incremental test in AZ31, AZ61 and AZ80 are shown in Fig.5 with the S-
N curve obtained by conventional fatigue test which is constant stress amplitude fatigue test. 
As can be seen in Fig.5 (a) and (b), AZ31 and AZ61 indicate a marked increase of failure 
stress. Therefore, the coaxing effect is quite evident in AZ31 and AZ61. On the other hand, in 
AZ80, the noticeable coaxing effect was hardly appeared. This means that the improvement 
of fatigue strength by understressing does not occur in AZ80.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) AZ31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) AZ61                                                  (c) AZ80 
Fig.5: Stress-incremental test results. 
 
 
HARDNESS TEST RESULTS 
 
It has been pointed out that the coaxing effect was attributed to work-hardening. Thus, after 
conventional and stress-incremental tests hardness near the failure site of the specimens was 
measured using micro-Vickers hardness tester. The results obtained are shown in Fig.6 with 
the hardness before test. As can be seen in Fig.6 (a) and (b), Vickers hardnesses after stress-
incremental tests were higher than those of before experiments and after conventional fatigue 
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test, except for the case of the number of cycles in a step of Ns=106 cycles in AZ31. On the 
other hand, increasing of hardness was not found in AZ80. Therefore, it is suggested that work-
hardening is significant in the coaxing effect observed in AZ31 and AZ61. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) AZ31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) AZ61                                                          (c)AZ80 
Fig.6: Vickers hardness before and after fatigue test. 
 
 
CUMULATIVE DAMAGE ANALYZED BY MINER’S RULE 
 
The stress-incremental tests results were analyzed by Miner’s rule [4]. Fig.7 indicates the result 
of analysis. Vertical axis of the figure indicates the cumulative damege value, whereas 
horizontal axis indicates the number of cycles in a step. In AZ31 and AZ61, the cumulative 
damage values in almost all stress-incremental test results are more than unity, indicating 
coaxing effect was found in AZ31 and AZ61. However, the cumularive damage has no relation 
to the number of cycles in a step. Because the cumulative damage value for the number of 
cycles in a step of Ns=108 cycles is lower than that for the number of cycles in a step of Ns=107 
cycles. The reason is not clear at the present stage of this work, and this is an important subject 
to be resolved in the future.  
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Fig.7: Cumulative damage as a function of number of cycles in a step Ns. 
 
 
CONCLUSIONS 
 
In order to investigate the coaxing effect of magnesium alloy, stress-incremental tests were 
carried out on magnesium alloys, AZ31, AZ61 and AZ80 by means of cantilever-type rotating 
bending fatigue testing machine. The results obtained are as follows: 
 
(1) AZ31 and AZ61 indicated a marked coaxing effect. On the other hand, in AZ80, the 

noticeable coaxing effect was hardly appeared 
 
(2) Hardness was examined before and after the stress-incremental test and the conventional 

fatigue test using micro-Vickers hardness tester. Based on the hardness measurement, it 
was suggested that the coaxing effect in AZ31 and AZ61 was attributed to work-hardening. 

 
(3) The stress incremental test results were analyzed by Miner’s rule. In AZ31 and AZ61, the 

cumulative damage values in almost all stress-incremental test results are more than unity. 
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ABSTRACT 
 
A new surface modification technique, scanning cyclic press (SCP), was developed. SCP 
scans a metal surface with a vibrating indenter under precise loading control based on servo 
fatigue testing machine and can apply a variable cyclically compressive load. This study 
applied SCP to magnesium alloy AZ31 to investigate the effect on fatigue properties. After 
applying SCP, the specimen’s surfaces were observed by using a laser scanning microscope 
and uniaxial push-pull fatigue tests were conducted. As a result, surface roughness of SCP-
treated specimens slightly increased; however, the fatigue life became longer than that of 
untreated specimens. To clarify the reason for the improvement effect, fracture surfaces and 
the microstructures of the specimens were investigated in detail on the basis of SEM and 
microscopic observations. SEM observation showed differences between the fracture surfaces 
of the untreated and SCP-treated specimens. The origin of fracture was at the surface in the 
untreated specimen. In the SCP-treated specimen, however, the fracture origins were sub-
surface and a band-like layer just beneath the surface was observed on the fracture surface, 
whereas the layer did not exist on that of the untreated specimen. The layer corresponded to 
a mesh-patterned microstructure formed at the surface by SCP. The result suggests that SCP 
modified the specimen’s surface layer and this layer suppressed crack initiation from surface. 
 
 
KEYWORDS 
 
Surface modification, scanning cyclic press, magnesium alloy, improvement of fatigue life 
 
 
INTRODUCTION 
 
Severe plastic deformation (SPD), which modifies the microstructure of metallic materials by 
using large plastic strain, is widely used in many fields. In SPD techniques, severe surface 
plastic deformation (S2PD) effectively improves hardness and fatigue strength at metal 
surfaces by creating a nanocrystalline layer on bulk material. The techniques used to strike 
workpiece surfaces by using ultrasonic vibration, such as ultrasonic nanocrystal surface 
modification (UNSM) [1] and ultrasonic impact treatment (UIT) [2], has attracted attention as a 
useful surface modification.  
 
On the other hand, we developed a new surface modification technique, scanning cyclic press 
(SCP), which uses precise loading control based on servo fatigue testing machines. As shown 
in Fig. 1, SCP scans a metal surface with a vibrating indenter under loading control and can 
apply a variable cyclically compressive load with a variable frequency lower than ultrasound. 
Our previous study clarified that SCP created a fine microstructure, including a nanocrystalline 
layer, at the surface of low carbon steel S25C and improved its fatigue strength [3]. The 
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detailed mechanism of nanostructural refinement using SCP, including whether or not it is the 
same as that of UNSM or UIT, is still under investigation; however, this technique is likely to 
increase fatigue properties of metallic materials.  
 

 
Fig. 1: Schematic drawing of scanning cyclic press 
 
On the basis of the above background, this study applied SCP to an extruded magnesium alloy 
AZ31 to investigate its effect on fatigue properties. This material is light and has an excellent 
specific strength, but has a lower fatigue strength compared with that of steel and other light 
metals such as titanium and aluminum. After applying SCP, the specimen’s surfaces were 
observed and uniaxial push-pull fatigue tests were conducted to clarify the effect on fatigue 
properties. Fracture surfaces and the microstructure were investigated on the basis of SEM 
and microscopic observations.  
 
 
EXPREMENTAL PROCEDURES 
 
Material and specimen 
 
The material was an extruded magnesium alloy AZ31. The chemical components of the 
material were Al: 3.0, Zn: 1.1, Mn: 0.31, Si: 0.007, Fe: 0.002, Cu: 0.001, Ni: 0.001, and Mg: 
Bal. (wt. %). The supplied material was a 16-mm-diameter round bar extruded at a temperature 
of 673 K with an extrusion rate of 5 m/min. The average grain size was 45 m. The mechanical 
properties: 0.2% proof stress and tensile strength were 0.2 = 197 MPa and B = 224 MPa, 
respectively. An hourglass-shaped specimen with a parallel part of 4 x 2 mm was used. The 
specimen’s surface was mirror finished by polishing with emery paper (grits from 600 to 2000) 
followed by buffing with alumina abrasives (particle size: 1 m).  
 
Surface modification by scanning cyclic press 
 
Fig. 2a shows an image of the SCP surface modification machine. This machine consists of 
the following parts: a hydraulic actuator to vibrate an indenter for applying cyclically 
compressive load to a specimen, a DC motor to rotate the specimen, a stepping motor to feed 
the specimen in the axial direction, and a load cell to detect the magnitude of the applied 
loading. Fig. 2b shows a close-up of a specimen set in the cyclically loading fixture. The 
specimen is supported by an indenter connected to the actuator and a reaction receiver 
connected to the load cell. During rotating and feeding the specimen, a cyclically compressive 
load is applied to the specimen’s surface by the vibrating indenter. 
 
By using the above machine, uniaxial sinusoidal compressive loading was applied to the 
specimen’s surface in ambient air at room temperature. The maximum and minimum values of 
the cyclic loading were respectively 29.4 N and 0 N, and the frequency was 200 Hz. The 
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Cross section
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number of cyclic loading in SCP was 8.0 × 106 cycles. The rotation speed and the feed rate of 
the specimen were respectively 2 rpm and 0.01 mm/sec. SCP scanned a range of ±4 mm from 
the center of the specimen in the axial direction and the scanning range was the entire 
circumference of a parallel part and a part of R-parts connected to the parallel part. 
 
a. Overview of SCP system b. Close-up of specimen set in cyclically 

loading fixture 
 

 
 

Fig. 2: SCP surface modification machine 
 
Fatigue test conditions 
 
To investigate the effect on fatigue properties of AZ31 applied SCP, uniaxial push-pull fatigue 
tests were conducted by using a servo hydraulic fatigue testing machine. Sinusoidal loading 
was applied to untreated specimens and SCP-treated specimens in ambient air at room 
temperature. A stress ratio and a frequency of the cyclic loading were R = -1 and f = 120 Hz. 
 
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 
Surface observation after applying SCP and quantitative evaluation of the change  
 
Fig. 3 shows the surface of the SCP-treated specimen. A dark gloss was observed at the 
middle part of the SCP-treated specimen (Fig. 3a). Fig. 3b shows a magnified image of the 
modified part where streaks on the surface are aligned regularly in the axial direction. Pitches 
between streaks were about 300 m, and corresponded to a feed per revolution; calculated 
from the rotation speed and the feed rate condition in SCP.  
 
a. Close-up of SCP-treated specimen 

 
b. Magnification of modified part in 3a 

 

 

Fig. 3: Surface observation of specimen after applying SCP 
 
To quantitatively investigate the change in surface state of the modified part, the surface 
roughness was measured by using a color 3D laser scanning microscope (VK-9700/9710 
Generation II, KEYENCE). Areal roughness parameter (arithmetic mean roughness Ra) was 
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determined from the 3D image obtained from the laser microscope. Two measurement points 
on the circumference, measuring 820 m long and 60 m wide, were set at the specimen’s 
center with equal angular spacing of 180 degrees. 
 
Fig. 4 shows microscopic surface images of the middle of the specimen and the profile curves 
of the positions marked by the black triangles before and after applying SCP. The results of 
surface roughness measurement are listed in Table 1. Before applying SCP, there was no 
substantial asperity on the surface of a mirror-polished specimen (Fig. 4a), and the surface 
roughness Ra was 0.047 m. After applying SCP, there were fine irregularities (the profile 
curves in Fig. 4b), a pattern similar to that of a fish scale (the red arrow in Fig. 4b), and dark 
abrasion powder (the red circle in Fig. 4b) on the streaked surface of the SCP-treated 
specimen. The surface roughness Ra was 0.725 m. These results indicated that the surface 
roughness slightly increased after applying SCP; however, the change was small. 
 
a. Before applying SCP b. After applying SCP  

 

 

Fig. 4: Microscopic surface images of the middle of the specimens and their profile curves 
 

 Surface roughness Ra [m] 
Mirror polished After SCP 

Average 0.047 0.725 
Standard deviation 0.01467 0.19255 

Table 1: Surface roughness Ra at the center of specimen 

 
Surface hardness and microstructure observation of SCP-treated AZ31 
 
The Vickers hardness of the SCP-treated specimen was measured at five points on the 
circumference of the modified part. Table 2 lists the measurement results. The Vickers 
hardness increased to almost twice as much after applying SCP. 
 

 Vickers hardness Hv 
Mirror polished After SCP 

Average 60 117 
Standard deviation 8 11 

Table 2: Vickers hardness at the center of specimen (test force: 1 kg) 
 
Fig. 5 shows the transverse structure of the SCP-treated specimen. A fine mesh-patterned 
region was observed beneath the surface and the depth from the surface reached about 50 
m. Under the mesh-patterned region, twins with some lines in the crystal grains were formed. 
The twins did not exist at the center of the cross section of the specimen. The observation 
showed that the mesh-patterned region and twins were formed by SCP, and their formation 
might be the cause of the increase in the surface hardness of AZ31. 
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Fig. 5: Microstructure of a cross section of SCP-treated specimen 
 
Fatigue test results 
 
Fig. 6 shows the S-N plots of untreated specimens and SCP-treated specimens. The fatigue 
life of SCP-treated specimens became longer than that of untreated specimens. Comparing 
the results at 120 and 100 MPa of SCP-treated specimens with those of untreated specimens, 
the fatigue lives were about 17 to 100 times longer.  
 

  
Fig. 6: S-N diagrams of AZ31 without or with SCP 
 
Observation of fracture surface 
 
To clarify the reason for the improvement effect on fatigue life, fracture surfaces were 
investigated in detail on the basis of SEM observations. Fig. 7 shows fracture surfaces of an 
untreated specimen and a SCP-treated specimen fatigued at a stress amplitude of 100 MPa. 
A facet, outlined with a white dotted frame in Fig. 7a, was located at the surface. It showed that 
the origin of fatigue fracture was at the surface in the untreated specimen. On the fracture 
surface of the SCP-treated specimen, a band-like layer just beneath the surface (above the 
white dotted line shown in Fig. 7b) was observed. This layer did not exist beneath that of the 
untreated specimen. The depth of the layer was about 50 m and corresponded to the mesh-
patterned region shown in Fig. 5. Some crack initiation sites were observed in the sub-surface; 
for example, the facet shown by the black arrow in Fig. 7b and those shown in Fig. 8. Around 
the facets shown in Fig. 8b, a fine granular area formed by repeating contact of fracture 
surfaces was observed. These fracture surface features showed that sub-surface fractures 
occurred in the SCP-treated specimen. Thus, the results suggest that SCP modified the 
surface layer of the AZ31 specimen and this layer suppressed crack initiation from the surface. 
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a. Untreated specimen (a = 100 MPa) b. SCP-treated specimen (a = 100 MPa) 

  
Fig. 7: SEM observations of fracture surfaces around crack initiation site of AZ31 specimens  

 
a. Image around crack initiation site b. Magnification of the area framed in 8a 

  
Fig. 8: SEM observations of interior crack initiation site of AZ31 with SCP (a = 100 MPa) 
 
SUMMARY AND CONCLUSIONS 
 
A new surface modification technique, scanning cyclic press (SCP), was applied to magnesium 
alloy AZ31 to investigate the effect on fatigue properties. Uniaxial fatigue tests showed that 
fatigue life of a SCP-treated specimen was about 17 to 100 times longer than that of an 
untreated specimen. In the SCP-treated specimen, fatigue fracture origins were sub-surface 
and a band-like layer just beneath the surface was observed on the fracture surface, whereas 
the layer did not exist on that of the untreated specimen, which fractured from the surface. The 
result suggested that SCP modified the surface layer of the specimen and this layer 
suppressed crack initiation from the surface. 
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Abstract 

It is the purpose of this study to clarify influence of the hybrid surface modification process on very 
high cycles fatigue strength of steel materials. The hybrid surface modification process is the surface 
modification process that combined fine particle peening process with gas carburizing process. High-
strength gears steel DSG2 and chrome molybdenum steel ASTM4118 were used for specimen. 3 
kinds specimen (quenching tempering specimen (QT), gas carburizing (C) and hybrid surface 
modification process (CP)) were prepared. Fatigue experiment were performed using ultrasonic 
fatigue testing machine. Fatigue strength of C and CP specimens were higher than QT specimens It 
was not different in C and CP specimens. As result of fracture observation, the fracture origin of C 
and CP specimens was destruction in 0.5mm from surface. In very high cycle region, nonmetallic 
inclusion was observed in the fish-eyes center. 

 
Keywords 
Fatigue, Fine particle peening, fisheye, surface treatment 
 
1. Introduction 

In recent years, machinery and structures have been required to be safe and have a long service 
life. An indispensable part of doing so is increasing the strength of materials. Hybrid surface 
modification, which combines gas carburizing treatment and fine particle peening (FPP), is a method 
that should help further improve the fatigue strength. As the first stage, gas carburizing treatment 
produces high toughness, excellent wear resistance, and fatigue resistance. As the second stage, 
FPP treatment improves the fatigue strength by imparting a high compressive residual stress to the 
material surface. 

Conventionally, the fatigue strength of high-strength steel and surface-modified material is 
assumed to be almost constant at 107 cycles. However, recent studies on very long service lives 
exceeding 107 times have reported fatigue failure originating not from the surface but from inclusions 
inside the material. In addition, the phenomenon of two-step bending in the S–N curve has been 
reported. Thus, a service life of up to 107 cycles is insufficient for evaluating the fatigue strength in the 
very long life domain. However, low-speed fatigue tests have so far required enormous amounts of 
testing time and labor and thus are difficult to perform. Therefore, the use of a high-speed fatigue 
testing machine is being studied as a method of evaluating these fatigue characteristics. The 
ultrasonic fatigue testing machine makes it possible to perform a high-speed fatigue test at a cycle 
frequency of 20 kHz by utilizing the resonance action of the test piece. 

In this study, an ultrasonic fatigue testing machine was used to evaluate the fatigue strength of a 
hybrid surface modified material in the gigacycle domain and the influence of this treatment on the 
fatigue strength characteristics. 
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2. Specimens and experiment method 
2-1. Test materials 

For the test material, steel for high-strength gears (DSG 2) and chromium molybdenum steel for 
machine structures (SCM 420) were used. Table 1 presents the chemical components, and Fig. 1 
shows the shape and dimensions of the test pieces. Because the ultrasonic fatigue testing machine 
uses resonance action to perform the fatigue test, the resonance dimensions of the test piece were 
calculated by the wave equation. However, the resonating dimension is somewhat different from the 
actual size. Therefore, an onsite test was conducted to determine the optimum specimen shape. 
 
2-2. Specimens 

Three types of specimens were used: qualified material (QT material), gas carburized material (C 
material), and hybrid surface modified material (CP material). After the base material was heat-
treated (primary quenching at 1163 K for 1 h, secondary hardening at 1113 K for 1 h, tempering at 
463 K for 1 h), it was machined to a predetermined shape with emery paper (#180–#2000) and 
mirror-finished with buffing (6 µm, 1 µm). In order to remove residual stress, vacuum annealing was 
performed at 873 K for 1 h. The C material was carburized with C 4 H 10 gas. The CP material was 
subjected to two-stage peening in the order of steel and ceramics for FPP after gas carburization, as 
given in Table 2. 

  
 C Si Mn Cu Ni  C r Mo 

DSG2 0.21 0.19 0.72 0.12 0.06 0.99 0.16 

SCM420 0.21 0.04 0.56 0.06 0.86 1.00 0.28 
 

 

 
Material of 
particles 

Diameter of 
shot (µm) 

Air press 
(MPa) 

Coverage 
(%) 

time 
(s) 

FSS 50 0.49 <100 40 
FHB 50 0.39 <100 40 

 
 
2-3. Fatigue experiment method 

For the ultrasonic fatigue test, an ultrasonic fatigue testing apparatus (USF-2000) manufactured by 
Shimadzu Seisakusho was used. The fatigue test was performed at room temperature in 
atmosphere with a sine wave having the stress ratio R = −1 and an operating frequency of 20 kHz. 
Because the ultrasonic fatigue testing machine operates at high speed, it generates heat near the 
resonance point. Therefore, in order to prevent the influence of heat, the machine was operated 
intermittently by alternating the execution period (to = 110 ms) and the stop period (tp = 500 ms) with 
forced cooling by compressed air. 
 
3. Results and discussion 
3-1. Result of hardness measurement 

Fig. 2 shows the hardness distribution for each treated material. Both the DSG 2 and SCM 420 
materials had low hardness of around HV 660 near the surface. This may have been due to the 
influence of the carburized abnormal layer. On the other hand, the hardness around the surface of 
the CP material was about HV 860 for the DSG 2 material and about HV 840 for the SCM 420 
material. However, the increase in hardness was limited to the vicinity of the surface. Therefore, the 
effect of the FPP treatment was assumed to be limited to a depth of 10 µm, which was considered to 
be a hardened layer. The extremely high hardness obtained with the CP material was considered to 
be due to martensite in the retained austenite and refinement of the structure. In addition, the 

Table 1 Chemical compositions (mass%) 

Table 2 FPP conditions 

Fig. 1 Fatigue specimens 
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effective hardened layer of the C material was confirmed to have a depth of about 0.25 mm for both 
the DSG 2 and SCM 420 materials. 

 
3-2 Result of the fatigue experiment 

Fig. 3 shows the fatigue test results for the QT, C, and CP materials of (a) DSG 2 and (b) SCM 420. 
For the C and CP materials, the first horizontal part of the S–N curve increased by about 400 MPa 
compared with the QT material. This may be because a high compressive residual stress was 
imparted to the vicinity of the surface by gas carburizing and the hybrid surface reforming treatment, 
which greatly increased the hardness near the surface. The fatigue limit of the QT material (Fig. 3(b)) 
could not be determined because it was below the set stress width of the ultrasonic fatigue test. For 
high strength materials, the two-step bending phenomenon of the S–N curve has been reported at 
the gigacycle scale 1–12). Even in this study, fisheye-type internal fracture was confirmed around 106 
times and is presumed to be a two-step bending phenomenon, but it seemed to be influenced by 
heat on the high-stress side. Thus, it could not be concluded that the failure was due to fatigue. . In 
addition, there was not much difference between the C and CP materials, and FPP was not observed 
to improve the fatigue strength. The FPP treatment may not have had an effect because the high-
cycle area failed internally. However, no difference was found between the C and CP materials even 
on the short-life side without internal failure. When a high stress of 800 MPa or more was applied to 
DSG 2 and 700 MPa or more was applied to in SCM 420, heat was generated in the central portion 
of the test piece. Heat may have had a strong influence because the central part of the test piece had 
a diameter as thin as 3 mm. Furuya et al. (13) reported that data could not be obtained when high 
stress of more than 900 MPa was applied to SNCM 439 material with an ultrasonic fatigue testing 
machine because the specimen generated heat. Therefore, the heat-generating stress must be 
considered, especially as it differs depending on the material and shape. All low-speed fatigue tests 
were destroyed by fisheye-type failure. After 106 times, the same tendency as that in the ultrasonic 
fatigue test was observed. 

 
3-3 Fracture surface observation 

The cross-section of the broken test piece was observed using field-emission scanning electron 
microscopy (FE-SEM). All fracture modes of the QT material were confirmed to be fatigue fractures 
originating from the surface. Fig. 4 shows representative examples of fracture photographs of the 
DSG 2-C material after the ultrasonic fatigue test. A fisheye was observed at N ≥ 2 × 106 times. Clear 
inclusions were also found in the center of the fisheye. At (a) N = 3.20 × 106 times with a short lifetime, 
an optically dark area (ODA) was not observed around the starting inclusion. At (b) N = 2.28 × 108 
times with a long life span, the surface condition around the inclusion ODA appeared white because 
of its roughness 

 
 

 
 

    
(a) DSG2 (b) SCM420 

Fig. 2 Distribution of the Vickers hardness 
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3-4 Fracture origin of fisheyes 

Fig. 5 shows the relationship between the depth from the surface to the center of the inclusion and 
the number of cycles. In addition, Fig. 5(a) shows the results of the low-speed test conducted 
for comparison. The effective carburization depth of the gas carburized material in this study was 
0.25 mm, but the figure shows that fracture in both the ultrasonic fatigue test and low-speed fatigue 
test originated internally. These tests use tension and compression; because there is no stress 
gradient, the whole specimen becomes a hazardous volume. Therefore, the FPP treatment was not 
observed to have an effect on the extreme surface hardness layer because the specimen was 
destroyed from the inside, which had lower strength. 
 

 
 

 
 
 

 
 
     
 

(a) DSG2 C σa = 780 MPa, N = 3.20 × 106 
 

(b) DSG2 C σa = 729 MPa, N = 2.28 × 108 
 

Fig. 3 Result of the fatigue experiment 
(a) DSG2 (b) SCM420 

Fig. 4 SEM images of fracture surface on DSG2-C 

(a) DSG2 (b) SCM420 
Fig. 5 Relation between distance from surface to inclusion and number of cycles 
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3-5 Quantitative consideration of fish-eye 
Fig. 6 shows the relationship between the defect size of the fracture starting point and the 

cycle number. The square root of the area of the inclusion is denoted by √areaInc, and the 
square root of the area of the ODA is denoted by √areaODA. Fig. 6(a) is for DSG 2; √areaODA 
tended to increase with the number of cycles for both the C and CP materials. As mentioned 
above, the ODA was not observed in the CP material at N ≤ 4 × 106. In both the ultrasonic 
fatigue test and low-speed fatigue test, b was about 10–20 µm. Fig. 6(b) is for SCM 420; 
although there was some variation in √areaODA, the tendency was similar to that of DSG 2. 
The ODA was not observed in the C material for N ≤ 1 × 106 and in the CP material for N ≤ 4 
× 106. √areaInc was about 30–40 µm which is larger than that for DSG 2. Murakami et al. (14) 
pointed out that the ODA tends to increase with the number of cycles, and the results of this 
study also showed a similar trend. In other words, an ODA is formed by crack propagation 
due to a fatigue mechanism different from the normal fatigue mechanism, and an ODA is 
largely related to fatigue fracture at cycles of 106 times or more. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3-6 Study on the stress intensity factor range 

The stress intensity factor ∆K when the inclusion that becomes the internal crack initiation 
point is regarded as the initial defect can be obtained with the following equation of Murakami 
et al. (15): 
 

0.5K areaσ π∆ =  (1) 
 

When the value of √areaInc is substituted for √area in equation (1), ∆K is set as ∆KInc. When 
the value of √areaODA is substituted in, it is set as ∆KODA. Fig. 7 shows the relationship 
between each ∆K and the number of cycles. Although the amount of data for ∆KODA in the 
low-speed fatigue test was small, both the C and CP materials appeared to show almost 
constant values of about 3.5–4.6 MPa·m1/2 regardless of the number of cycles, similar to the 
ultrasonic fatigue test. This means that an ODA is formed by repetitive stress; if ∆KODA 
reaches a certain value, ordinary fisheye type cracks will be assumed to grow and lead to 
failure. 
 

Fig. 6 Relation between √area and the number of cycles 

(b) SCM420 (a) DSG2 
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4 Conclusion 

In this study, the fatigue strength of steel for high-strength gears (DSG 2) and chromium 
molybdenum steel for machine structures (SCM 420) was evaluated by using an ultrasonic fatigue 
testing machine capable of operating at a high cycle frequency of 20 kHz. The conclusions are 
summarized below. 

 
(1) Both the materials with gas carburizing and hybrid surface modification showed a monotonic 

downward slope on the S–N curve, and no definite fatigue limit could be confirmed. In addition, the 
hybrid surface modification was not observed to have an effect. The specimens failed from the inside 
rather than on the effective carburized hardened layer (0.25 mm). Therefore, hybrid surface 
modification does not seem to have an effect on the extreme surface hardness layer. 

 
(2) The stress intensity factor range ∆KODA was almost constant. For ODAs, the stress intensity 

factor range ∆KODA may be an effective parameter for determining the fatigue limit in the very long life 
domain. 
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ABSTRACT 
 
Determining the crack propagation curve is a key point for designing safe components with a 
damage tolerance objective. Carrying out crack propagation tests are long, especially for 
determining the bottom part of the da/dN=f(∆K) curves close to the threshold of the stress intensity 
factor range. In this paper fatigue crack growth tests in mode I have been carried out under two 
loading ratios (R= -1 and 0.1), on 3 steels used in automotive industry (DP1180, CP1000 et 
M800HY), at 30 Hz and 20 kHz in order to study the effect of the loading frequency on the Paris 
curve. No significant effect of the loading frequency on the da/dn=f(Keff) curves was observed for 
the CP1000 and M800HY steels but a small effect was observed in the case of the DP1180 steel. 
The temperature increase during the crack propagation is very low. No striation was observed on 
the fracture surface at the two frequencies. 
 
KEYWORDS 
 
Ultrasonic, Fatigue, Flat carbon steel, Fatigue crack growth. 
 
INRODUCTION  
 
In many modern transportation systems (cars, trains and aircrafts) the durability of some 
components is between 108 and 109 cycles; this is the gigacycle fatigue regime. Since in this case 
the fatigue tests are long at usual testing frequency, typically lower than 100 Hz, some laboratories 
use ultrasonic fatigue tests between 20 and 30 kHz. However, at these very high loading 
frequencies the question of a possible frequency effect on both the crack initiation and the crack 
growth arises. This paper is focused on the crack propagation only. The experimentation is 
focused on the Paris curve and the threshold. Several works on this subject have been published 
in the literature. A first study about the effect of the loading frequency was carried out by Doquet et 
al. [1] on a very low carbon steel (0.13%) tested at two frequencies: 10 Hz and 20 kHz. The main 
result is that, the decrease of the frequency generates an increase of the crack propagation rate. 
Sato et al. [2] have studied the effect of frequency on the fatigue crack propagation rate on two 
materials: aluminum alloy 2024-T3 and steel SM-50 under tension-tension loading at three 
frequencies (120Hz, 0.1Hz and 0.0166Hz). Again, for these two materials, the conclusion is the 
same: the frequency decrease generates an increase of the crack growth rate. A third study about 
the frequency effect (0.25 Hz and 30 Hz) was carry out by Radon et al. [3] on steel BS 4360-50C at 
loading ratios equal to 0.08 and 0.7. The conclusion for this study is that the effect of frequency 
depends of the loading ratio. At R=0.08 there is no effect, but under the loading ratio 0.7, there is a 
frequency effect. One possible explanation of this effect is related to the presence of hydrogen with 
very high quantity inside the fracture surface under R=0.7 because the crack is open most of the 
duration of each loading cycle. On the contrary at the lower R ratio the crack is partially closed. 
Consequently, in this case the frequency effect is related to environment. The effect, on the fatigue 
crack propagation, of the loading frequency under different environments has been studied by Liaw 
[4] on an austenitic steel at the loading ratio R=0.1 and two frequencies (0.1 and 10 Hz). Three 
environments have been used (air, H2 and water). No effect of environment was observed at 
10 Hz, but at 0.1 Hz there was an effect. Jones [5] has published an article about the effect of both 
the loading frequency and the temperature on the fatigue crack propagation of a ferritic steel under 
a loading ratio of R=0.1 within a frequency range from 0.01 to 100 Hz and at different temperatures 
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(room temperature, 500 °C, 600°C and 700°C). A pronounced effect of the loading frequency was 
observed below 1 Hz, but no frequency effect beyond 1 Hz for the different temperatures. It seems 
that the effect of frequency is related to the material (sensitivity to the strain rate) and it is more 
influenced by the environment and the temperature. In this work, the effect of the loading 
frequency on the fatigue crack propagation rate is investigated by using two frequencies (20 kHz 
and 30 Hz) and two loading ratios (R=0.1 and R=-1). The investigated materials are three 
Advanced High Strength Steels (AHSS). According to Kuziak [6] this type of steels has the 
following characteristics [6]: high stiffness, strength, fatigue properties, impact resistance, and 
good formability. There are very few results only in the literature about the crack propagation on 
this family of steel. Li et al. [7] have studied the fatigue crack propagation of three different steels: 
FP (Ferrite - perlite 16 %), FM (Ferrite - martensite 19 %) and FM-820 (ferrite - martensite 30 %)) 
at room temperature. The specimens were tested using a constant amplitude sinusoidal load. At a 
loading ratio R=0.1, at a frequency of 10 Hz. Among the three grades, the FP grade exhibits the 
higher fatigue crack propagation velocity with respect to the two martensite grades. Whenever the 
martensite content increases, the crack propagation rate decreases at the same the stress 
intensity factor range. At ultrasonic loading frequency, a single study has been found in the 
literature on AHSS. It concerns the dual phase steel DP600 [8]. Its purpose is to measure the 
intrinsic dissipation at a loading frequency of 20 kHz, but no paper has been found about a 
possible frequency effect on the crack growth rate at ultrasonic frequency. 
 
EXPERIMENTAL PROCEDURES  
 
Materials 
 
Three different steels for automotive industry were studied: (i) DP1180, a dual phase steel with 
ferrite (9 %) and martensite (91 %) containing refined carbide precipitates; (ii) CP1000, a complex 
phase steel with ferrite (18 %) and martensite (82%) with refined carbide precipitates. These two 
steels are produced in sheet form by cold rolling and are zinc coated. The specimens were 
machined, without removing this coating, and with their longitudinal axis parallel to the rolling 
direction. (iii) The third steel is a multi-phase one (M800HY) with bainitic microstructure containing 
very few perlite and martensite and some carbides. It is produced by hot rolling in 3.2 mm 
thickness and it has no coating. The microstructure of these materials is illustrated in Fig. 1. Their 
mechanical properties under monotonic quasi-static tension in rolling direction are: Rm=1136 MPa, 
Rp0.2=818 MPa for CP1000, Rm=1245 MPa, Rp0.2=1056 MPa for DP1180 and Rm=880 MPa, 
Rp0.2=826 MPa for M800HY. 
 

 
Fig 1 :Microstructure of :( a) M800HY, (b) CP1000, (c) DP1180 after etching 

 
Testing conditions 
 
The fatigue crack growth tests were carried out according to ASTM E647 standard at 30 Hz with a 
servo-hydraulic machine and at 20 kHz with an ultrasonic resonant one. For each frequency two 
loading ratios were considered: R= -1 and R=0.1. The specimens’ geometry is illustrated in Fig. 2. 
The tests were carried on long natural cracks emanating from notches. The procedure for carrying 
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out fatigue crack growth tests at ultrasonic frequency has some particularities described in [9], 
some generalities are also given in ref. [10]. In our experiments, because of the low specimen 
thickness a plane stress state has been assumed and the equation proposed by Wu [10] was used 
to compute the stress intensity factor range, ∆K. Because of the high loading frequency, the 
opening loading could not be measured, consequently the effective value of ∆K is assumed to be 
∆Keff=Kmax for R=-1 and ∆Keff =Kmax-Kmin for R=0.1. Furthermore, all the specimens tested at 20 kHz 
were cooled with dry compressed air passing through an air gun (input pressure 2 bars). 
 

 
Fig 2 :Geometry of the specimens: a, b) specimen tested at 20 kHz, c) zoom on the notch, and d) 
M(T)-specimen after ASTM E647 tested at 30 Hz 
 

Since at high loading frequency the specimen heating may be high, the temperature profile at the 
fatigue crack tip was measured with an infrared camera on some specimens having a mat black 
paint surface but without any air cooling. This condition (no cooling) allows us to check the 
maximum possible temperature. For the tests at 20 kHz a FLIR camera SC 7000 was used with 
the following characteristics :(i) temperature measuring range: +5°C to +300°C, (ii) manual focus 
(ii) 25 Hz frame rate and a sub-sampling of 5Hz to reduce the size of the IR film. The other face of 
the specimen has been used to monitor the crack propagation with an optical camera. For the test 
at 30 Hz, the crack propagation was measured with the potential drop technique and the 
temperature field around the crack was measured with an IR camera from InfraTec with the 
following characteristics: (i) temperature measuring range +5°C to +300°C, (ii) manual focus (ii) 
frame rate 1 Hz. After fatigue testing the specimens were observed by SEM. To do that the 
specimens were broken in two parts by applying a monotonic loading after immersion in liquid 
nitrogen during 10 mn.  
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 
Comparison of the Paris curves at 30Hz and 20kHz 
 
The results at 30 Hz and 20 kHz in the Paris regime are in good agreement for the M800HY steel 
under the two investigated loading ratios R=-1 and R=0.1 (Fig. 3). This is the same for the CP1000 
(Fig. 4): there is no effect of the loading frequency at R=0.1 but a small difference at R=-1. 
However, for the DP1180 a significant difference between the Paris curve at 20 kHz and at 30 Hz 
can be observed for the two-loading ratio (R=0.1 and R=-1) on Fig. 5. 
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Fig. 3 : Crack growth curves for M800HY at 30 Hz and 20 kHz for a) R=-1 and b) R=0.1. 

 
Fig. 4 : Crack growth curves for CP1000 at 30 Hz and 20 kHz for a) R=-1 and b) R=0.1. 

 
Fig. 5 : Crack growth curves for DP1180 at 30 Hz and 20 kHz for a) R=-1 and b) R=0.1. 
 
Temperature measurement 
Temperature analyses presented hereafter are focus on the evolution of the current temperature 
(T) by reference to the initial and homogeneous temperature of the specimen (T0). That is why the 
temperature variation (∆T=T-T0) is considered. On the tests at 20 kHz, the temperature was 
measured by block because the crack growth experiments were done by block for having a quasi-
constant K [9]. Furthermore, the duration of each block was short because of the high loading 
frequency (107 cycles correspond to 8 min). But, since the tests at low frequency were long and 
done without stopping the propagation, the temperature variation T was defined with reference to 
temperature at point P8 (Fig. 6b). That is the reference measurement point which takes into 
account the temperature evolution of the specimen due to temperature changement of the 
surrounding during the test. In this example, P2 to P7 are the left-hand side measurement points. 
P10 to P15 are the right-hand side ones. One can see in Fig. 6 that ΔT is small for all the tested 

(b) (a) 

(b) 
(a) 

(b) 

(a) 
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ΔKeff values. For the higher ΔK value a higher increase of the temperature variation is observed. 
This is due to the higher dissipation at the crack tip since the heat source at the crack tip is 
proportional to ΔK4. [11, 12]. Fig. 6 shows also that the temperature increase was small at the two-
tested frequency. Consequently, there was no loading frequency-induced temperature effect on the 
crack growth curves. However, even if the temperature variations were small (a few Celsius 
degrees only) ahead of the crack tip, one can note that this was approximately 10 times greater at 
20 kHz than at 30 Hz. The same conclusion is valid for the three steels of this study. 

 
Fig.6: Temperature measurement on DP1180 under R=0.1: a,b) Temperature measurement at the 
crack tip at under loading at 20 kHz, c) M (T) specimen and the path to measure the temperature 
during the crack propagation at 30 Hz, d) T vs. stress intensity factor range. 

Discussion 
In this study, different AHSS were tested at very high loading frequency and usual frequency to 
quantify if there is an effect of the loading frequency on fatigue crack propagation. To do so we 
have determined the Paris curves and compared them. It seems that depending of the material 
and the loading ratio (R=-1 or 0.1) the frequency effect on the fatigue crack growth (FCG) rate 
changes. Three cases are observed. No effect in the case of M800HY steel for the two loading 
ratios. A small effect of the frequency for CP1000 but just at R=-1. But a clear effect under the two 
R ratios: R=-1 and R=0.1 for DP1180. Among the three tested steels at different frequencies, it is 
clear that the effect of frequency is much higher in the case of DP1180. This effect could be related 
to the presence of martensite. Indeed, according to our results, the FCG rate of DP1180 steel was 
the slowest among the three investigated steels under the same ΔK, proving a decreasing effect of 
martensite on the FCG rate. Furthermore, ΔKth increases with an increase in martensite content. 
This result was observed by other authors too [13]. This delay could be related to the formation of 
very high quantity of dislocations between the borders of martensite induced by the transformation 
of residual austenite to martensite [14], but in our case the amount of residual austenite was very 
low. The increase of temperature was measured too. This is very low for the two tested 
frequencies. The comparison by SEM of fracture surfaces obtained after low and very high loading 
frequencies were done. No striation was observed on the studied steels, probably because they 
are not ductile enough. Furthermore, it is difficult to compare these fracture surfaces because 
according to [7], at low frequency depending of the crack length the morphology of crack changes 
whereas this is not the case for the fatigue crack propagation at very high loading frequency. 
However, one can say that the morphologies of the fracture surfaces are quite similar. 
 
CONCLUSION 
According to the results obtained on the three steels investigated in this work at 20 kHz and 30 Hz 
the conclusions are the following. (1) at the two frequencies, the fatigue crack growth rate on 
DP1180 is the slowest. (2) The higher threshold of K is for the steel with the higher martensite 
content (DP1180). (3) No striation has been observed on the fracture surface whatever the loading 
frequency and the steel. (4) The temperature variation ahead of the crack tip during the crack 
propagation tests at 20 kHz and 30 Hz is small (a few degrees Celsius). (5) There is no frequency 
effect in the Paris regime for M800HY whatever R. On CP1000, there is no frequency effect under 
R=0.1 but a small effect at R=-1. But on DP1180, there is a significant difference in the Paris 
regime between tests at 20 kHz and at 30Hz for both loading ratios R=0.1 and R=-1. 
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Fatigue damage has special relevance on the life span of mechanical components and 
structures, as it takes responsibility for the majority of the registered structural failures. 
Although its mechanisms have been the subject of continuous research, the growing need 
for greater lifespans forced the understanding of the behavior of materials under very high 
cycle loadings, also known as Very High Cycle Fatigue. On the other hand the behavior of 
materials under multiaxial fatigue has been the subject of research and development, but not 
in the region of very high cycles, due to the inexistence of appropriate machinery to perform 
these tests. The authors of this work have already a large experience on the performance of 
multiaxial fatigue tests under axial/torsion loading under servo-hydraulic fatigue testing 
machines and on very high cycle fatigue tests. 
 
In this context, and in order to understand the behavior of materials on the very high cycle 
region of the S-N curves and remarking the absence, for some materials, of the fatigue limit 
that used to be considered on mechanical design, a comparison must be carried out between 
the loading conditions determined in lower frequencies (servo-hydraulic testing) and very 
high frequencies (piezoelectric ultrasonic testing machines). 
 
In this paper, a device designed to produce biaxial, axial/torsional loading fatigue testing 
using a single piezoelectric axial exciter is presented, as well as the instrumentation used on 
the preliminary testing of this device. The device is comprised of a horn and a specimen, 
which are both attached to the piezoelectric exciter. The steps taken towards the final 
geometry of the device, including special designed horn and specimen are presented. 
Experimental testing of the developed device is carried out using thermographic imaging, 
strain measurements and vibration speeds and indicates good behaviour of the tested 
specimen. Results of stress and strain measurements on specimens tested under biaxial 
loading conditions, at static loading, lower frequencies and very high frequencies are 
discussed and analyzed. Measurement techniques such as electric strain gages and digital 
image correlation were used. Results show that it is possible to carry out multiaxial 
(axial/torsion loading) fatigue tests at very high frequencies with comparable results with 
tests at lower frequencies which allow the development of faster and reliable very high cycle 
multiaxial fatigue tests. 
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ABSTRACT 

Fatigue damage has special relevance on the life span of mechanical components and 
structures, as it takes responsibility for the majority of the registered structural failures. 
The growing need for greater lifespans in components and structures forced the 
understanding of the behavior of materials under very high cycle loadings, known as 
Very High Cycle Fatigue. In order to understand the behavior of materials on the very 
high cycle region of S-N curves and remarking the absence, for some materials, of the 
fatigue limit that used to be considered on mechanical design, updated fatigue tests 
must be carried out for lives above 107 up to 1010 cycles. Classical fatigue testing 
machines are not able to perform such tests in a reasonable time and very high 
frequencies must be used. In recent years, fatigue testing machines working at 
ultrasonic frequencies became more performant and allowing fatigue tests at the 
frequency of 20 kHz. The behavior of materials under multiaxial fatigue has been the 
subject of research and development, but not in the region of very high cycles, due to 
the inexistence of appropriate machinery to perform these tests. In this paper, a device 
designed to produce biaxial (axial/torsional) loading fatigue testing using a single 
piezoelectric axial actuator is presented, as well as the instrumentation used for 
monitoring and control during the fatigue testing at very high cycle loadings. 
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INTRODUCTION 

Fatigue damage has special relevance on the life span of mechanical components and 
structures, as it takes responsibility for the majority of the registered structural failures. 
Although its mechanisms have been the subject of continuous research, the growing 
need for greater lifespans, due to the need of both weight reduction and energy saving, 
forced the understanding of the behavior of materials under very high cycle loadings, 
also known as Giga Cycle Fatigue [1] or more recently Very High Cycle Fatigue. On the 
other hand the behavior of materials under multiaxial fatigue has been the subject of 
research and development [2], but not in the region of very high cycles, due to the 
inexistence of appropriate machinery to perform these tests. The authors of this work 
have already a large experience on the performance of multiaxial fatigue tests under 
axial/torsion loading under servo-hydraulic fatigue testing machines [3] and on very 
high cycle fatigue tests [4]. In this context, and in order to understand the behavior of 
materials on the very high cycle region of the S-N curves and remarking the absence, 
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for some materials, of the fatigue limit that used to be considered on mechanical design 
[5, 6], updated fatigue tests must be carried out for lives above 107 up to 1010 cycles. 
Classical fatigue testing machines are not able to perform such tests in a reasonable 
time and very high frequencies must be used. Also, comparison must be carried out 
between the loading conditions determined in lower frequencies (servo-hydraulic 
testing) and very high frequencies (piezoelectric ultrasonic testing machines). 

The behavior of materials under multiaxial fatigue has been the subject of research and 
development, but not in the region of very high cycles, due to the inexistence of 
appropriate machinery to perform these tests in a reasonable time. In this paper, a 
device designed to produce axial and axial/torsional loading fatigue testing using a 
single piezoelectric axial exciter is briefly presented [7], as well as the instrumentation 
used on the preliminary testing of this device [8]. The device is comprised of a horn and 
a specimen, which are both attached to the piezoelectric actuator. The steps taken 
towards the final geometry of the device, including special designed horn and 
specimen are presented. Experimental testing of the developed device is carried out 
using thermographic imaging, strain measurements and vibration speeds and indicates 
good behaviour of the tested specimen. Results of stress and strain measurements on 
specimens tested under biaxial loading conditions, at static loading, lower frequencies 
and very high frequencies are discussed and analyzed. Results show that it is possible 
to carry out multiaxial (axial/torsion loading) fatigue tests at very high frequencies with 
comparable results with tests at lower frequencies which allow the development of 
faster and reliable very high cycle multiaxial fatigue tests. 

 

ULTRASONIC FATIGUE TESTING 

An ultrasonic fatigue test differs from the conventional fatigue in the nature of vibration. 
An ultrasonic fatigue test seeks to reproduce free vibration with the specimen vibrating 
at its own fundamental frequency [7]. In conventional testing the working frequency is 
set away from the fundamental frequencies and the specimen is subjected to forced 
vibration. In order to perform ultrasonic tests, it is necessary to design a specimen with 
a fundamental frequency tuned up to match the machine’s working frequency. 

Tension and Torsion Fatigue Testing 

The description of the processes of the development of a VHCF testing device for 
biaxial conditions, using a single axial piezoelectric exciter, is presented [8, 9]. The 
device is comprised of a horn and a specimen, being the latter the component to be 
tested on biaxial conditions, with a loading that was predefined to have in-phase 
sinusoidal components of axial and shear stress at stress ratio R=-1. 

Since the horn receives a sinusoidal axial displacement from the piezoelectric actuator, 
and it is intended to induce also torsional loadings on the specimen, the horn has to be 
responsible for the generation of the rotational movement which will be imposed on the 
specimen and will promote shear stresses in it. This implies that the horn takes special 
importance on the behavior of the device, specifically on the relationship between axial 
and torsional loadings imposed on the specimen.  

The computational modal analysis made to this geometry, proved that a certain 
dynamic vibrational mode could be achieved in which the horn would vibrate in a hybrid 
mode composed by axial and torsional modes, where axial and rotational 
displacements are amplified on the smaller free end. Still, there was a need for a horn 
that would possess this specific mode on the frequency at which the actuator operates 
(20 kHz). The iterative process to obtain the final geometry was produced using finite 
element model [8, 9], and a schematic representation is shown on Fig. 1. The final horn 
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geometry consists of a conical shaped part with two groups of oblique slits responsible 
for the generation of the rotational character of the horn, which in turn will promote 
sinusoidal rotations on the specimen that will add to the already existent sinusoidal 
axial excitation. 

 

Fig. 1: Schematic 2D representation of the developed biaxial horn 

Before introducing the final geometry of the used specimen, it might be interesting to 
analyze the dynamic equations (1) and (2) for a generic bar for both axial and torsional 
modes. 
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where Ed and Gd, are respectively the Young and shear torsional modulus, t is time, u 
and are the axial and rotational displacements, x is the associated coordinate system 
and  the density of the material. The dynamic equation for axial and torsional 
frequency of generic cylindrical bar of length l, are respectively, Equations (1) and (2): 
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Obviously, and due to the differences found between the Young and Shear Modulus, 
the results of the frequencies n are lagged by a certain ratio. This implies that, for a 
cylindrical shape, the first axial mode will have a significant different frequency value 
from the respective first torsional mode. If a cylindrical shaped specimen is pretended, 
this raises a relevant problem to the specimen design. Other combinations of modes 
were considered, but the final design consisted of a specimen that possesses its first 
axial mode (n=1) and its third torsional mode (n=3) at the same frequency. This is 
achieved by designing a cylindrical specimen with three throats (instead of a classical 
one throat specimen), as seen in Fig. 2. 

 

Fig. 2: Schematic 2D representation of the developed specimen. 
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A 3-dimensional view of the developed device, specimen and horn, for axial/torsion 
fatigue testing at ultrasonic frequencies was designed and it became mandatory to 
produce computational analyses to understand the dynamic behavior of the coupled 
system, formed by the booster, horn and specimen, which can be found in [8]. 

Having achieved the final geometry for the three elements coupled with the 
piezoelectric actuator, the ultrasonic fatigue testing device is ready for working, 
remembering that for each elastic material, having different elasticity properties and 
specific weight, will lead to different dimensions but similar shape for the specimen. 
But, for any geometry the loading characteristics present on the specimen will be 
similar and can be represented schematically in Fig. 3, for the axial displacement and 
axial stress and rotation and shear stress along the longitudinal axis. 

 

Fig. 3: Representation of axial displacement, rotation, axial and shear stress 

 

RESULTS AND DISCUSSION 

Thermographic imaging 

Because of the high frequencies used on this type of specimen testing, material 
temperature control represents a challenge on the completion of such tests [1, 5, 7]. 
Still, because of the fact that the specimen heats up faster on regions where stresses 
are higher, thermographic imaging may be used to evaluate an approximation of the 
stress profile on the specimen. First, the specimen was tested using an axial horn, 
which means that no rotation was being imposed to it. The results of this test are 
shown in Fig. 4, and axial testing of the specimen confirmed that it is correctly 
synchronized at the exciter excitation frequency and higher temperature is only 
observed in the middle throat. 

 

Fig. 4: Thermographic images of the axial tests performed on the specimen. 
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Second testing was produced with the developed horn (for tension/torsion tests), 
showing also higher temperatures occurring at the three throats, but with the highest 
temperature occurring at the middle throat, as expected and is shown in Fig. 5. 

 

Fig. 5: Thermographic image of specimen testing in tension/torsion. 

Therefore, thermographic imaging of the developed specimen and horn indicates that 
the specimen heats up on the three throats, but much more on the middle one, due to 
the higher stresses on this region due to the combination of axial and shear stresses, 
as it was designed to behave. 

Strain Results 

To evaluate strains and stresses on the specimen middle throat, a rosette-type strain 
gauge with three gauges from TML, reference FRA-1-11, was used. Data from the 
strain gauges during test was measured with a NI 6216 DAQ with the capability of 
acquiring signals with a 200 kHz sampling frequency. Testing was produced at 20 kHz, 
using the biaxial horn and the three gorges specimen and the results obtained from the 
three-way strain gage installed at the middle throat of the specimen are presented on 
Fig. 6. 

 

Fig. 6: Signals from the rosette strain gage at the specimen middle throat. 

Further stress calculations of the strain data presented in Fig. 6 are shown in Fig. 7. 
Results confirm the existence of a tension/torsion stress field in the specimen middle 
throat where for a maximum von Mises stress of 27 MPa a stress ratio (xy/yy)=(2/3) 
was determined, therefore a tension/torsion fatigue test at 20 kHz was achieved. 

 

Fig. 7: Central throat axial and shear stresses calculated from experimental tests 
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CONCLUSIONS 

A device to produce biaxial (axial/torsion) fatigue testing at the VHCF regime, using a 
single axial ultrasonic actuator, has been developed. Extensive analytical and 
experimental analyses were produced in order to qualitatively evaluate the dynamic 
behaviour of the device, specifically on the specimen. Thermographic imaging proved 
that maximum stresses are registered at the middle throat. A three-way rosette type 
strain gage was installed on the middle throat in order to acquire strains and evaluate 
the stresses present on this region, confirming the existence of a biaxial stress state. 

Further research is strongly suggested on this field, specifically on specimen control 
and behaviour, horn geometry influence on the axial/torsional stress ratio and final 
specimen dimension. 
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ABSTRACT 
 
The procedure to achieve the design of the specimen to fulfill the required axial/torsion loading 
in a piezoelectric actuator running in resonance at 20 kHz is carried out. The methodology 
uses a numerical simulation of the specimen under a dynamical modal analysis, carried out in 
commercial Abaqus software. A previous mesh convergence study was carried out in order to 
achieve the required accuracy in accordance with experimental results. The main issue in this 
device and specimen dimensioning are the vibration modes in axial and torsion: in order to 
achieve the correct vibrational results and specimen dimension, the first axial vibration mode 
must be achieved at 20 kHz and the same frequency must be achieved in torsional mode. 
Therefore, and due to the difference in elasticity modulus in axial and torsional modes, the 20 
kHz in torsional mode is achieved at the third mode, in steels. In order to validate the created 
numerical analyses, the obtained values of the stress relations in each throat are then 
compared with the experimental ones. 
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INTRODUCTION 
 
From 1E07 to 1E10 cycles it is considered to be in the very high cycle fatigue regime (VHCF). 
VHFC became only reliable with the introduction of piezoelectric transducers and with data 
acquisition equipment capable of acquiring data at a reasonable rate under ultrasonic 
frequencies. These piezoelectric ultrasonic machines are capable of imposing a controlled 
vibration to a set of components but only if the attached components are designed with a 
resonance frequency in the range of the transducer capabilities. The way the components are 
designed and attached to the transducer is not only important for the experiment to work but it 
also defines what type of stresses are being applied and studied. Many different test machines 
were already created to apply different types of loading in different conditions, as shown for 
example in [1, 2]. In VHCF regime, results have been published either in axial [1,3] or torsion 
loading [3,4]. The machine used in this paper was developed in the laboratories of DEM in IST 
by M. Freitas and collaborators [5]. This machine imposes two types of loading simultaneously. 
This is achieved by inducing the specimen in two different resonance modes, thus creating a 
biaxial stress condition. The components set is represented in figure 1 where it can be 
observed the transducer (1), booster (2), horn (3), specimen (4) and the ring (5) where the set 
will be in contact with the support. 

To run the test all components attached to the transducer need to have their natural frequency 
of the intended mode of around 20kHz, which is the transducer frequency work. This means 
that all components will be in resonance when the transducer is vibrating. When a component 
is in resonance the point where the stresses tend to be the highest are on the points where the 
displacement is null and vice versa. This points are called nodes of displacement for the null 
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displacement points, and nodes of stress in the null stress points. The resting ring is located 
in boosters’ nodes of displacement so not to disturb the sets resonance. 

 

 
Fig. 1: Set – Transducer (1); Booster (2); Horn (3); Specimen (4); Resting ring (5)  

 
MACHINE MAIN COMPONENTS 
 
The Booster and the horn 
 
Both booster and horn serve the same purpose, to amplify the displacements derived by the 
transducer. The amplification occurs due to the reduction of the cross-section area along the 
length of the booster and horn. Regarding the machine in study the horn has a new and vital 
purpose to create the rotation movement need it in order to induce the second resonance mode 
to the specimen. In order to create such rotation, the horn was design in a way where his first 
axial mode would create a rotation on the smallest radius base. The rotation was achieved by 
applying two sets of grooves. An iterative process was carried out using finite element software 
to obtain the final geometry with the correct resonance mode at 20kHz.  
 
The specimen 
 
The specimen is the crucial component of the machine. It needs to be well designed and 
manufactured in order to be able to be induced in two simultaneous resonance modes and to 
have the higher stresses applied in only one area of study. To achieve two resonance modes 
simultaneously both modes have to have similar natural frequencies. This happens because 
the axial and rotational displacements coming from the horn have the same working frequency, 
the frequency of the working transducer. In order to have a rotational mode with similar 
frequency to an axial mode the specimen is design with three throats that make it possible to 
have the third rotational mode alongside with the first axial mode. Comparing the frequencies 
of the rotational modes with the axial ones for a regular one throat specimen, it is easily 
concluded that the rotational modes have lower frequencies, as it is shown in table 1.  
 

Frequency Resonance mode 
4807 1º Rotational 
20000 1º Axial 
64207 2º Rotational 
64784 3º Rotational 
95281 2º Axial 

 
Table 1: Natural frequency of some of the resonance modes of a one throat ultrasonic tension-
compression fatigue test specimen 
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With the introduction of two other throats the third rotational mode will decrease in frequency, 
and so it becomes possible to achieve, through an interpolation process with a finite element 
software, a geometry where both of these modes have similar frequencies. With the 
introduction of the three throats the two referred modes have now relatively similar natural 
frequencies as it is possible to observe through table 2. 

 
Frequency Resonance mode 

17735 2º Rotational 
20270 1º Axial 
20294 3º Rotational 

 
Table 2: Natural frequency of some of resonance modes of the new specimen with three 
throats 

 
 

It is important to understand how the specimen will deform and subsequently how the stresses 
will develop in the peak of deformation. The first axial mode has the highest displacement on 
the bases and the lowest in the center where it has the highest normal stress. The third 
rotational mode has in each throat a node point where there is no displacement and the shear 
stress is maximum. The shear stress of the central throat is symmetrical to the remaining 
throats due to the direction of the applied torsion. Figure 2 a) and b) shows the specimen 
deformed as well as a graph of the displacement along its length for each mode. 

 
 

a) b)  
Fig. 2: Modal analysis simulation representing the displacements a) first axial mode b) Third 
rotational mode 

 

 

METHODOLOGY 
 
To fully understand and evaluate the specimen behavior under an induced vibration at 20kHz, 
strain gauges were applied in the three throats at the smallest cross section, and a numerical 
analysis was performed. Both methods are compared in order to validate the numerical 
analysis. Because each throat has its own behavior and results all the three will be analyzed, 
and therefore each throat is distinguished as represented in figure 3.  
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Fig. 3: Throat designations with the horn as reference  

 
Strain measurements 

In order to measure the stress values in each throat at their smallest cross section strain gages 
were applied. The strain gages installed are rosette-type strain gages with three gages with a 
45-degree angle between each other. The data from each strain sensor was obtained 
separately in order to obtain the biggest number of points in each test. Some preliminary tests 
were also performed, registering results from pairs of the same rosette-type strain gage to 
understand how the three signals were related to each other. With the information obtained by 
the strain gages and with the knowledge of the material properties, it is possible to obtain a 
good estimation of the stresses applied to the specimen surface. Since all the tests were 
carried out in elastic deformation conditions, it was only required to know the Young modulus, 
the Poisson ratio and the density of the used material. An example of the obtained results in 
the throats is presented in figure 4 for the Upper throat. 

 

 
 

Fig. 4: Normal and shear stresses calculated from data of the strain gage in the Upper throat  

 
With the stress results, obtained through the measured strain values, it’s possible to obtain the 
relation between the maximum amplitude of the shear and normal stress in each throat of the 
specimen, as presented next: 
 

Upper Throat: τ/σ = 1.45; Central Throat: τ/σ = -0.66 [6]; Lower Throat: τ/σ= 1.93 

Regarding the results, it is possible to conclude that the stress relation of the secondary throats 
is different between each other. Theoretically the normal and shear stress should be relatively 
similar between the secondary throats. The reasons for the unexpected values in the Lower 
Throat will require further research in order to fully understand its appearance. 
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Numerical analysis 

Regarding the finite element analysis of the components set the commercial software Abaqus 
6.14-1 was used. All three main components were modelled in the analysis, booster, horn and 
specimen, with the correspondent materials with the respective elastic, density and Poisson 
ratio properties. In order to obtain stress values for the resonance mode of interest from a 
dynamic modal analysis, a modal analysis was initially preformed. Through the modal analysis 
of the set components, it is possible to obtain all the resonance frequencies for all the modes. 
With the known frequency of the interest mode, a sinusoidal function was created. This function 
was then used in the dynamic modal analysis for the varying force, applied at the top of the 
booster, as the transducer carries on in the experiment. The total force applied will vary 
sinusoidal between the loads of 1.0N and -1.0N. The absolute value of the force is not 
important for the research since the applied method on the experiment is through power control 
and always under elastic loading, meaning that the force may vary along the forced vibration 
in order to maintain the resonance of the set, and in the finite element method is consider to 
be always on steady state conditions. It is required, in both analyses, to explicitly give the 
interactions between all the components. It was considered that the components will never slip 
in the contact area and will never separate. For the dynamic modal analysis, and to have a 
good resolution of the stress variation in each cycle, the chosen step time was calculated by 
the following method:  

Step time = 1 / (resonance frequency * number of points in each cycle) 
 

If the number of points chosen for each cycle is too low, the results will be compromised due 
to the bad resolution of the force. The obtained shear stress (S23) and normal stress (S33) at 
a node in the smallest cross section area of the Upper throat is presented in figure 5 as an 
example. 

 

 
Fig. 5: Upper throat: Normal (S33) and shear (S23) stresses calculated by the FEM 

 
COMPARISON OF RESULTS 
 
In order to validate the created numerical analyses, the obtained values of the stress relations 
in each throat need to be compared with the experimental ones. Table 3 shows each of the 
stress relations obtained and the error between the finite method compared to the experimental 
one. Through table 3 it is possible to conclude that the created finite element method has a 
good representation of the experiments with the exception of the lower throat result. This big 
error in the lower throat is due to an unpredictably higher than expected normal stress obtained 
in the strain gauge.  
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Throats 
Exp. (Strain Gauges) 

(τ/σ) 
FEM (Abaqus) 

(τ/σ) 
Error (%) 

(Exp-FEM)*100/FEM 

Lower 1.14 1.93 40.9 

Central -0.66 -0.71 7.2 

Upper 1.45 1.54 5.8 

 
Table 3: Analysis of stress relation in all throats 

 
 

REMARKS 
 
The designed specimen worked as intended and estimated, having both resonance modes, 
torsional and longitudinal, induced at the transducer frequency of around 20kHz. Finite element 
method showed a good correlation with the experimental results with the exception of the lower 
throat; at all the three throats the torsional stress is relatively similar, increasing slightly towards 
the lower throat. Higher than estimated normal stress in the lower throat was the cause of the 
deviation of the experimental results to the numerical ones. This phenomenon will require 
further research to fully understand its origin. 
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ABSTRACT 
 
A new testing device for VHCF tests on large samples has been developed. This device is 
able to perform tests on axial loaded plate specimens with a thickness of up to 20 mm and a 
width of up to 50 mm, reaching test frequencies between 400 - 500 Hz. The development is 
based on a previous device able to perform tests on samples with a thickness of up to 5 mm. 
The improvements and adjustments of the new testing device in order to enable the fatigue 
tests on large-scale specimens are presented. The preliminary tests show promising results. 
With testing frequencies reaching up to 440 Hz, tests with up to 109 load cycles can be 
performed in a reasonable time frame.  
 
 
keywords: Fatigue testing device, Very high cycle fatigue, Welded steel joints, Cast iron   
 

 
 
INTRODUCTION 
 
Wind turbines are expected to undergo about 109 load cycles during their service life [1]. 
Thus, the fatigue limit state represents a crucial factor in design. The fatigue design in 
current standards and guidelines is based on S-N curves, which are mostly based on fatigue 
tests up to 107 load cycles. The range beyond 107 load cycles and the question of the 
existence of an endurance limit is of particular interest of ongoing research [3, 4]. The 
investigation of this range requires testing facilities able to perform a high number of cycles 
(between 107 and 109) within a reasonable time frame, allowing simultaneously tests on 
relatively large scale specimens to limit possible scale effects. An enlarged experimental 
basis of fatigue tests is vital for future optimization of this kind of structures. For this reason a 
new optimized testing device operating at a frequency of up to 500 Hz has been developed. 
This device is able to perform tests on axial loaded plate specimens with a thickness of up to 
20 mm and a width of up to 50 mm. It allows testing with a maximum stress amplitude of 
140 MPa and a maximum stress level of 560 MPa with a stress ratio of 0.1 ≤ R ≤ 0.5. The 
operating principle of the device is based on the resonance at the level of the first natural 
frequency of the system composed of the testing device and the specimen. The oscillation at 
this frequency is induced in the system via electromagnets according to [2]. Fatigue tests 
with a comparable testing device based on the same principle but limited to specimens with a 
thickness of 5 mm had already been carried out on butt welds [3-5]. The introduced new 
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testing device represents an optimized version of the one shown in [3-5] and will be used for 
fatigue tests of butt welded steel specimens and ductile cast iron specimens with and without 
notch effects in the range of 107 to 109 load cycles.  
 
 
TESTING DEVICE 
 
The testing device is not a universal testing machine. It is shaped and designed for 
predefined geometry of specimens. The operational principle of the testing device is based 
on the German patent DE 10204258 [2] and illustrated in Figure 1. The device is composed 
of a resonance test frame and a control system. The resonance test frame has the shape of 
a closed rectangular frame with cantilever arms at its long sides. The system consisting of 
resonance test frame and specimen oscillates at its first natural frequency. The nodal points 
of the first mode are in the corners of the frame. The specimen is fixed between the long 
sides in the centre of the frame. Due to the symmetry of the first shape mode, the specimen 
is subjected to purely axial load. The extended ends of the resonance test frame are used as 
lever arms for the application of the load induced via AC magnets. The specimen is 
preloaded in tension until reaching the level of the mean stress of a particular test. The 
bending deformation of the frame caused by the preload of the specimen is neglected in 
Figure 1 for the sake of simplicity. 

 
Figure 1: Operational principle of the testing device [4] 

 
The entire control loop of the testing device consists of the test frame, alternating current 
magnets, strain gauges / accelerometers, measurement amplifier, control unit and power 
amplifier. Strain gauges are applied at the outer and inner face of the test frame. The 
measuring signal is than amplified and sent to the control unit. The control unit adjusts the 
measured signal with the set point and actuates the alternating current magnets with the 
power amplifier. Hence, the electromagnetic excitation of the resonance body results from 
the feedback of the signal of oscillation, which is proportional to the loading of the specimen. 
The calibration of the signal is conducted with test specimens equipped with strain gauges. 
For more details on the testing device and the control loop refer to [3] and [5]. 
 
The previous version of the device is shown in Figure 2 (left). This device was able to 
perform tests on specimens with a thickness of up to 5 mm. An overview of the performed 
tests and a summary of the main results are stated in the next section. The accumulated 
experience is used to identify the main points, which require further development. The design 
of the new device aims at improving these main points, which are described in the following. 
 
As shown in Figure 2 (left), the specimen is fixed via clamping blocks composed of eccentric 
shafts and clamping jaws. The specimens and the clamping jaws are provided with holes in 
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which the eccentric shafts are placed. The preload force is induced in the system by 
manually screwing the eccentric shafts. This loads the specimen in tension whereas the 
clamping jaws exert compression load on the test frame. The surface of the clamping jaws 
was milled, which increased the friction between the jaws and the specimen by means of 
micro-scale interlock. The clamping blocks are additionally fastened with locknuts to prevent 
any loosening during the test. With this kind of redundant, overconstrained bearing system 
accurate preloading is time consuming. Also parasitic dynamic bending load are introduced, 
because due to the eccentricity of the shaft the sample is slightly shifted out of the frame's 
centre. Additionally, the contact surface between the clamping jaws and the test frame would 
corrode during the test, leading to an increase of the preload of the specimen. Considering 
the bedding, the test frame including the armatures was placed on a support plate. The AC 
magnets were also fixed on the support plate. From these fixed positions they were 
maintaining the excitation of the resonating test frame. In order to prevent short-circuit 
caused by a contact between the AC magnets and the armature oscillating with the frame, 
the entire frame was also fixed to the plate. In regard to AC magnets, their core was made of 
ferrite sheets which prevented sufficient current drain by high frequencies. The maximum 
output voltage of 73 Veff from 1.2 kW power amplifier had to be transformed to 486 Veff 
leading to considerable losses. A separate microcontroller controlled the dependence of the 
calibration factors on frequency through a set point correction. This was an electronically 
complex setup which allowed only a reduced insight into the control process. 

 
Figure 2: Previous (left) and new (right) design of the testing device 

 
The testing frame of the new device is composed of two steel rectangular beams connected 
with two crosspieces (see Figure 2 (right)). The specimens are held by two bearing shafts. 
The hole tolerance H7 of the specimen holes ensures tight fit. With this kind of bearing 
system of the specimen only axial loads can be inducted into the specimen. The preload 
force is induced via a hydraulic cylinder piston and maintained by inserting of thin plates 
between the steel beams and the crosspieces. Hence the preload force can be introduced 
only in a discrete way. More specifically, the additional thickness of the plate of 0.1 mm 
causes an increase of the preload force by 12 kN. The positioning of the specimen with 
bearing shafts ensure that there is no parasitic bending moment in the specimen even if it is 
not positioned in exact centre of the frame. In the new device the magnets are attached to 
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the levers and oscillate together with the frame. Therefore no support plate is necessary and 
the entire frame is supported by four rubber feet placed in the frame corners. A new powder 
metallurgy core of the magnets and a different coiling enable fully use of the power amplifier 
capacities without necessity for the conversion of voltage. Currently the dependence of the 
calibration factors on frequency is controlled directly by control unit. The coefficients of the 
calibration curve can be reset for each test.  
 
 
TESTING RESULTS WITH THE PREVIOUS VERSION OF THE TESTING DEVICE 
 
Test specimens of steel grade S355J2+N with a thickness of 4 mm joined by MAG welding 
were investigated in [3] and [4]. A total of 89 fatigue test on axially loaded butt welds were 
conducted in three test series (TS). As a reference, 35 fatigue test were performed in a 
servo-hydraulic testing machine with a conventional test frequency of 20 Hz and a stress 
ratio of R = 0.1 (TS 1). With the previous version of the testing device 54 fatigue tests were 
carried out with approximately 390 Hz and stress ratio of R = 0.1 (TS 2) and R = 0.5 (TS 3). 
Run outs were stopped at 5 · 108 load cycles. Thus, a single fatigue test with a run out 
specimen required 15 days of testing.  
 
The results of all test series (TS 1, TS 2 and TS 3) are shown in Figure 3. The fatigue data 
show a fatigue limit. In the high cycle regime no significant influence of the test frequency is 
observed; whereas the fatigue limit of TS 2 with 390 Hz is little lower than of TS 1 with 20 Hz. 
Both curves show a good agreement, which demonstrates that the testing devise was 
qualified for the fatigue tests. The influence of increased mean stress is evident in high cycle 
regime, resulting in a shallower fatigue strength curve. For more details on the experimental 
agenda and the results of the fatigue test refer to [3] and [4]. 

 
Figure 3: Test results of TS 1, TS 2 and TS 3 

 
 
TEST PLAN AND PRELIMINARY RESULTS 
 
The new testing device is developed for tests on two different types of specimens, both 
having a thickness of 20 mm. The first type represents the ductile cast iron specimen with 
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and without notch effect. The notch effect is obtained creating a trapezoidal shear key with a 
notch radius of 15 mm. This radius is chosen as it represents the minimum radius that can be 
casted and thus the most unfavourable geometrical configuration. The second type 
represents butt welded steel specimens. 
 
The geometry of the samples is influenced by different level of expected notch stress. 
Another limiting factor is the way in which the specimens are loaded. As the load is induced 
via two shafts, the specimens have to be manufactured with two lateral holes (see Figure 4). 
The presence of the hole creates notch stresses. The samples have to be designed in such a 
way that a crack is initiated in the nominal cross-section rather than in the holes. Considering 
these limitations, the ductile cast iron specimen may have a maximum width of 20 mm, 
whereas the specimens with shear key can be designed with a width of up to 30 mm. In 
order to allow the comparison of the results, both configuration of the ductile cast iron 
specimen are designed to have a width of 20 mm. Due to higher notch stresses of the weld, 
steel samples can be designed with a thickness of up to 50 mm.  
 
The final design of specimens is featured by a rectangular nominal cross section with 
tangential transitional fillets between the testing region and the load introduction regions on 
the sample’s ends (see Figure 4). Recommendations according to [6] have been taken into 
account. The goal is to obtain a stress distribution along the specimen as constant and 
uniform as possible. The optimization of transitional fillets has been performed based on [7] 
and [8]. Instead of a traditional solution with constant radius, a set of potential functions of 
type f(x) = (x/a)b describing the geometry of the fillet has been studied. In this way, the stress 
concentration in the transition region can be smoothed almost completely. For example, in 
case of specimens with a thickness of 20 mm, by designing the fillets with potential function 
f(x) = (x/28.5)3 the stress concentration factor was reduced to Kt = 1.01. The comparison of 
stress distribution along the fillets defined on one hand with constant radius and on the other 
with optimized potential function is shown in Figure 4 (right). 

 
Figure 4: Ductile cast iron specimen without notch effect (left); comparison of distribution of 

1st principal stress along the fillets defined via constant radius and via potential function 
(right) 

 
At actual level of development, the first pre-experimental tests with the newly developed 
resonance test frame allow for the following results. The ductile cast iron specimens run at a 
frequency of 420 Hz. Furthermore, the welded steel samples with a nominal cross section of 
1000 mm² (b x t = 50 mm x 20 mm) run at 440 Hz. The mentioned results for both types of 
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specimens are obtained under a mean stress of 200 MPa. However, with the currently used 
1.2 kW power amplifier, too low stress amplitudes can be reached. Those are 30.5 MPa for 
the ductile cast iron specimen and 18 MPa for the steel specimens. It is planned to run the 
device with a 6 kW power amplifier. By applying linear interpolation this would lead to a 
stress amplitude of 132 MPa for the ductile cast iron specimens and 90 MPa for the steel 
samples. Possibly, the nominal cross section of the welded steel samples must be reduced 
in order to achieve adequate stress amplitudes. 
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ON THE USE OF THERMOGRAPHIC TECHNIQUE TO DETERMINE THE 
FATIGUE LIMIT OF A COLD DRAWN CARBON STEEL 

 

 
 

INTRODUCTION  
The fatigue or endurance limit ܵ௅ is an important parameter for design purposes, since it 
establishes a material strength that supposedly can be used to avoid fatigue failures in 
practice. The fatigue limit obtained by testing small polished specimens can be modified 
to be used in the design or analysis of real structural components, considering modifying 
factors to account for the effects of surface finish and similar parameters that typically 
reduce it [1]. However other factors like compressive residual stresses or even coaxing 
(fatigue strengthening due cycling loading close to ܵ௅) can increase the fatigue limit [2-
5]. 

Classic methods to obtain the fatigue limit require a large number of specimens, are 
laborious, time consuming, and quite expensive. Fortunately, new thermographic 
techniques have been recently developed to obtain fatigue limits in a much cheaper and 
fast way [6-13]. This method can be much more efficient than the standard up-and-down 
(or staircase) method, which has been traditionally used as a so-called accelerated 
method to determine the fatigue limit of materials, albeit it does not deserves this name. 
Thermography, on the other hand, is a really fast method to determine fatigue limits. The 
idea is to correlate the stress amplitude ߪୟ with the heat it generates on the specimen 
surface, since it can be used to determine the fatigue limit of materials through the 
location abrupt temperature variations induced by the transition between elastic and 
cyclic plastic strains, the cause for fatigue damage. 
 
THE THERMOGRAPHIC TECHNIQUE  
The thermographic technique is characterized by the use of thermo-elasticity principles 
to determine the fatigue limit. It assumes that fatigue failures in materials occur when the 
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ABSTRACT 
An accelerated thermographic technique and classic procedures are used to measure
the fatigue limit of a cold drawn SAE 1020 carbon steel, using a rotating bending
machine. Material temperature variations for different stress amplitude levels are
accessed using an infrared camera. To validate the fatigue limit obtained by
thermography, it is compared to the limit obtained by the traditional Nixon‘s up-and-down
technique. Experimental  results confirm that the fast thermographic approach yields
fatigue limits quite close to the much slower staircase thechnique, indicating that it can
be really a major asset for practical applications. 
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Fatigue, Fatigue limit, Thermography, Staircase. 
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plastic deformation energy reaches a constant value, characteristic of each material [7, 
8]. This physically reasonable hypothesis allowed a rapid correlation between 
temperature increments and the number of loading cycles, since fatigue damage clearly 
is an energy dissipation process [9]. Figure 1 shows a typical temperature versus number 
of cycles curve obtained by thermographic techniques during a fatigue test. 
 

 
Figure 1: Typical ࡺ vs ࢀ relation observed at a critical point during a fatigue test. 

 
Phases 1, 2, and 3 in Figure 1 represent the three thermal stages observed on the 
surface of a fatigue specimen during a typical thermographic fatigue test. These stages 
can be associated to the fatigue process, with phase 1 representing the crack nucleation, 
phase 2 the crack propagation, and phase 3 the iminent sudden failure. Depending on 
the stress level, the TN curves typically translate on both the T and N axes, reducing 
the temperature variations and increasing the number of cycles to failure as ߪ௔ 
approaches ܵ௅ . If ߪ௔ ൏ ܵ௅ , the temperature does not change or changes very little, 
generating ݀ܶ ݀ ଵܰ⁄ ൌ ݀ܶ ݀ ଶܰ⁄ ൌ 	݀ܶ ݀ ଷܰ⁄ ~	0, indicating no fatigue damage generation. 
 
From the typical behavior of TN curves, Risitano et al. [7-8, 10] proposed to determine 
the fatigue limit in a very fast way by evaluating only their phase 1 for several stress 
amplitudes, using a single specimen to plot ߪ௔∆ ଵܶ  or ߪ௔݀ܶ ݀ ଵܰ⁄ , where ∆ ଵܶ  is the 
temperature variation at the end of phase 1. The behavior of  ߪ௔∆ ଵܶ  or ߪ௔݀ܶ ݀ ଵܰ⁄  
curves typically has a bilinear trend with different slopes, and the fatigue limit is 
determined by the intersection between the curve with highest slope with the ߪ௔-axis, 
when ∆ ଵܶ ൌ 0 or ݀ܶ ݀ ଵܰ⁄ ൌ 0. 
 
EXPERIMENTAL RESULTS  
The material characterization was done by its chemical composition and by tensile tests. 
The specimen geometry was defined according to ASTM E466-15 [14]. The fatigue tests 
were performed in a rotating bending machine RBF 200 with a test frequency around 
8500rpm (≈141Hz). The traditional up-and-down sequential tests considered 5. 10଺ 
cycles as a suitable life to characterize the classic fatigue limit of steels, and the 
thermography tests were performed using the temperature increasing rate of phase 1 to 
determine the fatigue limit. 
 
Material Characterization and Specimen Definition 
The material used in this research is a carbon steel SAE 1020, obtained by a cold drawn 
manufacturing process. Table 1 shows this material chemical composition and Table 2 
its tensile mechanical properties. 
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Table 1: Chemical Composition 
C Si Mn P S Cr Ni Mo Al Cu Ti Nb V 

0,226 0,114 0,510 0,020 0,0028 0,024 0,011 0,003 0,017 0,026 <0,001 <0,003 0,001

Table 2: Tensile Mechanical Properties 
Specimen number ܵ௒ (MPa) ܵ௎் (MPa) ܴܣ (%) ܮܧ (%) 

1 590 680 14,5 48,50 
2 535 635 - 51,50 
3 605 685 - 50,50 

 
ܵ௬ is the yield strength, ܵ௨௧ is the ultimate strength, ܮܧ(%) is the elongation and ܴܣ (%) 
is the area reduction. The flow stress, or the mean value of  ܵ௬ (575 MPa) and ܵ௨௧ (665 
MPa), was used in initial fatigue tests to ajust and calibrate the test machine. 
Manufacturing precautions were taken in order to guarantee the data repeatability and 
reliability, as recommended by ASTM E466-15 standard. The test specimens have a 
mean roughness ܴ௔ ൌ  .Figure 2 shows the fatigue test specimens dimensions .݉ߤ	0.78
 
 
 
 
 
 
 
 
 
 

 
         

Figure 2: Specimen geometry 

The stress amplitude steps used in the classic up-and-down tests (either to increase or 
to decrease the load in subsequent tests after a failure or a survival, respectively) was 
ݏ ൌ ௔ߪ ܵ௨௧⁄ ൌ 2%. The first value of ߪ௔ ܵ௨௧⁄  was an educated guess of 40%, based on the 
relatively high material tensile strength and on its good surface finish. Figure 3 shows 
results obtained with from staircase method. 

 
Figure 3: Staircase Results 

 
These 15 test results have been statistically analyzed by Dixon’s method [15], to 
determine the mean value ሺߤሻ and standard deviation ሺ߮ሻ of the fatigue limit measured 
by staircase approach (ܵ௅ୱୡ), see Equation 1. 

ܵ௅ೄ಴ ൌ ߤ േ ߮			 → 				 ܵ௅ೄ಴ ൌ ሺ44,3 േ 2,4ሻ%		 → 						 ܵ௅ೄ಴ ൌ ሺ295,2 േ 7,1ሻ(1)  ܽܲܯ 

336



 

Thermographic Results 
The specimen surface temperature variation was recorded in real time by a FLIR A320 
infrared camera, with resolution of 320 x 240 pixels, data acquiring frequency of 30Hz, 
and temperature sensibility of 50mK. This thermographic camera, which is not cheap, 
but is not as expensive as fancier models either, proved to have enough resolution and 
accuracy to perform the required temperature measurements. In order to improve the 
camera performance, the middle surface of all fatigue specimens was black painted to 
increase their emissivity, as shown in Figure 4. In additon, a black cloth was used to 
cover the test machine and the infrared camera, to minimize the effect of unavoidable 
noise sources induced by the variable laboratory environment. 
 

 
 

Figure 4: Black Painted Specimen 

First, the camera was used to characterized the material temperature variations until the 
final fatigue failure induced by ߪ௔ ܵ௨௧⁄   60%, 56%, 54% and 52%, to investigate the 
behavior of the three temperature phases and their associated increasing rates ݀ܶ ݀ܰ⁄ . 
In the sequence, other stress amplitude levels were tested only until the start of phase 
2, using always the same specimen. Finally, the curve ߪୟ  vs ݀ܶ ݀ ଵܰ⁄  was plotted to 
define the fatigue limit according to Risitano et al. method. 

Figure 5 shows the curves TmaxN measured for each stress amplitude and Figure 6 shows 
some images extracted from the ResearchIR software during the fatigue test for ߪୟ ܵ୳୲⁄  
 60%. 

 
            Figure 5: Relation ࡺ vs ࢞ࢇ࢓ࢀ. 

Figure 5 shows that phase 1 is responsible for a small part of the total number of cycles 
reached for each stress amplitude until failure, as observed by Fargione, et al [8]. In 
addition, Figure 5 shows that the material behavior in phase 2 is not characterized by 
temperature stabilization, but by a relatively small constant temperature increase rate.  

Figure 6 shows the temperature evolution for ߪ௔ ܵ௨௧⁄   60% during the entire fatigue test 
with pictures extracted from the ResearchIR software used by the FLIR camera to show 
the temperature field on the specimen surface. To determine the fatigue limit, the curves 
ୟߪ  vs ݀ܶ ݀ ଵܰ⁄  are plotted for all stress amplitude tested. Two curves are fitted to 
determine the fatigue transition region, with the abrupt slope changing. Figure 7 shows 
ܶ݀ ௔ vsߪ ݀ ଵܰ⁄  and the fitting curves. 
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Figure 6: Relation ࡺ vs ࢞ࢇ࢓ࢀ - Temperature Evolution for ો܉ ⁄܂܃܁  = 60%. 
 

 
Figure 7: Fitting Curves 

 
To determine the fatigue limit using the thermographic method ሺܵ௅்ுሻ, the fitting curve 1 
has to be prolonged until it crosses the ߪ௔-axis, where ݀ܶ ݀ ଵܰ⁄ ൌ 0. 
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DISCUSSION OF RESULTS  
The fatigue limit determined by the classic up-and-down or staircase method based on 
fifteen specimens tested in a sequential way, following a pass or no-pass methodology, 
yielded a relatively small (for fatigue tests) standard deviation when compared to to its 
mean value 	൫288,1ܽܲܯ ൑ ܵ௅ೄ಴ ൑  ,൯, as calculated by Dixon’s statistical toolsܽܲܯ302,3
indicating a relatively homogeneous sample. 

The fatigue limit determined by the thermographic method SLTH  311,9Mpa was slight 
higher, but still close to value obtained by the much slower staircase method. The 8.3% 
difference between them is within the values observed by La Rosa et al [7]. 
 
CONCLUSION  
The thermographic approach was used to determine the fatigue limit of a cold drawn 
steel SAE 1020, yielding a fatigue limit slight higher than the value obtained by the much 
slower and laborious up-and-down methodology, indicating it can indeed be used as a 
practical tool to measure such an important property in practical applications. 
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ABSTRACT 

In the present paper, a high frequency testing method for high strength steels is proposed 
through vibration-induced loadings. The setup used provides a sinusoidal excitation force by 
means of vibration technology in a certain frequency range up to 2kHz, as commonly used 
high frequency testing methods work beyond this range. Analytic and FEA calculations 
supported by experiments showed the applicability for specimen tests. Specimens with a 
diameter of D=2.5mm were tested at room temperature, different frequencies and various 
accelerations (load levels). Actual calculations and the experiment of the designed setup 
showed good correlation of the results. The analytic result proposed a resonant frequency 
between 732 – 1032Hz due to the calculation approach, which was highly influenced by certain 
boundary conditions. The FEA (782Hz) and the experiment (788Hz) showed very small 
differences because of the comprehensive possibilities of FEA modelling. Tests up to 
frequencies of 1kHz showed no self-heating of the specimen. 
 
KEYWORDS 

High frequency testing, very high cycle regime, analytic vibration calculation, modal analysis 
 
 
INTRODUCTION 

Since the early 19th century, different well-known researchers have examined metal fatigue. 
August Wöhler [1] described the fact that periodic macroscopic loads lower than the material’s 
elastic properties caused failures after a certain number of repetitions. [2] 
 
100 years ago, new requirements were outlined by the industry through progress and 
development of modern technologies such as automobile, railway and airplane industry. To 
meet these new fields of interest concerning time and economic issues testing technology had 
to be developed towards higher testing frequencies. Neppiras [3] proposed a testing technique 
for very high frequencies commonly known as ultrasound respectively ultrasonic testing 
devices (UST). Some of many possible comprehensive investigations regarding actual tests 
with UST were done by Stanzl-Tschegg [4,5], Mayer [6] and Zettl [7]. 
 
The present study focuses on a possible testing technique in a preselected frequency range 
up to 2 kHz. As testing specimens and components is one of the main goals, a technique 
besides the conventional hydraulic (…-30Hz) and resonant testing applications (…-150Hz) 
was developed to reach 1E9 cycles within days. Through the fact that high cycle fatigue results 
cannot be useful extrapolated to 1E9 cycles [8], the transfer of high frequency results (20 kHz) 
to low frequency results (20 Hz) is not always possible [9] and the influence of the testing 
frequency respectively load speed is still not clarified [10] a different testing setup was needed.  
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SPECIMEN, MATERIAL and TESTING 

Material 

As high strength steels were used for several applications especially for high loaded parts, a 
type X5CrNiCuNb16-4 (Table 1) steel is used for the tests. The content of alloying elements is 
given in maximum percent by weight. 
 
 C Cr Ni Cu 
max. 0.07 17.0 5.0 5.0 

Table 1: Composition of a high strength steel X5CrNiCuNb16-4 (wt%, DIN EN 10088) 

This corrosion resistant steel is machined to the specimen shape displayed below in  
Figure 1. Heat treatments are shown in different data sheets and the major parameter range 
can be extracted from Table 2. As the material properties were adjusted individually through 
the heat treatment for each application, the strength range of the material is given. 
 
 Rm Rp0.2 A5 
 [MPa] [MPa] [%] 
Range ≥520 to ≥1270 ≥520 to ≥1000 ≥10 to ≥18 

Table 2: Static strength data X5CrNiCuNb16-4 according to DIN EN 10088-3 

Specimen and testing 

Results of analytic calculations regarding resonant frequency and shape lead to geometrical 
properties of the machined specimen in Figure 1. The cross section D=2.5mm is arranged in 
the centre of the specimen ensuring maximum stress in this region.  
 

 
Figure 1: Shape of the used specimen, round cross section. 

 
The testing setup was mounted on a shaker system i210 by IMV Europe Ltd., which can be 
seen in Figure 2. This system is an electrodynamic shaker (excitation system) providing a 
sinusoidal force to achieve high loads within the specimen cross section. It is possible to run 
the system in resonant mode or not. 
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Figure 2: Shaker system i210 (and components) provided by IMV Europe Ltd. 

 

߱௥௘௦ ൌ ට
ܿ
݉
 

Equation 1: Resonant frequency calculation 

As mentioned above a testing setup is mounted on the shaker with M8 bolts. The principle of 
the test setup is shown in Figure 3. Through acceleration (Equation 2) of the whole testing cell 
the mass exerted a force on the specimen. The masses and the stiffness of the system 
determined the resonant frequency (Equation 1).  
 

ሷݔ݉ ൅ ሶݔܾ ൅ ݔܿ ൌ ෠ܨ ∗ sin	ሺ߱ݐ ൅ ߮଴ሻ 
Equation 2: Harmonic vibration, external excited  

  
Figure 3: Schematic build oft the testing setup without the shaker system below the flange. 

 
RESULTS 

There are three different possibilities designing a high frequency testing method. In the actual 
case, experiments could be done after the analytic and FEA calculations. The main task is to 
calculate and to influence the resonant frequency, which enables high loads within the setup.  
 
The background of the analytic approach has to be enlightened in order to rank properly the 
results with respect to the FEA and experiment. Figure 4 shows the stress distribution along 
the specimen axis. At a nominal stress of 1MPa, the peak stress is given by 1,159MPa.  
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Figure 4: Stress distribution along the specimen axis (S22) at a nominal stress of 1MPa.  

 
Table 3 presents the results according to different approaches of determining the resonant 
frequency. It can be seen that the FEA and experimental results fit very well considering that 
this is a multicomponent system with several influences.  
 
The analytic result is considered as a resonant frequency range instead of a concrete value. 
In the table the extreme values of the calculations are given. The lower and upper limit of the 
calculation depend on the analytic approach and the definition of boundary conditions. 
Especially the flange’s modelled vibration behaviour caused frequency differences of a few 
hundred Hertz as seen in the table below.  
 
 Analytic FEA Experiment 
Resonant frequency 732 - 1032 788 783 

Table 3: Results of the different approaches of determining the resonant frequency of the system 

From 700 Hz up to 1kHz tests were carried out and strain gauge measurements were 
performed. According to the shaker performance data, the specimen load increases linear with 
increasing the acceleration of the shaker. The measurements were carried out with a minimum 
sampling rate of 19.2kHz. The data is not satisfactory when small rates were applied (<10kHz).  
 

   
Figure 5: Correlation between shaker acceleration and measured stress in percentage. 
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Outlook 

Further investigations will concentrate on different influences regarding very high cycle fatigue 
testing. Additional tests are going to observe a possible frequency influence within a wider 
frequency range from 500Hz to 1kHz. Furthermore conventional HCF data and actual data will 
be compared in order validate the shaker tests. Until now, no temperature increase was 
observed but this fact will be secured over a wide frequency and load range.  
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ABSTRACT 
An innovative testing technique for tension-compression tests on adhesive joints is proposed. 
A ultrasonic testing machine commonly used for Very-High-Cycle Fatigue (VHCF) tests is 
used for testing adhesive butt joints in the VHCF regime. Due to the high load frequency (20 
kHz), the response at very high number of cycles of the adhesive joint can be assessed in a 
limited testing time. 
In the paper, the experimental setup is described in detail. The methodology for measuring 
the applied stress amplitude in the adhesive joint is also shown: the stress amplitude is 
calibrated through Finite Element analysis and verified through strain gage measurements 
before the fatigue tests. Experimental tests on a cyanoacrylate adhesive are finally carried 
out. 
 
KEYWORDS: Ultrasonic testing machine; bonded butt joints; cyanoacrylate layer 

 

INTRODUCTION 
 

Adhesive joints represent an effective alternative to conventional mechanical joints (e.g., 
threaded connections, rivets). The reduction of structural weight and manufacturing costs as 
well as the simplification of the component design are some of the advantages in the use of 
structural adhesives. As for other structural components, adhesives can fail according to 
different failure mechanisms. For instance, fatigue failures represent a common cause of 
damage [1,2]. Fatigue tests are generally limited to 10଺ cycles: however, especially in case of 
critical applications subjected to high frequency vibrations, the adhesively bonded joints may 
undergo significantly longer fatigue lives. 
An innovative testing technique for performing tension-compression tests on adhesive joints 
is proposed in the paper. In particular, the ultrasonic testing machine [3-5] commonly used 
for Very-High-Cycle Fatigue (VHCF) tests is used for testing adhesive butt-joints in the VHCF 
regime. In the proposed application, two cylindrical bars (adherends) are butt-bonded 
together. The length of the two adherends is calibrated in order to obtain the desired stress 
amplitude in the adhesive layer; whereas, the total length of the two bonded bars is designed 
in order to have a resonance frequency corresponding to the resonance frequency of the 
horn. Due to the high load frequency (20 kHz), the response at very high number of cycles of 
the adhesive joint can be assessed in a limited testing time. 
In the paper, the experimental setup is described in detail. The methodology for measuring 
the applied stress amplitude in the adhesive joint is also shown: the stress amplitude is 
calibrated through a Finite Element Analysis (FEA) and validated through strain gage 
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measurements before the fatigue tests. Experimental tests on a cyanoacrylate adhesive are 
finally carried out. 

SPECIMEN MATERIAL 

An ultrasonic testing machine, originally designed to carry out accelerated fatigue tests on 
metallic structural materials, is used to perform tests on adhesively bonded butt joints. A 
cyanoacrylate adhesive (Loctite Ethyl-cyanoacrylate) is tested. The butt joint is made by 
bonding together two cylindrical bars in Ti6Al4V with a 14.6 mm diameter. The dynamic 
elastic modulus and the loss factor of the bars are measured through the Impulse Excitation 
Technique and are equal to 107.5 GPa and 3.6∙10-4, respectively. 
Preliminary tensile tests are also carried out to assess the tensile strength of the butt-joint. 
Before each tensile test, the adhesion surfaces of the adherends are treated with 
sandpapers with increasing grit up to #600 and finally they are degreased with acetone, in 
order to obtain a thin layer of adhesive of 50 μm. Three experimental tests are performed by 
using a servohydraulic testing machine, with 1 mm/min crosshead speed. Table 1 shows the 
tensile strength of the tested joints. 

 Test 1 Test 2 Test 3 

Tensile strength 

[MPa] 
20.8 22.0 18.8 

Table 1: tensile strength of the investigated cylindrical butt joints 

An average tensile strength of 20.5 MPa is considered as a reference for the fatigue tests. 
Data scatter is in a limited range, typical of tensile tests on adhesives. 

TESTING EQUIPMENT DESIGN 

Fig. 1 shows the testing equipment designed for carrying out the VHCF tests on the butt 
joints. 

 

Fig. 1: Innovative testing equipment for tension-compression tests on butt-joints. 

As shown in Fig. 1, two bars (adherend 1 and adherend 2) are bonded together by a butt-
joint. The total length ܮ௧௢௧  of the bonded bars is designed to have the first resonance 
frequency equal to the resonance frequency of the horn. The stress amplitude in the 

horn 
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adhesive layer can be set by adjusting the excitation amplitude imposed to the horn by the 
piezoelectric transducer. The connection between adherend 1 and horn is obtained through a 
second adhesive butt-joint, which is subjected to a negligible stress amplitude throughout the 
VHCF test (Fig.1). 

Finite Element Modelling 

The length of the two adherends is designed through FEA. The design aim is to find the 
lengths that permit to achieve, in the tested adhesive layer, a range of the stress amplitude 
which is considered sufficient for the VHCF tests. In particular, it is assumed that [7-40] MPa 
is enough for the tests. FEAs are carried with the commercial software Ansys. Axisymmetric 
plane elements with 8 nodes (Ansys element Plane183) are used for the model. Material 
properties of adherends and horn are in agreement with the measured values. 
A first modal analysis is carried out to define, for a cylindrical bar with diameter 14.6 mm, the 
total length ܮ௧௢௧ (Fig. 1), which yields a resonance frequency equal to that of the horn. 
A second modal analysis is performed on a model consisting of the horn and of the 
cylindrical bar with length ܮ௧௢௧. This second analysis is carried out to define the length ܮ௔ௗ 
(Fig. 1) that permits to achieve the desired range of the stress amplitude in the adhesive 
layer. Harmonic analyses are then carried out by imposing a nodal harmonic axial 
displacement (range [2-20] m) at the horn free end. The forcing frequency is set equal to 
the resonance frequency of the system horn-bar. The optimal value for ܮ௔ௗ is finally given by 
7.6 mm. 
In a subsequent FEA, a thin adhesive layer of 50 m is added at the defined distance ܮ௔ௗ. 
An appropriate mesh refinement is introduced in the model for accurately simulating the 
stress distribution within the adhesive layer. The material properties for the cyanoacrylate 
adhesive are assumed from the literature [6]. The complete model is shown in Fig. 2: an 
enlargement of the mesh refinement in the adhesive layer is also shown. 

 

Fig. 2: FE model of the complete system with adhesive butt joints. 

 
Firstly, a modal analysis is carried out to verify the stress range in the adhesive layer. 
Negligible differences are found with respect to the model without the adhesive: the variation 
in the stress range is found to be smaller than 0.01%. 
Finally, the loss factor is introduced in the model and several harmonic analyses are 
performed. The loss factor of the titanium alloy is set equal to the value measured through 
the Impulse Excitation Technique; whereas, the loss factor of the adhesive is set equal to a 
reference value 3∙10-3 taken from the literature, since it can be hardly measured. A negligible 
variation in the stress amplitude range is found when the harmonic analyses are carried out 
with the reference loss factor. 
Further harmonic analyses are then carried out to verify if the uncertainty related to the loss 
factor can affect the stress range in the adhesive. The reference loss factor is varied by a 
factor of 50. The FEAs show that, due to the thin layer of adhesive, the stress amplitude 
range in the adhesive has a maximum negligible variation of 1.5%. 

Magnification of the 
adhesive layer 
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Strain gage calibration 

A strain gage calibration is finally performed in order to validate the FEA results. Two T-
rosettes strain gages (HBM 1-XY31-1.5/350), each with two strain gages connected at half 
bridge for temperature compensation, are used for the experimental validation. The first 
strain gage (Gage A) is applied at half of ܮ௧௢௧ , where the stress amplitude reaches its 
maximum value. The second strain gage (Gage B) is applied close to the adhesive layer, at 
the minimum distance possible. A strain gage amplifier (EL-SGA-2/B by Elsys AG) is used 
for the completion of the Wheatstone bridge and for the amplification of the signal. The 
measurement is acquired at a sample rate of 300 kHz by a National Instruments data 
acquisition card (PCIe-6363).  
Fig. 3a shows both strain gages after the application (dimensions in mm). Fig. 3b shows a 
magnification of Gage B with the adhesive layer. 

 
 

(a) (b) 

Fig. 3: Strain gages after application: (a) overall image with both strain gages; (b) 
magnification of Gage B. 

The adhesive is loaded for three seconds: the applied stress amplitude at the strain gage 
location is obtained through a harmonic interpolation. Nine increasing load steps (from 2.2 
m to 3 m, with steps of 0.1 m) are subsequently applied. 
Fig. 4 (Fig. 4a for Gage A and Fig. 4b for Gage B) plots the stress amplitude measured 
through strain gages (ߪ௘௫௣) with respect to the stress amplitude computed through FEA 
 .ிா஺ is computed as the average stress amplitude along the gage lengthߪ .(ிா஺ߪ)
 
 

  
(a) (b) 

Fig. 4: ߪிா஺ with respect to ߪ௘௫௣: (a) gage A; (b) gage B. 

Adhesive layer 
9.6 

66.0 

Gage A 

Gage B 
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According to Fig. 4, ߪிா஺ and ߪ௘௫௣ are in good agreement (data are close to the bisector), for 
both gages. Therefore, FEA results can be effectively used to estimate the stress amplitude 
in the adhesive during the VHCF test. 

Testing setup 

Experimental tests are carried out at constant stress amplitudes, up to failure or to 109 
cycles. Stress amplitude in the adhesive is kept constant during the tests through a closed 
loop control based on the stress amplitude measured by Gage A. The correlation between 
the stress amplitude in the adhesive and the stress amplitude measured by Gage A is 
assessed through FEA. 
The temperature in the vicinity of the adhesive layer is continuously measured by using an 
infrared sensor. Three vortex tubes are used to keep the temperature below 293 K during the 
test. 

EXPERIMENTAL RESULTS 

Experimental tests are carried out on 15 butt-joints in a stress range between 11 and 21 
MPa. Fig. 5 shows the S-N plot of the experimental data. After failure, the adherend surfaces 
are observed by using the optical microscope in order to investigate the mode of failure: both 
cohesive failures and mixed interfacial-cohesive failures [7] are experimentally observed. 

 

Fig. 5: S-N plot of the experimental data. 

According to Fig. 5, cohesive and mixed interfacial-cohesive failures occur at stress 
amplitudes close to the tensile strength. According to [8,9], a significant strain rate effect can 
be considered as the main reason for the high fatigue strength exhibited by the adhesive. As 
expected, cohesive failure data are above mixed interfacial-cohesive failures. Cohesive 
failures do not occur below 16 MPa; whereas, mixed interfacial-cohesive failures do not 
occur below 14 MPa. For stress amplitude below 13 MPa, runouts at 109 cycles are 
experimentally found. 

CONCLUSIONS 

An innovative testing technique for performing VHCF tension-compression tests on adhesive 
joints was proposed in the paper. The adherends forming the butt-joint were designed 
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through FEA for carrying out tests on a cyanoacrylate adhesive. The stress distribution in the 
adhesive layer was experimentally validated through strain gages. 
Finally, VHCF tests on cyanoacrylate butt-joints were performed. A significant strain-rate 
effect was found for the tested adhesive. Cohesive failures and mixed interfacial-cohesive 
failures caused the failure in the VHCF region for the investigated adhesive, with the former 
failure mode characterized by a longer fatigue life. 
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ABSTRACT 

The intermetallic compound NiTiNOL (composition about 50 atomic % Ni and 50 % Ti) 
possesses the two unique and closely related material properties of shape memory effect 
and superelasticity. Today, NiTiNOL is used for medical implants, notably in self-expanding 
stents and heart valve frames, which require excellent corrosion resistance, biocompatibility, 
large recoverable deformation, and high fatigue strength, in particular in the very high cycle 
fatigue (VHCF) regime. Fatigue testing into the VHCF regime is excessively time consuming 
with conventional fatigue testing methods. Several months are necessary to test a single 
specimen to 109 cycles, and a comprehensive characterization of a material’s fatigue 
properties requires many specimens to be tested. Also, virtually all existing studies on the 
fatigue behaviour of NiTiNOL under use conditions relevant for stent and heart valve 
applications employ component-level testing (i.e. testing of diamond specimens rather than 
material level testing (e.g. testing of bulk material). Thus, the measured lifetimes are 
influenced by the material properties as well as the design of the component.  An accelerated 
testing method is necessary for the evaluation of processing and composition variations on 
NiTiNOL fatigue life, as well as the development and introduction of new implant materials. 
The ultrasonic fatigue testing method has been further developed to test thin sheets of 
superelastic NiTiNOL. Rather than vibrating in resonance as in conventional ultrasonic 
fatigue tests, the sheets are stressed with cyclic tension loads. The method is also able to 
simulate crimping, deployment and service loading conditions of an implant through a static 
pre-straining procedure prior to cycling at a constant strain amplitude. 

KEYWORDS 

NiTiNOL, shape-memory alloy, medical materials, ultrasonic fatigue testing 

INTRODUCTION 

Since its discovery in 1962, NiTiNOL has attracted much interest for applications in power 
and aerospace applications, among others. The nearly equi-atomic intermetallic Ni Ti 
compound NiTiNOL possesses the two unique and closely related material properties of 
shape memory effect and superelasticity [1, 2]. Actual applications, however, were initially 
rare, due to the expensive and complex melting process, along with difficulties in production 
and processing procedures  [3, 4]. It is only by the 1990s that NiTiNOL was finally seeing 
widespread use, especially in medical devices, answering to the need of less invasive 
medical procedures and applications. Today, NiTiNOL is used for medical implants, notably 
in self-expanding stents and heart valve frames, which require excellent corrosion resistance, 
excellent biocompatibility, and high fatigue strength. 

Self-expanding stents are made from wires or are laser-cut from tubes [4-8], exploiting the 
effect of super-elasticity at body temperature. Often these devices are required to withstand 
very large numbers of load cycles. Assuming a typical adult human heart rate of 72 beats per 
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minute, 25 years of implant deployment will roughly yield 109 cycles. Consequently, there is 
great interest in the fatigue properties of the material in the very high cycle fatigue (VHCF) 
regime, as this data is essential for the development and introduction materials and products. 
Several difficulties are however associated with the investigation in the VHCF regime. A 
limiting problem is the long testing time when using conventional testing methods, e.g. of thin 
wires and diamond shaped specimens [6, 9, 10]. High frequency testing techniques have not 
been available, as the diminutive dimensions of typical specimens place significant 
constraints on existing methods. In many cases samples are not tested to failure, but are 
taken off the test at 107 cycles, without the opportunity to investigate possible failures that 
may occur at greater numbers of cycles. This paper describes a novel ultrasonic testing 
technique for high frequency fatigue testing of thin NiTiNOL sheets. Lifetime data from 
tension-tension fatigue tests in the range from 104 to more than 108 cycles are presented. 

MAETERIAL AND TESTING 

The investigated NiTiNOL alloy has an austenite finish temperature below room temperature 
i.e., the austenitic phase is stable at room and body temperature, respectively when no 
stress is applied [11]. The specimens (Fig. 1, left) were laser-cut from sheets and 
subsequently electro-polished, both to avoid preferential crack initiation from the specimen 
edges, and to mimic the surface conditions of actual service conditions. Applying tensile 
stress to the specimen causes elastic deformation in the austenitic phase as shown in a 
tensile curve of the investigated specimen shape (Fig. 1, right). When the maximum stress in 
the centre of the specimen reaches the temperature-dependent transformation stress, the 
austenite transforms to martensite, that allows for continued deformation without a significant 
increase of stress (upper plateau stress). When the specimen is unloaded, first the 
martensite unloads elastically leading to a decrease in stress. When the reverse 
transformation stress is reached, the martensite begins to transform back to austenite at a 
nearly constant stress (lower plateau stress) recovering the transformation strain. When the 
transformation is complete, the austenite unloads elastically. 

    

Fig. 1: Investigated specimen shape (all measures in mm), specimen thickness is 0.25 mm 
(left); stress versus strain at load frame used for ultrasonic fatigue testing (right) from 
DIC results 
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To simulate the actual application, the testing procedure should replicate the loading history 
during crimping, deployment and service [4]. During crimping, a strain of approximately 6 % 
is reached in regions at high stress; this is simulated by the loading curve in Fig. 1. 
Deployment i.e., releasing the device from the catheter is equivalent to partially unloading the 
test specimen to reach 3 % strain along the lower plateau. Subsequent cyclic loading 
simulates pulsatile loading within the blood vessel due to cardiac cycles. Ultrasonic fatigue 
testing of thin sheets, however, is not trivial, as the specifics of the specimen shape impose 
significant constraints on existing ultrasonic fatigue testing techniques. As specimens 
become very thin (typically below 1 mm thickness), the abrupt change in cross section from 
the load train to the thin sheet might cause a severe degradation of sound transfer i.e., the 
longitudinal wave might no longer propagate into the specimen, which consequently would 
no longer experience cyclic strain. At the same time, the tendency of the specimen to buckle 
increases drastically as sheet thickness decreases. A technique to test thin maraging steel 
sheets at ultrasonic frequency has been presented in [12], in which the sheet specimen is 
clamped to a so-called carrier specimen and is forced to joint vibration along the resonance 
vibration of the carrier specimen. This approach, however, is not directly applicable to testing 
thin sheets of NiTiNOL, as the carrier specimen cannot accommodate the large static strains 
that are required for the pre-straining procedure. 

In the presented investigation, the conventional ultrasonic fatigue testing method has been 
adapted by removing the resonance requirement from the specimen (Fig. 2). Rather than 
vibrating in resonance, the upper end of the sheet specimen is screw-mounted to the lower 
end (vibration antinode) of a rod with a length of half the resonance wavelength, vibrating in 
resonance. The lower end is fixed to a second immovable rod. The upper end of the 
specimen is thus forced to move jointly with the 20 kHz resonance vibration of the upper rod 
and is experiencing cyclic strain at the same frequency. The pre-strain is realised by 
mounting the ultrasonic load train into a spindle driven load frame. 

 

Fig. 2:  Overview (top right corner) and detail of the ultrasonic fatigue testing setup at a 
spindle driven load frame with mounted NiTiNOL specimen 

353



The cyclic displacement at close to 20 kHz cycling frequency is generated and controlled by 
the ultrasonic fatigue testing equipment developed at Physics BOKU Vienna [13], and 
applied in a pulse-pause sequence to avoid heating of both, the specimen and the fixtures. 
The precise displacement amplitude of the vibration antinode at the upper end of the 
specimen is available from integrating strain gauge readings in the centre of the rod over its 
full length. The corresponding strain amplitude for the specimen is derived from DIC 
observations during static loading of the specimen (Fig. 1). Measurements with a fibre-optic 
sensor were intermittently acquired during individual tests to confirm that no buckling 
vibrations occur. Surface temperature was monitored with an infrared thermometer to ensure 
that specimen temperature did not increase by more than 1 °C (i.e., above 22 °C). 

RESULTS AND DISCUSSION 

Ultrasonic fatigue tests were conducted with thin NiTiNOL sheets at ultrasonic cycling 
frequency after applying a pre-strain procedure that mimics the loading history of the implant 
during crimping, deployment service. Each specimen is strained to about 6 % strain, 
released to 3 %, and subsequently cycled with displacement amplitudes that correspond to 
peak stresses that are still below the upper plateau. Specimens were tested with 
displacement amplitudes between 17 µm and 30 µm that correspond to global strain 
amplitudes between 0.450 % and 0.255 %. Failures were observed between 4 × 104 and 
9 × 108 cycles. The results are presented in a strain-life diagram in Fig. 3. It can be seen that 
failures occur early (5 × 104 to 5 × 105 cycles to failure) for the highest two investigated 
amplitudes. A very slight reduction amplitude subsequently yields much longer lifetimes that 
extend into the VHCF regime, and no failures are observed in the range between. 
Specimens that withstood 109 cycles are marked with arrows in Fig. 3. 

 

Fig. 3: Strain-life diagram of NiTiNOL tested at ultrasonic cycling frequency 

Fig. 4 shows SEM micrographs of fracture surfaces of two specimens that failed after 
4.7 × 104 and 6.3 × 104 cycles, respectively at Δ0.450 = 2/ߝ %. The fatigue crack initiated at 
an inclusion at the surface in both cases, which are suspected to be Ti2Ni type inclusions 
with some dissolved oxygen [14]. The fracture surfaces of specimens that failed in the VHCF 
regime (not shown) exhibit significant damage that hinder the unambiguous determination of 
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the crack initiation location i.e., it cannot be determined if the crack started at the surface, 
and if it initiated at an inclusion or elsewhere. 

   

   

Fig. 4: SEM micrographs of fractured NiTiNOL specimens a) Δ0.45 = 2/ߝ %, fܰ = 4.7 × 104 
cycles b) detail of crack-initiating inclusion in BSE mode c) Δ0.45 = 2/ߝ %, 

fܰ = 6.3 × 104 cycles d) detail of crack initiating inclusion in BSE mode 

The damage to the fracture surfaces is suspected to result from the specimen vigorously 
springing back when it fails and the stored energy from elastic deformation is released, which 
might lead to buckling, and contact of the two newly formed surfaces. Further tests and 
analyses of fracture surfaces are necessary to investigate if a change in crack initiation 
occurs, leading to the large gap in the observed lifetimes. 

CONLCUSIONS AND OUTLOOK 

For the first time, the application of the ultrasonic fatigue testing method to thin sheets of 
NiTiNOL has been demonstrated. This development addresses the need for rapid acquisition 
of lifetime data up to 109 cycles for the development and introduction of new materials and 
products. It was confirmed that no excessive heating of the specimen occurs when loaded at 
ultrasonic frequency below the upper plateau stress. As there is no adiabatic heating, the 
upper plateau stress is not affected even when a vastly increased cycling frequency is used. 
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Typically, NiTiNOL is tested as diamond shaped specimens representing unit cells of the 
laser-cut stent, rather than sheet specimens i.e., at the component level instead of the 
material level [9], which has certain implications for the strain distribution within the 
specimen. Also, the equivalence to loading at servo-hydraulic frequency needs to be proven. 
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ABSTRACT 
 
Fretting is a phenomena that microscopic relative slips are repeated at a contact part, and 
fretting fatigue results from cyclic stress applied to a part with fretting. In fretting fatigue, 
cracks are likely to occur from a fretting part by friction force and cyclic stress. It is well 
known that fretting fatigue strength is much lower than the fatigue strength of smooth 
specimens and the fatigue limit disappears. Many studies on fretting fatigue have been 
reported but most of the studies have not cover fatigue properties in the very high cycle 
regime more than 107 cycles. In this study, an accelerated fretting fatigue testing method was 
developed by using an ultrasonic torsional fatigue testing machine with a clamping fretting 
pad. Fretting fatigue tests of carburized and non-carburized CrMo steel were conducted by 
using the developed method. For reference, fatigue tests for smooth specimens without 
fretting were also conducted. Test results showed that fatigue strength of specimens with 
fretting in the very high cycle regime was considerably lower than that of specimens without 
fretting. In each fretting fatigue specimens, fatigue cracks initiated from the fretting part. 
 
KEYWORDS 
 
Fretting fatigue, carburized steel, very high cycle fatigue, ultrasonic torsional fatigue testing 
machine 
 
INTRODUCTION 
 
Accelerated fatigue testing machines are required in order to investigate fatigue properties in 
the very high cycle regime within practical testing periods, and an ultrasonic fatigue testing 
method using a piezoelectric oscillator is prospective one. Using an ultrasonic fatigue testing 
method enables us to reduce required time for fatigue tests to 1/100 ~1/1000 compared with 
conventional fatigue test methods. 
 
Authors have developed an ultrasonic torsional fatigue testing machine and investigated 
fatigue properties of carburized steels without internal fracture [1]. A fatigue crack initiated 
from the surface of a specimen during a torsional fatigue test because the maximum shear 
stress was applied to the surface. Thus, torsional loading is more suitable than axial loading 
for investigating fatigue properties of case hardening materials such as carburized steels. 
 
Fretting is a phenomena that microscopic relative slips are repeated at a contact part. When 
cyclic stress is applied to a fretting part, the fatigue strength considerably decreases and the 
fatigue limit disappears. The phenomena is called fretting fatigue. Many studies on fretting 
fatigue have been reported but most of the studies did not cover fatigue properties in the very 
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high cycle regime more than 107 cycles. Sun et al. proposed an accelerated fretting fatigue 
testing method by using an ultrasonic tension compression fatigue testing machine [2]. 
However, as mentioned above, it is unsuitable for surface hardening materials. In this study, 
a new accelerated fretting fatigue testing method was developed by using an ultrasonic 
torsional fatigue testing machine with a clamping fretting pad. Fretting fatigue tests of CrMo 
steel were conducted by using the developed method. 
 
FRETTING FATIGUE TESTING METHOD 
 
A schematic of an ultrasonic torsional fatigue testing machine is presented in Fig.1. Torsional 
vibration was generated by applying voltage to a piezoelectric oscillator. The resonance 
frequency was 20kHz and the torsional displacement amplitude was only a few µm. The 
generated torsional amplitude of the oscillator was amplified using an amplifying horn. 
Further amplification of stress was achieved in a specimen. In this study, dumbbell shape 
specimens were used. The shape and shear stress/torsional angle distributions of a 
specimen is presented in Fig.2.  
 

  
Fig.1: Ultrasonic torsional fatigue testing machine 
 

  
Fig.2: Specimen shape and shear stress/torsional angle distibutions 
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Material used in this study was SCM420H. Table 1 shows the chemical composition. 
Carburized and non-carburized specimens were prepared. The Vickers hardness of 
specimen surface of carburized specimen was 780Hv and of non-carburized specimen was 
480Hv. The stress ratio R was -1. Intermittent loading and compressed air cooling were 
simultaneously used to keep the temperature below 100°C. Fatigue test was stopped when 
the resonance frequency decreased by 50Hz, or when the number of cycles exceeded 109 
cycles. 
 
The torsional displacement at the end of a specimen was measured by using a microscope 
during fatigue testing, and the shear stress distribution of a specimen was estimated by 
substituting the torsional displacement at the end of the specimen into FEA solution. 
 
Figure 3 shows a fretting fatigue specimen with a clamping fretting pad. Bridge-shaped 
contactors made of SKH51 were used. The Vickers hardness of the contactor was 730Hv. A 
contact load was provided by tightening bolts between two plate springs. An initial contact 
load can be measured by using a strain gage attached to one fretting pad, and was set to be 
800N in this study. 
 
Table 1: Chemical composition of SCM420H (in weight %) 

C Si Mn P S Cu Cr Ni Mo

0.21 0.21 0.77 0.02 0.02 0.11 1.02 0.06 0.18
 

 
 

  
Fig.3: Contactor and a specimen with a clamping fretting pad 
 
 
RESULTS AND DISCUSSION 
 
S-N diagrams with and without fretting are shown in Fig.4. In the figure, symbols represent 
failure, where specimens have fatigue cracks long enough to decrease the natural frequency, 
while symbols with an arrow indicate run-outs. Fretting fatigue strengths of carburized and 
non-carburized specimens were much smaller than fatigue strengths of smooth specimens. 
For non-carburized specimens, the fatigue strength without fretting at 109 cycles was about 
600MPa but that with fretting was about 150MPa. For carburized specimens, the fatigue 
strength without fretting at 109 cycles was about 730 MPa but that with fretting was about 
430MPa. 
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Fig.4: S-N diagram 
 
A typical specimen surface after a fretting fatigue test is shown in Fig.5. Stick and slip areas 
were observed in the fretting region. In other words, a partial slip condition was successfully 
achieved. Many cracks were observed in the fretting region, and most of the fatigue cracks 
propagated to outward direction of the fretting region. Several small non-propagating cracks 
were also observed in the slip part. Fatigue cracks in a cross section of a specimen (τa = 245 
MPa, Nf=9.6×105) are shown in Fig.6. As seen in Fig.6, multiple fretting fatigue cracks 
nucleated in the fretting region and propagated in the 45° direction. 
 
Figure 8 shows a fracture surface of the specimen. The figure indicated that the fatigue crack 
was originated from the surface and, the origin was near the boundary between slip and stick 
parts. 
 
 

  
Fig.5: Typical specimen surface (non-carburized specimen) 
 

 

    

 
 

 
 

Smooth (Non-carburized))
Fretting (Non-carburized)
Smooth (Carburized)
Fretting (Carburized)
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Fig.6: Cross section of a fretting fatigue specimen (non-carburized specimen) 
 

  
Fig.7: Fracture surface (non-carburized specimen) 
 
CONCLUSIONS 
 
Fretting fatigue tests under a partial slip condition were successfully conducted by using an 
ultrasonic tor-sional fatigue testing machine and a clamping type fretting pad. The fatigue 
strength of carburized and non-carburized SCM420H in the very high cycle regime 
considerably decreased as a result of fretting. 
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ABSTRACT 
 
The described investigation of carbon-fibre-reinforced plastics (CFRP) documents that 
damage evolution can be observed by means of X-ray refractography [1]. Comparative 
investigations with synchrotron technique on CFRP and grey-scale analysis on glass fibre-
reinforced-plastics (GFRP) confirm these results [2, 3, 4]. Moreover it was found that the 
fracture mechanical properties of the matrix system influence damage nucleation and 
propagation in the laminate during static and fatigue loads [5]. Single-step fatigue tests were 
carried out on laminates with RIM135 and LY556 matrix systems made from non-crimped 
fabric (NCF) or twill weave in different fibre orientations. The damage to the LY556 laminates 
was characterized by laminate cracks growing rapidly over the whole specimen width, 
whereas the damage on the RIM135 laminates was characterized by an earlier onset of 
micro-cracking followed by laminate cracks. The specimens were fatigued up to 108 (very 
high cycle fatigue (VHCF) regime) load cycles. S-N-curves of damage initiation were drawn 
and boundaries were identified for technical infinite life within the VHCF regime. A 
phenomenologically based model focusing on matrix stress was applied to reproduce the first 
inter-fibre failure (IFF) under static and fatigue loads. 
 
 
KEYWORDS 
 
Carbon fibre-reinforced-plastics (CFRP), Fatigue, Damage evolution, X-ray refractography, 
Very high cycle fatigue (VHCF) 
 
 
INTRODUCTION 
 
Carbon fibre-reinforced-plastics (CFRP) are typically used under high-cycle- (HCF) and very-
high-cycle-fatigue (VHCF) at relatively low loads in the aerospace industry, but also in other 
sectors like wind energy and increasingly in the automotive industry as well. Nowadays the 
static strength of CFRP is satisfyingly predictable through layer-wise strength analysis and 
material data from single layers. In contrast it is becoming increasingly uncertain to predict 
the lifetime of such materials as the design lifetime increases. Previous studies showed that 
local minor cracks and inter-fibre fractures originate long before the total failure of single 
layers [3]. At present no reliable fatigue estimations are available for fibre-reinforced-plastics 
(FRP). Hence safety-related primary structures made out of FRP are over-dimensioned. 

The aim of this research project is to understand damage evolution in FRP subjected 
to high and very high cycle fatigue. This is done by performing single-step fatigue tests 
combined with non-destructive testing in order to enable the monitoring and characterisation 
of damage evolution. The X-ray refraction topography developed at BAM [1] offers a 
possibility for non-destructive, quantitative and spatially-resolved determination of the internal 
surfaces. Thereby it is possible to identify micro-damage in the µm-scale (fibre-matrix de-
bonding and matrix fracture) even in complex laminates. The objective is to monitor damage 
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evolution in woven textiles and non-crimp fabrics to determine the boundary to “infinite life”. 
The purpose is to enable a lifetime prediction for the VHCF regime (up to 108 load cycles) 
based on fatigue behaviour during the HCF regime (106 load cycles). The basic idea of the 
investigation is represented in figure 1. 
 

 
Fig. 1: Basic concept shows that damage initiation starts before failure 
 
 
EXPERIMENTAL 
 
X-ray refraction technique 
 
X-ray refraction [1] is caused by the effect of refraction at the interface of materials with 
different refractive indexes. For X-rays the refraction angle is below half a degree and in the 
opposite direction. Hence Small Angle X-ray Scattering (SAXS) is used. In the experimental 
set-up (fig. 2) a collimated X-ray beam passes through the sample. At a fixed angle the 
refracted signal is measured. A signal proportional to the absorption is measured as well. A 
characteristic refraction value C is determined, which is proportional to the surface per unit of 
volume. This can be calculated from the scattering intensity IR, the transmitted intensity IA 
and the thickness d of the sample in relation to the zero values (IR0, IA0 - without the sample): 
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The intensity of the refracted beam will increase if the refractive index differs at the observed 
interfaces. Hence, the intensity will be higher for materials with de-bonded fibres, IFF or 
pores than without (fig. 3). The relative increase of the inner surface's refractive value C is 
measured and used in the investigations. Scanning an area of a sample yields a topographic 
map of the inner surfaces (fig. 3 and 5). According to the Lambert-Beer law, the absorption is 
a function of the density-proportional linear absorption coefficient µ and the thickness d of the 
sample (s. eq. 2). For several applications it is practical to normalize equation 1 to ln (IA/IA0), 
resulting in the relative specific surface Cm/µ, independent of the variation in the number of 
fibre filaments due to non-perfect production of the fabrics. In this paper Cm/µ is referred to 
as relative refraction (intensity). 

In the experimental setup of the refraction technique the absorption and the refraction 
signals are measured independently in one shot (s. fig. 2). In figure 3 the absorption and 
refraction mapping of a CFRP sample made of UD-weave in 0/90° direction are compared. 
The absorption (fig. 3, left) maps only slight differences in the density (the glass weft yarn 
becomes visible). As there is no significant change of the density based on damage it is 
impossible to detect any fibre matrix de-bonding with classical X-ray radiography, which only 
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uses the absorption proportional to mass. Instead, the refraction signal (fig. 3, right) maps the 
cracks caused by the previous loading due to inter-fibre failure. 
 

  
Fig. 2: Experimental set-up for the X-ray 
refraction method 

Fig. 3: Comparison between absorption 
and refraction signal 

 
To obtain the proper characterization of the damage and the shape of the cracks, a 
comparative investigation on the fractured specimen was done at the synchrotron in Berlin 
(BESSY) with diffraction-enhanced imaging (DEI) [2, 6, 7]. In DEI the light refracted by the 
inner surfaces is differentiated with a single crystal. For this a parallel beam of mono-
chromatic X-ray light is necessary and can be generated with synchrotron radiation. By 
rotating the single crystal the Bragg angle can be adjusted to the maximum intensity (peak in 
the rocking curve) or to the edge of the rocking curve. In so doing either the un-refracted light 
(cracks are imaged dark) or the refracted light (cracks are imaged bright) complies with the 
Bragg condition and gets displayed. 
 

  
Fig. 4: Principle of Diffraction Enhanced 
Imaging (DEI) – refracted light is 
discriminated with the rocking curve of an 
analyser crystal 

Fig. 5: Comparison of imaging techniques 
from left to right: fractured NCF-0/90° 
specimen, DEI at the peak of the rocking 
curve, SAXS-technique (raster method) 

 
The DEI images show the entire width of the area and contain pixels 28.8µm x 28.8µm in 
size. Thus the DEI images have a much higher resolution and render a good overall picture 
of the damage state. It is apparent that on the fractured specimen most of the inter-fibre 
cracks cross the entire width in the 90° direction perpendicular to the load direction due to 
the fibre orientation in 0/90°. What is more the cracks are not entirely straight but follow the 
90°-fibre bundles. The damage indicator crack density calculated by the DEI equals to 
approximately 1/mm. Using this findings the scanning grid of the SAXS-technique was 
optimized. Finally, the scanning grid for the raster method was set to 400 steps of 0.05 mm 
each in the vertical direction and 6 – 7 steps of 1mm each in the horizontal direction, 
resulting in the same crack density of 1/mm as measured with the DEI. The DEI image is 
shown in comparison with the SAXS topography and the fractured CFRP specimen in fig. 5. 
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Materials and test specimen 
 
The CFRP specimens were made from a 200g/m² non-crimp fabric and 400g/m² twill style 
textile each made with Tenax-E HTA40 E13, 6K yarn. Flat specimens with a length of 
150mm, a width of 15mm or 10mm, a thickness of 1mm and tab reinforcement for clamping 
were used. 0°/90°- and +/-45°-laminates of each textile reinforcement were investigated. The 
mean fibre volume fraction was approximately 43-45%. Previous investigations showed a 
strong influence of the fracture mechanical properties of the matrix on damage behaviour in 
terms of IFF and the lifetime of a laminate [2]. The most crucial criteria of this selection were 
the location of the Paris line and the fracture toughness. The Matrix systems Huntsman 
LY556 (fracture toughness 17.94 N/mm3/2) and Hexion RIM135 (fracture toughness 33.24 
N/mm3/2) were chosen as a more and less brittle epoxy system. Comparative tests on GFRP 
specimens of the same size were done. However this paper focuses on the CFRP results on 
0/90°-laminate.  
 
Damage evaluation in-situ tensile strength test and tensile fatigue loading 
 

  
Fig. 6: Damage evolution in tensile strength test on CFRP 
UD 0/90 specimens. 

Fig. 7: 10kN testing machine 
integrated in SAXS-scanner  

 
A servo-hydraulic 10kN testing machine was integrated in a SAXS setup (fig. 7). While the 
CFRP-samples were tensile loaded X-ray refraction topography [1, 4] was performed in situ. 
This non-destructive technique enables the detection of micro-cracking and inter-fibre failure 
especially important for CFRP. The increase of inner surface area due to inter-fibre failure 
was represented in terms of the increase in crack density and the increase in relative 
refraction intensity. Both are displayed as a function of the incremental stress state reached 
in figure 6.  

For the 0°/90°-laminate made of UD-weave fabric and LY556 epoxy system the first 
inter-fibre failure is indicated by a sudden increase in the relative refraction intensity as well 
as a rise in crack density. This occurs between the stress steps of 375 and 425 MPa. The 
same laminate with epoxy system RIM135 shows a steadily rising relative refraction intensity 
with no discrete cracks detected resulting in a crack density of zero until final failure (fig. 6). 
This fact alone illustrates different damage accumulation behaviour in the static load case 
between the two epoxy systems. Regarding the UD 0/90° specimens with the RIM 135 
system, only the relative refraction intensity is an appropriate indicator of the damage state. 
The same is valid for all SAXS investigations on +/-45°-laminates. In contrast discrete cracks 
were detected for both epoxy systems in the tensile step test on 0°/90°-laminates made of 
twill weave at a stress level of about 10% less. 
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Fig. 8: Damage evolution of CFRP-
0/90°-UD with LY556 matrix, fatigue 
tests and in situ X-ray refraction. 

Fig. 9: SAXS-accompanied fatigue test at R=0.1 on 
twill 0/90° CFRP specimens made with LY556 
matrix. 

 
Fatigue tests were done in servo-hydraulic tensile testing machines at 5 up to 100 Hz. All 
tests were done under air conditioning at 23°C and 50% RH. The intrinsic heating at low load 
levels is insignificant and hence the recorded surface temperature rise is moderate until 
shortly before failure. Even for ±45°-laminate the increase in the surface temperature is 
below 5°K at the lowest load of 50MPa and a frequency of 100Hz. The surface temperature 
was recorded with an infrared sensor during all fatigue tests.  

The single-step fatigue tests were conducted in the two custom-made 10-kN test 
apparatus. The test apparatus that was integrated into the SAXS scanner was used to carry 
out the fatigue test, applying up to 106 load cycles at different load levels and in situ SAXS 
measurements (fig. 8). After a certain number of load cycles the specimens were scanned on 
each load level, while a static load equivalent to the mean stress was applied to open the 
cracks slightly. With the recorded damage evolution (fig. 6, 8), it was possible to distinguish 
between the damaged and undamaged state of the specimens. These data were transferred 
to S-N diagrams (fig. 9) to visualize the different regions defined in figure 1. 
The 0°/90°-CFRP specimen of UD-weave (fig. 9) did not fail at and below a stress level of 
500MPa up to 106 load cycles, even though at 500MPa the first inter-fibre failure occurred 
during the first load cycle. Starting at a load level of 200MPa downwards, no micro-cracking 
was detected up to 106 load cycles. At this load level, no total failure occurred within the 
VHCF regime up to 108 load cycles. Below 200MPa there was no micro-cracking detected up 
to 108 load cycles. Thus technically infinite life can be assumed below 200MPa. This value of 
200 MPa is equal to approximately 47% to 53 % of the IFF. 
 
 
DISCUSSION AND CONCLUSION 
 
From the literature it is already known that inter-fibre failure can be visualised with classical 
radiography at low X-ray energies [8]. Because this method is based on differences in 
density, contrast agent has to be used to highlight the cracks, and even then only those 
cracks connected to the specimen surface can be coated and hence detected. In [1] thin 
micro-cracks and inter-fibre failure averaged over the volume were visualized without a 
contrast agent, using X-ray refraction technique. Hence an in situ investigation of increasing 
micro-damages parallel to static [4] and fatigue load [3] is possible. In this paper the 
investigations on laminates with different fabrics and different matrix systems showed that a 
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stress level of approximately 40% to 50% of static inter-fibre failure seems to be the limit for 
the technically infinite life of CFRP, for either transverse or shear loading.  

In addition, this project aims to examine the influence of the matrix properties. There-
by it could be shown, that the matrix has an influence on the kind of damage nucleation and 
propagation as well as on the limit to infinite life. Further investigations on different laminates 
with the second matrix system are in progress.  

Calculations with the phenomenology-based approach have already shown good 
results between the maximum equivalent stress and the stress level of the first IFF. These 
investigations will be continued in order to prove adaptability for normalised Wöhler curves.  

To conclude, it can be stated that a technically infinite life was found for cyclic 
fatigued CFRP-samples under transverse (0°/90°laminates) and shear (+/-45-laminates) 
loading, investigated up to 108 load cycles. Accompanying non-destructive X-ray refraction 
measurements reflect the damage state even when sample failures did not occur. This result 
and investigation technique is highly relevant to provide a guide value in component design 
for infinite life, which is often practically achieved according to the knock-down factors 
stipulated in certification standards. But with better knowledge of fatigue behaviour, knock-
down factors or safety margins can be reduced in order to benefit more from the lightweight 
design potential of FRP.  
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ABSTRACT 
Application of piezoelectric fatigue systems working at ultrasonic frequencies has enabled 
efficient testing in the desired Very-High-Cycle (VHC) ranges. However, the controversy is 
over whether the high- loading frequency affects the fatigue response of the materials or not. 
In this work a ferritic-martensitic dual-phase steel was investigated under ultrasonic 20 kHz 
loading as well as conventional low frequency fatigue tests. The objective was to study the 
possible effect of frequency on high and very-high-cycle fatigue behavior, thermal response 
of the material as well as the deformation and fracture mechanisms. The S-N curves were 
obtained and compared for 20 kHz and 30 Hz cycling. In addition, fractography studies were 
conducted to reveal the crack initiation and fracture mechanisms for ultrasonic and 
conventional fatigue loadings.  
 
keywords: Fatigue response, Frequency effect, Dual-phase steel  
 

 
INTRODUCTION 
 
Ultrasonic fatigue testing is an effective tool to carry out VHCF tests.  Due to the extremely 
high loading frequency of 20 kHz, ultrasonic fatigue machine makes it possible to investigate 
the VHCF properties of different high strength steels in a reasonable time. However, this 
accelerated testing method has been always accompanied by a main question: what are the 
effects of such a high frequency on fatigue response of the material? Generally for high 
ductility and strain rate sensitive materials like low-carbon steels the influence of frequency 
stems from the strain rate effects [1]. Low- and medium-carbon ferritic steels exhibit clear 
discrepancy between fatigue life and fatigue strength, obtained from ultrasonic loading and 
those measured from conventional fatigue tests [1]. In this case, as a general trend, 
ultrasonic loadings produce higher fatigue lives than low frequency tests. The elevated 
fatigue life and fatigue limit under ultrasonic loading has been mostly attributed to the 
increase of yield strength due to increasing the strain rate [2,3]. On the contrary, high alloy 
and high strength steels (e.g. martensitic stainless steels) are less susceptible to frequency 
effects and often there is a good agreement between their fatigue life obtained from 
ultrasonic loadings and that measured from low frequency fatigue tests [4]. 
The present work aims at explaining the differences between ultrasonic and conventional 
fatigue accounting for strain rate and temperature effects. DP600 dual-phase steel which 
consists of a ferrite matrix containing martensite islands was investigated under 20-kHz 
ultrasonic loading as well as conventional low frequency fatigue tests.  In both cases, the S-N 
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curves were obtained and the effect of frequency on fatigue life and fatigue limit was studied. 
Fractography studies were conducted and effect of frequency on crack initiation and material 
failure was investigated. Moreover, thermographic measurements were performed and 
mechanisms were proposed to explain the observed abnormal thermal response of the 
material under ultrasonic loading and correlate it to the fatigue and deformation behaviors. 
 
 
 

MATERIAL AND EXPERIMENTS 
 
The material studied in this research was a commercial DP600 dual-phase steel. This ferritic-
martensitic steel which contains 15 wt. % martensite was received as sheets of 3.6 mm 
thickness from ArcelorMittal. The chemical composition of the material is (%wt) Mn 0.933, Ni 
0.020, Si 0.213, Cr 0.727, C 0.075, Nb 0.042. The mechanical properties of the material are 
presented in Table 1. Ultrasonic and conventional low frequency fatigue tests were carried 
out by using a piezoelectric 20-kHz system and a 10-kN servo-hydraulic MTS machine, 
respectively. All fatigue tests were performed under fully reverse tension-compression (R=-1). 
Hourglass-shaped specimens with rectangular cross section were used. In both cases 
loading amplitude was low so that the specimen deformed elastically from macroscopic point 
of view. All specimens were electropolished after mechanical polishing in order to remove the 
residual stresses. Moreover, in situ infrared thermography was employed to record the mean 
temperature on the specimen surface under fatigue loadings. The details of temperature 
measurement method can be found in Ref. [5]. 
 

Young’s Modulus 
(GPa) 

Yield strength 
(MPa) 

Ultimate tensile strength (MPa) Elongation 
(%) 

210 440 650 20 
Table 1: Mechanical properties of DP600 steel [6] 
 
 
 
EXPERIMENTAL RESULTS 
 
S-N CURVES 
 
The S-N curves were obtained by 20-kHz ultrasonic loadings along with cooling the 
specimen with compressed air, and also by 30-Hz conventional fatigue tests. The obtained 
S-N data are presented in Fig. 1.  According to this figure, for a given stress amplitude, 𝜎𝑎, 
the fatigue lifetime measured by ultrasonic loading was higher than that obtained from 
conventional tests. The number of cycles at the knee point obtained at 30 Hz was ~2×106 
cycles, whereas the corresponding value at 20 kHz was ~3×108 cycles. For a given number 
of cycles ranging from 106 to 107, where the data exist for both loading techniques, the 
fatigue strength is higher at 20 kHz than at 30 Hz. However, both frequencies have resulted 
in the same fatigue limit of ~260 MPa.  
Based on infrared thermography measurements in the case of ultrasonic loadings at stress 
amplitudes, above the fatigue limit (all points in the S-N diagram excluding the run-out points), 
strong heating occurred in the early stages of cycling, leading to significant temperature 
increases up to ~350°C. However, at stress amplitudes below the fatigue limit temperature 
remained less than 100°C. The high temperature increases at high stress amplitudes could 
not be avoided even by using air-cooling systems. This kind of S-N data have been already 
reported for other bcc materials, for which intermittent loading and cooling systems could not 
prevent the strong heating and significant temperature rises during ultrasonic loadings (see 
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for example [7,8]).  In the case of 30-Hz frequency, temperature increase was ignorable 
(ΔT<15°C) and no cooling system was required. 

 
Fig.1: S-N data of DP600 steel, obtained from 20-kHz and 30-Hz fatigue loadings 
 
 
Fractography studies 
 
Fracture surfaces of conventional and ultrasonic ruptured specimens were investigated by 
Scanning Electron Microscopy (SEM). For all specimens ruptured under 30-Hz frequency 
loading, fatigue crack initiated from slip bands on the specimen surface. For instance, Fig. 
2(a) shows a surface initiation from slip bands under 30-Hz frequency loading. In the case of 
VHCF ruptures under ultrasonic fatigue tests, crack initiation was mainly internal however 
some cases of surface crack initiation were also observed. In this case, crack initiation was 
always inclusion-induced for both internal and surface crack initiations. An internal inclusion-
induced crack initiation leading to fish-eye fracture under ultrasonic loading is presented in 
Fig. 2(b).  
 

 

 

(a) (b) 
Fig. 2: Fracture surface of fatigue specimens:(a) conventional sample (Nf=7.7×105 cycles and 
σa = 275 MPa) (b) ultrasonic sample (Nf=6×107 cycles and σa = 275 MPa) 

inclusion 

crack initiation from 
surface 
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Surface observations        
              
Interrupted fatigue tests were conducted and the surface of the specimens was observed by 
SEM at different loading stages. All observations were made along the central axis of the 
specimen around the center of the gauge part.  For all specimen loaded by 20-kHz frequency 
at low stress amplitudes (σa < 260 MPa), for which no strong heating occurred (T<100°C), no 
slip band (SB) was observed on the specimen surface even after 109 cycles. The same 
observations were carried out for a specimen loaded by 30-Hz frequency at σa = 250 MPa, 
up to N=107 cycles and the observation results are presented in Fig. 3(a). In this case, SBs 
formed in ferrite grains on the specimen surface in the early stages of loading (N~105 cycles) 
and were developed by increasing the number of cycles. The slip bands are indicated by 
arrows in the graphs. Although no slip band formation occurred under ultrasonic loading at 
low stress amplitudes (below the fatigue limit), for loadings at stress amplitudes above the 
fatigue limit, which were accompanied by high temperature increases, SEM observations of 
the specimen surface revealed formation of many slip bands as well as microvoids and 
microcracks along the slip bands in ferrite grains, as shown in Fig. 3(b).  
 

  
(a) (b) 

Fig. 3: SEM observations on specimen surface (a) conventional fatigue sample (N=107 
cycles and σa =250 MPa) (b) ultrasonic sample (N=106 cycles and σa =286 MPa) 
 
 
DISCUSSION 
 
Effect of frequency on deformation mechanisms 
 
In dual-phase steel, since the hardness of martensite is much higher than ferrite, it can be 
assumed that dislocation motions and plastic deformation occur in ferrite grains, as the 
ductile phase with a bcc structure. Mughrabi et al. [9] described the temperature and rate 
dependent behavior of bcc metals by defining two deformation regimes based on the 
transition temperature: (1) the thermally-activated mode ( 𝑇 < 𝑇0 ) where the screw 
dislocations are immobile and edge dislocations move to-and-fro in a non-hardening quasi-
recoverable manner (2) the athermal regime (𝑇 > 𝑇0) where the mobilities of screw and edge 
dislocations are equivalent and screw dislocations can cross slip. In this regime, 
rearrangement of dislocations can take place and strain localization can occur in slip bands. 
The transition temperature, 𝑇0, is highly strain rate dependent and can be shifted to higher 
values by increasing the strain rate. The transition strain rate of low-carbon steel should lie in 
the range of 1 𝑠−1 to 10 𝑠−1 [3]. In our case, for conventional 30-Hz frequency fatigue tests 
with the stress amplitudes in the range of 260 to 330 MPa (according to Fig. 1) the maximum 
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strain rate was estimated to range from 0.233 𝑠−1  to 0.296 𝑠−1 , considering elastic 
macroscopic behavior. Thus for conventional fatigue tests at room temperature the strain rate 
is much smaller than the transition strain rate and material deformation occurs in athermal 
regime. 
For ultrasonic testing with 20-kHz frequency, the deformation regime depends on stress 
amplitude, as discussed in Ref. [5]. In this case, the temperature increase under high stress 
amplitudes plays an important role in the material deformation regime. For the stress 
amplitudes below the fatigue limit (60 MPa< 𝜎𝑎< 260 MPa) the maximum strain rate ranges 
from 36 𝑠−1to 156 𝑠−1. At these stress amplitude ranges, no strong heating occurred and 
specimen temperature did not significantly increase (T<100°C). In this case, the transition 
temperature should be higher than room temperature for these high strain rates, therefore 
material deforms at thermally-activated mode under ultrasonic loadings at low stress 
amplitudes. Nonetheless, for ultrasonic loading at high stress amplitudes the specimen 
temperature increased to some hundreds of degree, which is higher than the transition 
temperature at the corresponding high strain rate (~100°C), and material deforms in the 
athermal regime [5]. The aforementioned deformation modes under different loading 
conditions can be confirmed by the SEM observations on the surface of specimens which 
show slip band formations for conventional fatigue tests and ultrasonic loading at high stress 
amplitudes, while for ultrasonic loading at low stress amplitudes no slip band was observed. 
 
Effect of frequency on fatigue life 
 
In the case of dual-phase steel under high temperature cycling, dynamic strain aging is 
known to occur [5], which results in increasing the yield and tensile strengths of the material. 
The higher fatigue life in the case of ultrasonic loading can be attributed to the dynamic strain 
aging which resulted from the high temperature increases at high stress amplitudes. In other 
words, in spite of the high mobility of screw dislocations in the athermal deformation regime, 
because of the high temperature, interstitial carbon atoms diffuse around the dislocations 
and restrict their movements temporarily. Subsequently, the occurrence of slip and crack 
initiation would be delayed, leading to an increase in the fatigue life for a given stress 
amplitude. The effect of strain ageing on increasing the fatigue life of low-carbon steels at 
high temperatures have been already reported in the literature [10].  
 
Effect of frequency on fatigue limit 
 
the fatigue limit of materials with BCC structure can be considered as the stress necessary 
for activation of screw dislocations [11] . Considering this physical aspect of fatigue limit, for 
DP600 steel, because both conventional fatigue tests and ultrasonic loadings at high stress 
amplitudes lead to athermal deformation mode, from the screw dislocation activation stress 
viewpoint, no large difference is expected to exist between ultrasonic and low frequency tests. 
In other words, the stress required for the screw dislocations to have the same mobilities as 
edge dislocations is equivalent for ultrasonic loading and conventional low frequency tests 
and it can explain the similar fatigue strength of two cases. 
 
 
CONCLUSIONS 
 
The effect of frequency on fatigue behavior of ferritic-martensitic dual-phase steel was 
studied by carrying out ultrasonic and conventional low frequency tension-compression 
fatigue tests along with temperature measurements and microscopic observations. A clear 
discrepancy was observed in the S-N curves obtained from conventional 30-Hz fatigue tests 
and that measured from ultrasonic 20-kHz loadings. The rate and temperature dependent 
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flow behavior of the ferrite phase, as a BCC structure, was found to be a decisive parameter 
explaining the effects of frequency on fatigue and thermal response of the material. Moreover, 
the significant temperature increase under ultrasonic fatigue loading at high stress 
amplitudes was found to play an important role in the observed phenomena. 
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ABSTRACT 
 
The investigations discussed in this section focus on the micromechanical fatigue 
mechanisms in transversally loaded unidirectional plies of carbon fiber reinforced epoxy. The 
damage process by the formation of matrix and interface cracks and filament failures has 
been determined by non-destructive acoustic emission (AE) measurements. In order to 
extract physically interpretable results a novel clustering methodology has been developed 
and implemented. AE measurements show that micromechanical damage occurs very late in 
the fatigue life of unidirectional (UD) plies under swelling transverse loads. It is concluded 
that the fatigue process of transversely loaded carbon fibre reinforced plastic (CFRP) plies is 
dominated by the viscous properties of the matrix material.  
 
 
KEYWORDS 

 
Fibre/matrix interface failure, Acoustic emission, Very high cycle fatigue, Micro-damage of 
transverse plies, Clustering of acoustic emission data 

 
 

INTRODUCTION 
 
A fundamental and initial damage mechanism in FRP is the micro damage. Micro damage is 
commonly referred to as the formation of cracks at the fiber/matrix interface. In the case of 
cyclical loading, Correa et al. and Trappe [1-2] have shown that the damage process is 
initiated equivalently to the damage process under quasi-static load by micro cracking at the 
fiber/matrix interface and in the matrix. Micro damage primarily manifests in a strength and 
stiffness degradation of the transverse properties of the respective ply. Investigations of 
Mannigel [3] have revealed that combined transverse shear and longitudinal compressive 
loading yields in a significant reduction of the longitudinal compressive strength. The effect 
was attributed to the formation of micro cracks and the resulting micromechanical loss of 
matrix support for the filaments against buckling. However, besides investigations of Trappe 
et al. [4] who studied the formation of micro cracking under cyclical shear loads using X-ray 
refraction, few studies on the phenomenology of micro damage evolution under cyclical loads 
exist. Since the nature and the evolution of micro damage is considered a key to modelling 
fatigue of FRP the objective of this investigation was the determination of mechanisms of 
cyclically induced micro damage via the acoustic emission method. To extract information on 
the damage mechanisms from the AE data a novel clustering algorithm was developed and 
implemented and has been applied to the fatigue tests allowing for on-line monitoring of the 
damage. 
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CLUSTERING OF ACOUSTIC EMISSION SIGNALS AND DAMAGE EVOLUTION 
 
The damage evolution was measured by an acoustic emission (AE) system by iNDTact 
Measurement Systems GmbH, Würzburg, Germany. The system consists of a sensor, a pre-
amplifier and a digital data acquisition system. The sensor Impact XS features a frequency 
range of 1 mHz to 1 MHz with a low change in sensitivity over the frequency range. The 
signal is pre-amplified (0 dB) by a preamplifier champ 1.1 and an analog band pass filter is 
applied (lower cutoff 160 Hz, upper cutoff >1 MHz). The signal is further digitalized by the 
DAQ system NI 9181/9223, National Instruments, Austin, USA. The basic principle of AE is 
that a specific damaging event – such as fiber filament failure, matrix failure or interface 
failure – can be considered as a characteristic AE source yielding in a characteristic 
measurable AE signal. Single parameter or multivariate analysis for the classification of AE 
signals are used [5-6]. Algorithms widely applied are the k-means algorithm and its variations 
as well as neuronal network based self-organizing maps (SOM). In the present study an 
SOM based approach was used due to the better suitability to the problem since single. 
Clustering data using SOM based approaches requires multi-step approaches. The weight 
vectors of the neurons have to be arranged to clusters in a second step after training and 
association of input data to specific neurons. Clustering approaches like the k-mean 
algorithm yield to physically incorrect clusters in many cases. In contrast the U-matrix 
approach depends on the subjectivity of a visual interpretation of the topology of the SOM. 
To overcome the inconvenience of the U-matrix approach, another step is conducted to 
obtain the cluster boundaries. It was found in image processing using the watershed 
transformation [7]. The transformation as proposed e.g. by Vincent treat image data as digital 
elevation models (DEM). The transformation finds watershed lines by successively 
increasing the water level in a DEM. Object or cluster separation lines are identified where 
the catchment basins merge. The approach of using the U-matrix together with the 
watershed transformation finds clusters based on relative changes in the weight density and 
is hence able to detect clusters regardless of the number of elements in the cluster even if 
within a cluster the distance of the data points is comparatively high. For the developed 
methodology the AE data is preprocessed as proposed by Sause et al. [8]. In an initial step 
obvious outliers and noise data are manually removed from the datasets. In a second step 
the AE data is normalized by a fixed set of reference values intending to scale each feature 
to the interval ]0,1[. The SOM algorithm as implemented in the Software package Matlab® 
was applied to a dataset using a grid-type net topology and a batch training algorithm. Since 
watershed transformations are prone to over-segmentation [7] the SOM training process is 
adapted to the problem. Instead of separating the training process into an ordering and a 
tuning phase only the ordering phase is performed where the neighborhood radius 
decreases to 1. The weight distribution is hence adapted to the global input distribution only 
avoiding the “noise” being generated during the tuning phase. The weight vectors resulting 
from the training process are subsequently used to calculate the U-matrix based on the 
average distance of the neighboring weights as proposed by Ultsch [9]. Although only the 
ordering phase is considered during learning, areas of the SOM with small deviations in the 
weight vectors and a high hit count are still prone to noisy weight distances and hence over-
clustering. As remedy against over-clustering Ohser et al. propose preprocessing the data 
before it will be watershed transformed. In the algorithm presented here a strategy related to 
the h-minima transformation has been used [10]. Values falling below a threshold will be 
assigned a constant value which is equal to the threshold value. Result of the watershed 
transformation is the regions of the clusters identified on the SOM. 
During the clustering process, the choice of the features used for clustering was found to 
have a decisive effect on the validity and the performance of the clustering. A wide variety of 
parameters has been proposed for partitioning of AE datasets and correlation with damage 
mechanisms in FRP ranging from energy or amplitude based criteria to frequency based 
concepts [11]. Sause et al. presented an outstanding numerical study investigating on the 
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measureable signal caused by typical failure mechanisms in fiber reinforced composites and 
compared their results with experimental investigations [12]. Based on these findings in this 
study the weighted peak frequency and the partial powers have been used for clustering. 
The parameters are defined in table 1. 
Weighted Peak Frequency 

√𝑓𝑝𝑒𝑎𝑘
∫ 𝑓𝑈̃(𝑓)𝑑𝑓

∫ 𝑈̃(𝑓)𝑑𝑓
 

Partial Power ∫ 𝑈̃2(𝑓)𝑑𝑓
𝑓2
𝑓1

∫ 𝑈̃2(𝑓)𝑑𝑓
1𝑀𝐻𝑧

0

 

Partial Power Limits Range 1: 0-100kHz 
Range 2:100kHz-200kHz 

Table 1: Frequency parameters used for clustering. 
 
Damage evolution and effect of testing conditions 
 

 
Fig. 1: Test setup and damage mode with AE algorithm under transverse basic loads. 
 
Hoop wound tubular specimens from the material HTA40/LY556 (Toho Tenax Co., Tokio, 
Japan/ Huntsman A.M. BVBA Everberg, Belgium) of orientation 89° were manufactured. 
Specimen dimensions were chosen to have an inner diameter of 40 mm and a wall thickness 
of 1 mm. AE activity was measured during the determination of the transverse strengths 𝑅⊥+, 
𝑅⊥
−, 𝑅⊥−. Reference conditions were set to a strain rate of 1.3 %/min and room temperature of 

23°C. Three clusters could be identified and damage evolution under quasi static loads can 
be summarized as described subsequently: Interfacial failure is the dominant damage 
mechanism under transverse loading. While under transverse tensile stresses material varies 
between failure by a dominant single crack and cumulative failure, the behavior under shear 
and transverse compressive stresses are found to be very reproducible. Detectable damage 
initiates comparatively late at effort factors of fE > 0.8 (calculated with Pucks criteria) under 
shear and fE > 0.5 under transverse compression (figure 1). Under shear loading significant 
AE activity was observed after damage onset, the detected signals were not only associated 
with interfacial damage but also a significant amount of signals associated with fibre filament 
failure could be observed. Under transverse compressive loads, AE activity was low and the 
signals were exclusively associated with interfacial damage (figure 1). 
For reducing the time of fatigue tests, the strain rate was chosen to be factor 1000 higher 
than the quasi static strain rate and temperature was chosen to be 60°C (TG of the resin 
measured via DSC for all specimens > 130°C). The damage phenomenology determined by 
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AE measurements is found to be significantly influenced by this testing conditions; the results 
are summarized in table 2. 

 
Damage onset Strength Failure 

 
𝜎2 [MPa] 𝜏21 [MPa] 𝜎2 [MPa] 𝜏21 [MPa] 

 

RT, 
1.3%/min 

15.17 0 53.89 0 Interface 
0 65.165 0 76.09 Interface 

-87.31 0 -176.84 0 Interface 

60°C 
1.3%/min 

40.64 0 66.66 0 Interface 
0 27.7 0 65.41 Interface 

-56.00 0 -120.79 0 Interface 

RT 
1300%/min 

9.32 0 9,32 0 None 
0 64.3 0 80.98 Interface 

-127.6 0 -152.61 0 Interface 

60°C 
1300%/min 

8.57 0 10.05 0 Matrix 
0 82.08 0 84.6 Matrix 

-151.52 0 -163.85 0 Matrix 
Table 2:  Damage initiation and strength at elevated strain rate and temperature 
 
 
FATIGUE DAMAGE OF FRP 
 
The fatigue behavior of CRFP under transverse loads was characterized and the change of 
the material state as well as the damage evolution was analyzed with the novel clustering 
approach.  As well as for the quasi-static investigations the same specimens have been used 
for the fatigue investigations. Load is introduced by hoop-wound sections on the tubes which 
are made of the same CFRP material as the test ply. Tests have been primarily carried out 
on a 500 Nm torsion test rig by DynaMess Pruefsysteme GmbH, Stolberg, Germany and on 
a 1000 Nm torsion module of a 3-axis test rig by Instron/Schenck GmbH, Darmstadt, 
Germany. Tests have been carried out at a constant maximum strain rate of 50 %/s. Strain 
was measured using strain gauges together with a 3-D optical measurement system by 
Limess GmbH, Krefeld, Germany to realise strain measurement if the strain gauges fail. All 
tests have been carried out under load (torque) control; torque was measured in both torsion 
tests rigs by high precision TB2 torque transducer by Hottinger Baldwin Messtechnik GmbH, 
Darmstadt, Germany. Since temperature rises during testing the temperature was monitored 
for all specimens using an infrared pyrometer CT by optris GmbH, Germany.  

 
Fatigue behavior under transversal loads 

 
The fatigue data for the three basic transversal stress states under a swelling constant 
amplitude load at R = 0.1 and R=10 for compression are depicted in figure 2. The fatigue 
data under shear stress has been determined using hoop wound 89° specimens resulting in 
a pure shear stress state. The transverse tension as well as transverse compression 
investigations has been performed using 45° wound specimens loaded in either positive or 
negative torque direction. The resulting stress state is therefore not uniaxial but a biaxial 
transverse 2 /-1 stress state. However fiber longitudinal stresses are comparatively small, 
resulting in an effort factor of fE,1(-)=50/1800 < 0.1 for transverse tension and 
fE,1(+)= 150/2200 < 0.1 for transverse compression. Longitudinal stresses were hence 
assumed to have a negligible effect on the fatigue behavior. It is evident that in all directions 
the material exhibits pronounced fatigue degradation. In all transversally tested specimens 
mean stress creep could be observed. Creep was most pronounced in the specimen 
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exhibited to shear while being less pronounced for the specimens being loaded in transverse 
tension. In contrast to the expectations none of the specimens tested exhibited measureable 
AE activity during most of the fatigue loading but detectable damage only occurred shortly 
before the specimen failed. Exemplary test data on the mean stress creep and the 
corresponding damage evolution are presented in figure 3.  

 
Fig. 2: Fatigue data for transverse swelling fatigue load at R=0.1 and R=10 

determined using tubular specimen 

 
 

Fig. 3: Representative example of mean stress creep at fE=0.5 and damage detected 
by AE measurements at the end of the specimen’s fatigue life 

 
 
CONCLUSION AND SUMMARY 
 
The presented study presents a new clustering approach for the use of AE measurements 
during fatigue experiments. Due to application of the watershed algorithm after SOM and the 
U-matrix approach subjective identification of clusters could be minimized. With this method 
it could be shown that interface debonding is the primary micro damage mechanism in the 
material under quasi static loads. Results of the investigation on the dependency of damage 
initiation on variable temperature and strain rate revealed that the viscoelastic properties of 
the matrix resin dominate the damage initiation. These findings could be translated to the 
fatigue regime where the results on damage initiation indicate that mean stress creep is the 
major mechanism of state change in the material. Damage in the form of cumulative micro 
cracks could not be detected by AE measurements during fatigue loading for most of the 
material’s fatigue life. Micro damage in the form of interface and matrix damage was only 
initiated in the final stage of the fatigue life of the transversely loaded material.  
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The Weibull regression model proposed by Castillo and Canteli for assessing fatigue results 
represents four relevant characteristics to proceed to successful VHCF data assessment. 
First, it fulfils the necessary compatibility between the statistical distributions F(Δσ;N) and 
F(N;Δσ). Second, it demonstrates the necessity of existence of a fatigue limit as one of the 
model parameters, which differing from the arbitrary “classical fatigue limit” may adopt the 
zero value when prescribed by the fatigue data. Third, it allows a data normalization in the 
sense of reducing the whole Wöhler field to a unique 3-parameter Weibull distribution using 
the normalized variable V=(log N-B) (log Δσ).  And fourth, it offers the possibility of including 
runouts besides failures in the model parameter assessment though up to an admissible rate 
of the failures number. In this way, the VHCF data can be adequately interpreted and treated 
as independent distributions arising from a dual fracture mechanism origin representing a 
concurrent flaw population problem [1,2], known statistically as “confounded data”, where 
both distributions intersect. Once the model parameters of both normalized cumulative 
distribution functions are estimated, the probability of failure for any of both failure 
mechanisms at any stress range can be determined applying a back normalization to the 
original Wöhler field. Joint assessment of the two-origin data, implying some correlation 
among the results from both flaw populations, may be eventually performed by accepting 
coincidence of some of the parameters. Finally, an example of application to former results 
from an external experimental VHCF program is presented. 
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ABSTRACT 
 
With a particular emphasis on metal matrix composites reinforced by ceramic particles or 

fibres both a stochastic model for the random non-overlapping spatial arrangement of the 

non-metallic reinforcements as well as a stochastic model for the overall random fatigue 

lifetime of the composite is introduced and suitable statistical methods for the estimation of 

the respective model parameters are proposed. Especially for estimating the parameters of 

the spatial model in case data is available only as a planar section (typically from a 

metallographic analysis) with the stereological "unfolding" procedure as implemented in [1] 

and the quasi-likelihood parameter estimation method [2] two competitive methods are 

discussed in more detail. The stochastic model for the random fatigue lifetime as 

implemented in [3] allows for any spatial arrangement of spheroidal reinforcements as well 

as applied stress and material constants such as Vickers hardness as input and is 

substantially based on the "√area"-criterion [4] relating inclusion size to fatigue strength as 

well as the idea of damage accumulation in the sense that a relevant portion of 

reinforcements with an individually non-critical projected area could be near to each other 

such that their surrounding damage zones interact. 

 

 

KEYWORDS 
 
Stochastic modelling, Metal matrix composite, Ceramic reinforcements, Very high cycle 

fatigue, Parameter estimation 

 

 

INTRODUCTION 
 
The present talk aims to introduce a stochastic model for the very high cycle fatigue (VHCF) 

behaviour of metal matrix composites. In particular this model is thought for two kinds of 

(AA6061) aluminium matrix composites reinforced with either alumina particles (Al2O3, ca. 

15% volume fraction), or, short fibres (Saffil, ca. 20% volume fraction), as in [5] where 

experimental investigations are discussed; see Fig. 1 for planar sections. The idea to pursue 

such a kind of approach is based on the general finding that endurance in the VHCF regime 

is a random phenomenon which appears to be, to some extent, the result of the composition 

of the material at different scales. In case of ceramic reinforced MMCs in particular the 

arrangement of the reinforcements is random. The fundamental approach in building up such 

a stochastic model is to include explicitly the random spatial arrangement of the 
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reinforcements since often they are sources for fatigue failure or they are at least conducive 

to it, and not only sizes might matter but also orientations and the reinforcements’ relative 

positions to each other.  

 

     
 

Fig. 1: SEM images of the particle (left) and short fibre (right) reinforced MMC 

 

 
MODELLING THE SPATIAL CONFIGURATION OF CERAMIC INCLUSIONS 
 
The spatial modelling comprises both modelling the size-shape-orientation distribution of a 

typical reinforcement as well as modelling the whole random configuration of the non-

overlapping reinforcements. The ceramic particles are modelled as prolate spheroids 

(ellipsoids of revolution) with one long semi-axis of length a and two short semi-axes of equal 

length c≤a, whereas, similarly, the short fibres are modelled as sphero-cylinders. Both the 

production process as well as a previous statistical investigation of orientations justify the 

assumption that the orientation distribution of both types of reinforcements is invariant with 

respect to rotations about some fixed axis and may thus be well described by a Schladitz 

distribution [6] (controlled by an anisotropy parameter β >0), which has – in terms of 

spherical coordinates (ϑ,φ) with respect to the fixed direction with polar angle ϑ (0≤ ϑ<π) and 

azimuthal angle φ (0≤ φ<2π) – probability density function 

  3/222
β

cos1β12

βsin

2π

1
),(h







 . 

It is further assumed that the size, represented by the length a of the long semi-axis, and the 

shape s=c/a may depend on each other but are independent of orientation by choosing 

a=exp(ξ) and s=1/(1+exp(-η)) where (ξ,η) is a bivariate (possibly correlated) normally 

distributed random vector, that is, in particular, the size a is assumed to have a lognormal 

distribution, which is one of the established models for particle sizes. 

From several possibilities to spatially arrange a system of non-overlapping spheroids or 

sphero-cylinders with a given size-shape-orientation distribution and a prescribed volume 

fraction the force-biased algorithm (FBA) model [6,7] was chosen. The basic idea of 

generating a configuration of spheroids/sphero-cylinders according to this model is to 

gradually change an initially overlapping configuration essentially by pushing-away shifts and 
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possibly rotations such that the amount of overlaps is reduced until the non-overlapping 

condition is satisfied. In the particular situation, however, pushing-away rotations were not 

allowed so as to keep the initial orientation distribution within the system of 

spheroids/sphero-cylinders fixed. See Fig. 2 for simulated configurations with volume fraction 

15% in case of spheroids and 20% in case of sphero-cylinders. 

 

 
 

Fig. 2: Simulations of the FBA model with spheroids (left, middle) and sphero-cylinders (right) 

 
Fitting a spatial model to the data is, however, quite involved since only planar data in terms 

of cross sections as in Fig. 1 is available, which, in particular, makes fitting the distribution of 

the spatial particles or fibres more complicated. Although the latter kind of problem is 

typically solved with the help of methods from stereology, it turned out to be beneficial to 

apply with the quasi-likelihood estimation approach [2] an alternative fitting method. 
 
 
MODELLING THE FATIGUE LIFETIME 
 
General assumptions 
 
The first basic assumption for the modelling is that the specimen contains certain modes of 

failure which can happen at certain locations and to which an individual fatigue lifetime can 

be assigned. These cover (see [5]) 

 

 initially or during the fatigue experiment broken fibres/particles causing a crack, 

 fibres/particles as inclusions with relatively low bonding within the metal matrix, 

 matrix failure, 

 non-infiltrated regions, 

 

where non-infiltrated regions inside clusters of fibres are accounted for implicitly by the 

following approach.  

Broken as well as debonded reinforcements imply each a projected area perpendicular to the 

direction of the maximum applied stress σa, see Fig. 3. As a second assumption it is 

assumed that this projected area is ‘initiated’ at a respective individual fatigue lifetime. 

Typically a singular such projected area is not critical for fatigue of the whole specimen. 
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However, some defects which are close to each other might imply a sufficiently large 

projected area. 

 
Fig. 3: Schematic representation of inclusion fracture (left), inclusion debonding (right), as 

used in modelling, each with respective projected areas 

 

Therefore, the third assumption is that the projected areas of close defects accumulate and 

inherit as related individual fatigue lifetime the largest one assigned to the involved defects. 

Then, with progressing time (or cycles), at different locations within the specimen 

agglomerates of projected areas grow until the first reaches a critical size and the whole 

specimen fractures instantly. The critical size of an agglomerated projected area is derived 

from the equation for the minimum stress σw(A,j), 

   ,1.43c1.56,c
A

120H
cjA,σ 211/12

V
jw 


  

originally related to a non-metallic inclusion with projection area A and lying either in the 

interior (j=1) or at the surface (j=2) of a specimen (see [4, p. 90]), where “critical” is in the 

sense that if the applied stress σa is below σw(A,j) then a crack possibly initiated at this 

inclusion will not propagate and thus not cause failure of the whole specimen. 

Finally, it is assumed that independently from the lifetimes associated with reinforcement 

failure or interface debonding also fatigue failure initiated by matrix failure may happen. The 

overall fatigue lifetime of a specimen is then given by the minimum of the fatigue lifetime 

associated with failure due to the reinforcements and of the (Weibull-distributed) fatigue 

lifetime due to matrix failure. 

 

Individual lifetimes 
 

A widely accepted model for the number of cycles to failure of a ceramic specimen is the 

two-parameter Weibull distribution. Because of that such a law is assumed also for the 

random lifetime of an initially unbroken reinforcement until it potentially fractures. Since the 

microstructural investigations [5] show that some of the reinforcements (typically short fibres 

rather than particles) are broken before starting the fatigue testing, a small portion of 

reinforcements already broken in the beginning is assumed in the model, too, that is, they 

are assigned individual lifetime 0. 

For the second mode of local damage it is assumed that the maximum stress intensity factor 

Kmax near the boundary of a reinforcement is large enough to initiate a crack, the space of 

which is assumed to coincide with the respective reinforcement, and, hence, one may 
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associate this kind of building damage with debonding. The associated individual random 

lifetime T for a projected area A of a reinforcement lying either in the interior (j=1) or at the 

surface (j=2) of a specimen is modelled as 

     Zbσj,A,KlogbbTlog 2amax10   

where Z is a standardized normally distributed random number, b0 is a shift parameter, b1 is 

a slope parameter, b2 is a parameter (in the sense of a standard deviation) controlling for the 

amount of randomness in the model, and (see [4]) 

   0.65k0.5,kAπσkσj,A,K 21ajamax  . 

 

Accumulating initiated projected areas 
 
Picking up the finding that nearby inclusions or cracks behave like one large inclusion or 

crack [4] and the projected areas of single inclusions are too small, the model allows for 

accumulation of projected areas. Associated with each kind of local damage is both an 

individual lifetime Ti and a spatial domain Di with projected area A(Di). At time Ti the local 

damage is initiated, that is, either an inclusion is detached from the surrounding matrix or it 

breaks. At a later time Tj another local damage with spatial domain Dj and respective 

projected area A(Dj) is initiated. In case the domains Di and Dj are close in a certain sense 

they are merged into a cluster C which is then considered as a new and larger local damage. 

The individual lifetime associated with this cluster C is then Tj, that is, the minimum of Ti and 

Tj, whereas the projected area assigned to C is the projected area of the convex hull of the 

set-theoretic union of the spatial domains Di and Dj. Over time clusters may grow by adding 

further initiated domains, or even other clusters, until the projected area of one cluster is 

above the critical area. The corresponding process of accumulation events for σa=140 MPa 

is illustrated in Fig. 4,  

 
Fig. 4: Example for failure times associated with the individual agglomerates at σa=140 MPa. 

The thick line shows the process of accumulating local damages which finally leads to the 

overall failure of the specimen. 
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even showing that overall fatigue failure is caused by a damage region near to surface 

although some projected areas related to interior damage are already above the critical area 

for damage regions near surface. 

 

 
STATISTICAL APPROACH 
 
A general problem in the statistics of very high cycle fatigue data is that the data size is 

relatively small due to the long experimental times even when a modern high frequency 

testing device is used. Besides small sample sizes parameter estimation in the given 

situation is relatively involved for the following two reasons. Firstly, all information on the 

parameters has to be extracted from the observed overall fatigue lifetimes. Secondly, there is 

no closed form expression which relates the distribution of the overall fatigue lifetimes to the 

employed model parameters such that estimation can be solely based on simulation. The 

latter problem also arises when fitting the spatial model. Because of that in either case the 

simulation based quasi-likelihood estimation approach [2], which can explicitly deal with both 

kinds of problems, is proposed for parameter estimation. 
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ABSTRACT 
 
The demand for knowledge about fatigue behaviour of structural materials in the VHCF 
regime steadily grows. In the case of high strength steels, fatigue tests mostly reveal that 
multiple failure mechanisms occur. However, the common statistical analysis of constant 
amplitude tests generates summarized multiple-flaw S-N curves which neglect the 
differentiation according to the type of the failure cause, e.g. oxides or sulphides as non-
metallic inclusions. To improve the fatigue life of materials it is essential to determine single-
flaw S-N curves for the assessment of the harmfulness of each failure type. Within the 
evaluation it has to be taken into account that some mechanisms occur less frequently 
because they are covered by others. Furthermore, it has to be considered that the probability 
of the occurrence of different failure types depends not only on the stress amplitude but also 
on the applied mean stress. In this investigation specimens made of different heats of the 
bearing steel 52100 were tested uniaxially at two stress ratios up to 2·109 load cycles using 
two ultrasonic testing devices. The tests exhibited crack initiation at different types of 
inclusions and at the surface. A mathematical solution is given to calculate single-flaw S-N 
curves including the regime of the fatigue limit from these results. 
 
 
KEYWORDS 
 
Competing risks, 52100, very high cycle fatigue, single-flaw failure, multiple-flaw failure, 
inclusions 
 
 
INTRODUCTION 
 
Fatigue tests of high strength steels mostly reveal that multiple failure mechanisms occur [1]. 
However, the common statistical analysis of constant amplitude tests generates summarized 
multiple-flaw S-N curves which neglect the differentiation between the type of failure origin, 
e.g. oxides or sulphides as non-metallic inclusions. The improvement of the fatigue life of 
materials requires the determination of single-flaw S-N curves in order to assess the 
harmfulness of each failure type. Since some failure types are covered by more dominant 
ones it is necessary to test a large number of specimens to get statistically firm information 
on the more seldom occurring types. The tested specimens were made of four heats of the 
bearing steel 52100 (100Cr6) differing in the chemical composition and in the processing 
route. The tests were carried out uniaxially up to 2·109 load cycles on two piezo-electric 
ultrasonic testing devices. Since additionally applied mean stresses can have an effect on 
the occurring failure types [2, 3] two stress ratios were tested. A description of the fatigue test 
equipment can be found in [4]. The single-flaw S-N curves are based on the fatigue test 
results by adaption of the competing risks theory [5] to multiple-flaw fatigue tests. 
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SPECIMENS, MATERIAL AND TESTING 
 
Table 1 shows the chemical composition of the tested variants. The not listed titanium 
content of all variants is below 10 ppm. Variant A is a standard processing heat using 
aluminium in the deoxidation process. Since variant B is deoxidized by silicon its aluminium 
content is very low and this corresponds to a very high oxidic cleanliness. No sulphides were 
found in the metallographic investigations for variants C and D which matches with the low 
sulphur contents compared to that of variant A and B. Variant C is made of an ingot cast with 
highly improved isotropic properties and the heat for variant D was melted and remelted 
under vacuum (VIM-VAR). 
 

Variant mass % ppm 
C Cr Si Mn Cu Al S P O N 

A 0.95 1.33 0.24 0.41 0.10 0.010 0.005 0.013 4 77 
B 0.95 1.43 0.35 0.33 0.07 0.003 0.006 0.011 5 83 
C 0.94 1.50 0.29 0.26 0.04 0.027 0.001 0.003 2 67 
D 1.00 1.49 0.29 0.33 0.06 0.022 0.002 0.020 2 28 

 
Table 1:  Chemical composition of the four steel heats  
 
All specimens were heat treated in the following way: Austenitizing at 840 °C for 20 min, oil 
quenching at 60 °C and tempering at 180 °C for 2 h which led to martensitic structure with an 
amount of retained austenite of between 12 and 13 percent. The hardness is between 
740 HV1 and 776 HV1 which means that all variants show a similar microstructure regarding 
the composition of phases. After grinding, the maximum compressive residual stresses at the 
surfaces are about 500 MPa. All variants show a similar residual stress depth profile where 
the stresses decrease to a negligible amount in a depth of about 12 microns. 
 
The fatigue tests were performed under the stress ratios R = 0 and R = -1 at 18 °C in an air-
conditioned room. In both cases, the specimens were stimulated to resonance frequencies of 
about 20,000 Hz by a piezo-electric ultrasonic testing device. During the tests the specimens 
were loaded in pulse-pause sequences and cooled via compressed air. By adapting the 
duration of the pause sequence this setup ensured that the temperature of the specimens 
surface stayed below 30 °C. Due to the necessity of pause sequences, effective test 
frequencies of between 2,000 and 12,000 Hz could be achieved depending on the tested 
stress amplitude, stress ratio and steel variant.  
 
 
EXPERIMENTAL RESULTS 
 
The results of the fatigue tests at stress ratio R = 0 are presented in Fig. 1. The test results 
are differentiated according to failure initiated at the surface and in the test volume. The 
missing information of specimens without rupture up to 2·109 load cycles can be found in [6]. 
Surface failure occurs at an early stage of the test and there is mostly a gap of fatigue life 
between surface failure and volume failure except for variant C where the fatigue life scatter 
is very large. However, below a certain stress level surface failure does not occur anymore 
whereby this respective stress level depends on the variant. In the regions of these stress 
levels, it is possible that surface failure also occurs at a later stage of the test, since this is 
the transition zone of the single-flaw fatigue limit of surface failure as it can be seen 
exemplarily for variant A at Sa = 600 MPa. Variant A and B show the highest fatigue strength 
and a similar fatigue behaviour at stress ratio R = 0. It’s obvious for all variants that a real 
fatigue limit does not exist under the tested conditions. 
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Fig. 1: Failed specimens at stress ratio R = 0 differentiated according to surface and 

volume failure 
 
 
MODELLING 
 
The determination of the single-flaw fatigue behaviour of multiple-flaw failing materials is 
possible with the base approach given by Eq. 1 where Pf is the failure probability of a 
specimen in total in dependence of the number of load cycles N and n is the number of all 
failure mechanisms which can possibly occur.  
 

 
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
n

i
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)(11)(  (1) 

 
For the survival of the specimen, all possible failure mechanisms i, which are described by 
the single-flaw failure distribution functions Ffi, must survive. This means that the product of 
(1 - Ffi), where i represents all possible failure mechanisms, describes the survival probability 
of the specimen. Therefore, the determination of the parameters of the single-flaw 
distribution functions Ffi is needed. In the following, it is assumed that all single-flaw failure 
distributions can be described sufficiently by Weibull functions [7].  
 
Modelling of single-flaw finite fatigue life 
 
First, all specimens of the stress level have to be sorted according to their number of load 
cycles at failure. Afterwards, a failure probability is assigned to each specimen calculated 
from an estimator. Since the early occurring failure mechanism “surface” is clearly separated 
from the other occurring ones, the maximal possible probability of surface failures can be 
derived from the values of the estimator. For all other mechanisms it is assumed that they 
would lead to failure some time if no other failure mechanism would be present. Therefore, 
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the maximum failure probability of each inclusion type equals one, which means that no 
fatigue limit exists. 
 
It is assumed that surviving samples would have failed later if the test would have been 
continued. These data are called right hand censored data. In these cases the failure 
distribution function F will be regarded in form of the survival function (1 - F) in a system of 
terms where one term belongs to one sample test. In the case that a sample fails the failure 
density function f will be regarded. The most likely parameters of the distribution function can 
be derived out of this system of terms by the use of the Maximum-Likelihood-Method [8]. 
 
In the multiple-flaw case there is more than one possible failure mechanism. Each test leads 
to a more complex expression (Eq. 2). If a specimen fails by the mechanism i, the term with 
the failure distribution function of mechanism i is described by the failure density function fi. 
Additionally, this means that all other possible failure mechanisms must be regarded with the 
terms of the failure distribution functions Fj in the form of the survival function (1 – Fj) of the 
respective (not failed) mechanisms. This indicates that all these possible failure mechanisms 
j are covered by mechanism i. If a specimen does not fail until the end of a test, which 
depends on Nmax, each mechanism will be regarded in the same way whereby Eq. 2 
simplifies to an expression without a failure density function. 
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(2) 

This system of expressions is solved in the same way as mentioned above. As an example, 
Fig. 2 shows the resulting single-flaw failure distribution functions of variant B at 
Sa = 600 MPa, R = 0 as dashed lines. The solid black line which represents the failure 
probability of the specimen in total was calculated according to Eq. 1 from these single-flaw 
failure distribution functions. This procedure can be performed for each stress level of the 
fatigue tests which leads to single-flaw S-N curves. 
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Modelling of single-flaw fatigue limits 
 
For the evaluation of the description of infinite life, an additional parameter q i is necessary to 
describe the general failure potential of a specific failure mechanism i in dependence of the 
stress level Sa. At high stress levels q can normally be assumed to be 1 for failure initiated at 
different types of inclusions, provided that the respective type is present. At lower stress 
levels, qi decreases to zero where no failure can be initiated by the respective mechanism i 
anymore. The stress level corresponds with the single-flaw fatigue limit when q equals 0.5 in 
the “normal” case where qi,max is 1. This parameter has to be determined for each stress level 
and each mechanism together with the parameters of the respective distribution functions. 
The parameter qi weights the respective failure function Fi and failure density function fi in 
dependence of the stress amplitude in the region of the transition to the respective single-
flaw fatigue limit. This means that not all specimens could fail from mechanism i anymore 
below a certain stress amplitude. However, if a specimen fails by mechanism i there are two 
possibilities why the other mechanisms j did not occur. Either this event is covered by the 
occurrence of mechanism i as it was described in the case of finite life or it is generally not 
possible to fail from these not occurring mechanisms in that specific test which could be the 
case if qj is less than one. The latter case has to be regarded additionally in cases where real 
infinite life is possible. Then, the modified expression appears as follows (Eq. 3). 
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If no rupture occurs up to a defined number of load cycles, this expression simplifies to one 
without the failure density distribution function. Then, the remaining two terms inside the 
brackets represent the two possibilities why the specimen did not fail. Either it was not 
possible because of real infinite life at this stress level or the test did not last long enough. 
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Fig. 3: Calculated single-flaw fatigue limits of variant A at R = 0 based on a Weibull 

distribution for a defined maximal number of 109 load cycles. 
  
Having all parameters of the distribution functions determined, the calculation of the failure 
probability for a defined number of load cycles is possible for each failure mechanism. If this 
is done for each stress level, it is possible to describe the failure probability of a single-flaw 
mechanism continuously in dependence of the stress level by adapting a distribution 
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function. This procedure makes it possible to calculate a “technical” fatigue limit for the 
single-flaw failure mechanism for an arbitrary number of load cycles. Since the parameter q 
is available for all stress levels it’s also possible to describe it in dependence of the stress 
level. This leads to the calculation of an “intrinsic” fatigue limit which, however, depends on 
the sample size and the test conditions. An example for the calculation of single-flaw 
“technical” fatigue limits of variant A and a defined maximal number of 109 load cycles is 
shown in Fig. 3. The distribution curve of the oxides does not fit as good as for the titanium 
carbonitrides to the basic data points because the fatigue tests delivered unfavourable 
results at stress amplitude Sa = 580 MPa. This indicates an insufficient sample size for an 
accurate calculation of the single-flaw failure distribution function contributed by oxides. 
 
 
CONCLUDING REMARKS 
 
Under the tested conditions, the steel variants showed no real fatigue limit. A mathematical 
description of the single-flaw fatigue behaviour is possible if a sufficient number of failures 
occur from each mechanism. The calculation of “technical” single-flaw fatigue limits can be 
derived here from for an arbitrary number of load cycles. 
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ABSTRACT  

Numerous investigations indicate a strong influence of microstructural inhomogeneities on 
the fatigue life of components subjected to more than 10 Mio loading cycles. This influence 
has a probabilistic character and increases the scatter band width up to three decades for 
the SN-curve. Thus, the application of a reliable fatigue life prediction concept by means of 
traditional statistical approaches is impeded and a detailed investigation of the relevant 
fatigue damage mechanisms is required. The aim of the present work is the development of 
a prediction model taking microstructural properties of failure-relevant defects or 
inhomogeneities and corresponding fatigue behaviour into account. For this purpose the 
fatigue behaviour of different metallic materials showing crack initiation at different defect 
types was investigated and modelled based on metallographic observations. In case of the 
nickel-based superalloy Nimonic 80A twin boundaries as well as regular grain boundaries 
with high misorientation factors were identified as crack initiation sites. In the case of the 
metastable austenitic stainless steel AISI 304 cracks initiated primarily from non-metallic 
inclusions provided the deformation-induced martensite volume fraction exceeded 30%. 
Based on a comprehensive experimental database, the observed correlation between failure-
relevant parameters and corresponding numbers of cycles until failure or crack initiation was 
modelled.  

KEYWORDS 

Probabilistic modelling, very high cycle fatigue, extreme value statistics, crack initiation, 
defects, microstructural properties  

INTRODUCTION 

Since the fatigue behaviour in the VHCF range is strongly influenced by microstructural 
inhomogeneities such as non-metallic inclusions, pores and other local stress raisers [1], the 
approach of classical fatigue life prediction concepts is not applicable. Although classical 
prediction models consider the influence of the microstructure insofar as in some design 
guidelines SN curves have to be related to the particular microstructural condition (e.g. peak-
aged, overaged [2]), this does not yet consider any information about failure-relevant 
inhomogeneities or defects and their statistical distribution in the critically loaded volume of a 
structure or component. However, this is in most cases the fatigue life dominating factor in 
the VHCF regime. Hence, two major challenges for the prediction of fatigue life in the VHCF 
regime have to be overcome, the identification of the failure-relevant microstructural feature 
and a reliable prediction of the statistical distribution of any such feature in the material given 
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while the measured distribution underlying the statistic database can be much smaller. 
Research work by Murakami 2002 [3], Beretta and Anderson 2002 [4] proved that fatigue 
properties of a given material volume with randomly distributed small defects are not related 
to the average defect size but rather to the size of the maximum inclusion in the material 
volume. On the basis of extreme value statistics Murakami and co-workers developed a 
rating method for clean steels based on the observation of the largest inclusions in a defined 
volume. On the basis of this method the size of the failure-relevant maximum defect can be 
predicted. But which approach is reasonable for quasi defect free materials? With this still 
open question in mind, the study presented focused on two different material groups. 
According to the early proposal by Mughrabi [5] to discuss VHCF damage mechanisms by 
making a distinction between quasi defect free and defect afflicted materials, a nickel-based 
superalloy assigned to the quasi defect free material group and a metastable austenitic 
stainless steel with defects in the form of non-metallic inclusions were investigated. Details 
on the VHCF failure of Nimonic 80A can be found in [6] and for AISI 304 in [7]. 

SPECIMEN, MATERIAL AND TESTING 

The materials investigated are the precipitation hardening nickel-based superalloy 
Nimonic 80A in the peak-aged condition consisting of  matrix phase and the ’ phase and  
the metastable austenitic stainless steel AISI 304 with high martensite volume fraction. Since 
both materials were heat-treated prior to fatigue testing, any texture effects were assumed to 
be negligible. However, in the case of the AISI 304, the sampling direction relative to the 
original rolling direction played a significant role due to the size and shape of the inclusions, 
however this topic will not be covered in this paper. All tests were executed under 
symmetrical push-pull condition (R= -1). In case of Nimonic 80A an ultrasonic fatigue testing 
system and a servo-hydraulic high-frequency fatigue testing system were used. Fatigue 
testing of AISI 304 was executed by means of a resonance pulsation test system of type 
Testronic. In each case undesirable heating of the specimens was avoided by test stand 
specific strategies and controlled by means of an infrared camera. All fatigue specimens 
(hourglass shape samples with a shallow notch in case of Nimonic 80A, flat samples for AISI 
304) were machined by milling, were grinded and mechanically as well as electrochemically 
polished. Further information on the initial microstructure, the specimens’ geometries and the 
test strategies can be found in [6,7]. 

INVESTIGATIONS ON THE CRACK INITIATING MICROSTRUCTURAL PARAMETER  

Nimonic 80A 

In most cases, only one single crack was initiated at random sites on the shallow-notched 
surface. Results of electron backscatter diffraction (EBSD) analysis showed that cracks 
initiate either at twin boundaries or at regular grain boundaries with high misorientation factor 
acc. to Blochwitz et al. [8]. In this concept of the misorientation factor the combination of the 
misorientation angle between two adjacent grains and the orientation of their boundary trace 
with respect to the external load characterizes the stress concentration at grain boundaries. 
Fig.1 depicts SEM images of both crack initiation types for load amplitudes that resulted in 
failure both in the transition range between HCF and VHCF as well as in the true VHCF 
range. While in Fig. 1a crack initiated near twin boundaries of relatively large grains, 
intercrystalline crack initiation at regular boundaries of arbitrary grains accompanied by 
moderate slip band formation is depicted in Fig. 1b. For an average grain size of 20 micron 
EBSD analyses of all tested specimens could prove, that Nimonic 80A in the peak-aged 
condition tends to show crack initiation at twin boundaries in the transition range between 
HCF and VHCF while in the true VHCF regime cracks primarily initiate at regular grain 
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boundaries with high misorientation factor. Investigations for samples with an average grain 
size of 32 micron showed, however, that crack solely initiated at twin boundaries. Simulations 
of the stress concentration at twin boundaries as well as at regular grain boundaries revealed 
that in the case of the twin boundaries the elastic anisotropy results in incompatibility 
stresses causing crack initiation. In case of the regular grain boundaries crack initiation got 
effective at even lower stress amplitudes which can be explained on the basis of the plastic 
anisotropy of adjacent grains as was already described by the extended Essmann-Gösele-
Mughrabi (EGM)-model [9], where stress concentrations due to cyclic deformation are 
caused by dislocation pile-ups at grain boundaries. 

 

 

 

 

 

 

a) b) 

Fig. 1: SEM images showing the crack initiation at a) twin boundary and b) regular grain 
boundary (dashed lines show the crack initiating grain boundaries) 

 
AISI 304 

The VHCF behaviour of the pre-deformed metastable austenitic stainless steel AISI 304 with 
a deformation induced ’ martensite volume of around 60% was determined by crack 
initiation around non-metallic inclusions, corresponding fracture surfaces are depicted in Fig. 
2. In the transition range between HCF and VHCF crack initiation occurred at surface 
inclusions (Fig. 2a), while in the VHCF regime crack initiation took place at intrinsic inclusions 
in the specimens’ interior. The latter is accompanied by the formation of a fine granular area 
(FGA) which is well known as “fish eye” formation in the context of VHCF behaviour (Fig. 2b). 
The failure-relevant inclusions have a disintegrated and elongated form with an average 
aspect ratio of ≈10. A statistical evaluation of the fractographic analyses could prove that the 
percentage of interior crack initiation increases with decreasing load amplitude and hence 
increasing number of cycles. An assessment of the failure-relevant inclusions according to 
the stress intensity factor range (SIF, KI) calculated on the basis of the √area-concept by 
Murakami [10] 

areaYK laI   ,  (1) 

with a,I denoting the nominal stress amplitude at the inclusion and Y being the geometry 
function - revealed, that a clear correlation between KI and the number of cycles to failure is 
given. The influence of the inclusion position (surface or interior) was taken into account by 
the geometry factor Y from the √area-concept with the value 0.5 for internal inclusions and 
0.65 for surface inclusions.  
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a) b) 
Fig. 1: SEM images of the typical crack initiation a) at the surface and b) in the interior of a 
fatigue specimen with typical “fish-eye” fracture morphology. 

PROBABILISTIC EVALUATION OF THE FATIGUE LIFE 

With the failure-relevant microstructural features that cause crack initiation in the VHCF 
regime identified, a comprehensive database for a statistical fatigue life prediction was 
created by means of extensive metallographic and electron microscopy analyses regarding 
the statistical distribution of each of these microstructural parameters for the given sample 
record. Critical values for the failure-relevant parameters were identified.  
 
Nimonic 80A 
 
The statistical distribution of the crack initiating parameter (CIP) for twin boundaries and the 
misorientation factor (MOF) for regular grain boundaries was modelled by means of extreme 
value statistics. CIP was modelled in frames of probabilistic Monte Carlo simulations with a 
total of 100 simulations for each of the different stress amplitudes tested. For the statistical 
modelling of the MOF the distribution known from the fatigue test results alone was used. 
More details regarding the statistical approaches can be found in [6]. Finally the possibility of 
crack initiation for both microstructural features can be calculated in one single approach: 
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Here λR, δR, kR and λM, δM, kM are parameters from the database describing the distribution of 
CIP and MOF, respectively. bR, nR and bM, nM are prefactors and powers of the power 
function describing the fatigue life and the maximum values of CIP and MOF, respectively. 
PIR and PIM represent the indicator functions defining the ratio of the fatal crack initiation at 
twin and regular grain boundaries to the whole number of the failures. PIR and PIM can be 
found experimentally or calculated by means of MC simulations. In case of the crack initiation 
at twin boundaries PIR = 1 and PIM = 0  is valid.  
 
The 10%, 50% and 90% confidence bands calculated using Equation 1 for both grain sizes 
are plotted in Figure 3a. The 10%, 50% and 90% confidence bands calculated for the 
microstructure with the average grain diameter of 20 µm, in which the crack initiation at twin 
boundaries and regular grain boundaries took place are presented in Figure 3b. Figure 3 
shows that the majority of fatigue results is situated within the calculated 10% and 90% 
confidence bands. 
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a)       b) 
Fig. 3 Calculated confidence bands for Nimonic- 80A-specimens a) failed due to crack 
initiation solely at twin boundaries with an average grain size of 32 µm; b) with average grain 
diameter of 20 µm and crack initiation at twin and regular grain boundaries.  

AISI 304 
 
Extensive metallographic analyses and a subsequent statistical evaluation of the measured 
values for small representative volume fractions were used as database for the prediction of 
inclusion population, size and location for a defined volume in the middle of the fatigue 
specimen. According to the stress distribution in the fatigue specimen and the √area-concept 
by Murakami the SIF for each inclusion could be calculated. Subsequently, the fatigue life 
was predicted for the volume analysed assuming that crack initiation starts simultaneously at 
all modelled inclusions. Finally, the inclusion with predicted minimum number of loading 
cycles is assumed to be relevant for failure.  
 
On this basis 100 Monte Carlo simulations for all stress amplitudes tested within the sample 
record were carried out. Figure 4a shows a reasonable agreement between simulation and 
experimental results. The size distributions of the modelled and measured crack initiating 
inclusions have a similar slope and belong to the same statistical population in the Gumbel 
probability paper. Since the influence of variance of inclusion size and location on fatigue life 
cannot be expressed explicitly, the confidence intervals for the tested samples were 
calculated on the basis of the executed simulations. The fatigue lifes, which were obtained 
after 100 simulations at certain stress amplitudes, were arranged in ascending order. The 
values of 10%, 50% (median) and 90% confidence bands at each stress amplitude were 
assigned to the 10th, 50th and 90th values of modelled fatigue lifes, respectively. The 
calculated confidence bands are plotted in Fig. 4b. 
 

 

 
 
 
 
 
 
a) b) 
Fig. 4: Results for AISI 304: a) Size of simulated and measured failure-relevant inclusions; b) 
S-N curve with calculated confidence bands. 
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CONCLUSION 

In the present investigations experimental data obtained in the VHCF range for a quasi 
defect free and a defect afflicted material were analysed accompanied by extensive 
metallographic and electron microscopic analyses to identify the failure-relevant 
microstructural parameters for each material group. In case of the nickel-based superalloy 
Nimonic 80A, regular grain boundaries with the highest misorientation factors were identified 
as crack initiating feature in the VHCF regime, while in the transition range between HCF and 
VHCF cracks primarily initiated at twin boundaries. For the metastable austenitic stainless 
steel AISI 304, nonmetallic inclusions were the major reason for crack initiation with a shift 
from surface to interior crack initiation with increasing fatigue life. The microstructural 
parameter was described by means of its stress intensity factor. On the basis of extreme 
value statistics analysis a database was created that in a first step allows to predict the 
expected distribution of the failure relevant parameter for a given sample volume. In a 
second step on the basis of Monte Carlo simulations for the stress amplitudes experimentally 
carried out, confidence bands could be calculated for 10, 50 and 90% probability of failure 
which are in reasonable agreement with the experimental results.  
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ABSTRACT 
 
In this work, the novel concept of nested damage surfaces, introduced by the authors, is 
used to predict fatigue damage under high-cycle fatigue. The proposed Incremental Fatigue 
Damage (IFD) model follows Miner’s rule, integrating differentials of fatigue damage until 
reaching unity or any other user-defined critical value. Since damage is continuously 
integrated as the loading is applied, the method does not require cycle identification and 
counting, which are challenging and ill-defined tasks under non-proportional multiaxial 
loadings. Damage memory is stored through internal material variables and nested “damage 
surfaces” in stress space. Such surfaces can be calibrated according to any traditional high-
cycle fatigue damage rule, such as multiaxial generalizations of Wöhler’s curves, Findley’s 
equation, or elastic versions of Fatemi-Socie’s or Smith-Watson-Topper’s models. The IFD 
predictions are validated for uniaxial variable amplitude loading histories. 
 
 
KEYWORDS 
 
Incremental fatigue damage; Damage integration; Multiaxial fatigue; Non-proportional loading. 
 
 
INTRODUCTION 
 
Wetzel and Topper proposed the first uniaxial Incremental Fatigue Damage (IFD) model a 
long time ago [1]. IFD models aim to calculate damage as a continuous variable, without the 
need to define or count cycles, and outside the framework of Continuum Damage Mechanics 
(CDM). Wetzel used each element of a discretized stress-strain model not only to evaluate 
plastic strains, but also the consequent fatigue damage, storing in this way the damage 
memory required for a correct damage integration in cyclic histories. Fatigue damage 
integration is continuously carried out without waiting for each hysteresis loop to close. Chu 
[2] outlined the generalization of Wetzel’s model to multiaxial NP loadings, however indirectly 
requiring cycle detection, thus limiting its advantages. Stefanov prposed other IFD methods 
[3], however they do not properly take into account the “damage memory” effect without the 
need for heuristic calibration routines. Instead of integrating fatigue damage itself, other 
methods integrate strain energy or energy-based damage parameters [4], eventually giving 
good results under low-cycle fatigue; however, such elastoplastic energy methods are limited 
to ductile materials that display measurable plastic deformation, preventing their use in most 
high-cycle applications where damage results from elastic cycles. 
 
Instead of integrating strain energy or energy-based damage parameters, the IFD approach 
integrates fatigue damage itself. As a result, it follows Miner’s rule, integrating differentials of 
fatigue damage until reaching the 1.0 (or any other) critical value. No cycle detection or 
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counting is required, since damage is continuously integrated as the loading is applied. This 
approach is based on the derivative of the normal stress  with respect to damage D, called 
here generalized damage modulus D, which for uniaxial histories can be defined as 
 

d dD       D dD (1 ) d       D D                    (1) 
 
From Eq. (1), damage D can be continously integrated as long as the instantaneous value of 
D is known along a stress path with infinitesimal increments d. But this is not a trivial task 
for multiaxial non-proportional (NP) variable-amplitude loading (VAL) histories (which require 
damage  integration along a general multiaxial load path), because D depends not only on 
the current stress state but also on the previous loading history. So, IFD models need to 
allow D to vary as a function of the stress level and of the existing state of damage [5]. 
 
 
IFD APPROACH WITH NESTED DAMAGE SURFACES 
 
Alternatively to rheological models, a direct analogy between IFD and incremental plasticity 
has been proposed by the authors [6] to store damage memory, using internal material 
variables. In this IFD model, the current damage state is stored as a five-dimensional (5D) 
vector D


 [D1 D2 D3 D4 D5]T, a purely mathematical internal variable that allows 5D damage 

increments dD 


 to be more easily represented as a function of the 5D deviatoric stress 
increments ds


 and the current D, in a multiaxial generalization of Eq. (1) called damage 

evolution rule. The scalars D1 through D5 are signed damage quantities associated with each 
of the directions of the 5D deviatoric stress vector s 


. 

 
A field of (M  1) nested iso-damage (or damage) surfaces is then defined in the 5D 
deviatoric space, see Fig. 1, in a framework to provide internal material variables that can 
store damage memory. Each damage surface has a constant user-defined radius ri, while 
the radius differences between consecutive surfaces are defined as ri  ri+1  ri. The 
innermost damage surface is called the fatigue limit surface, while the outermost is the failure 
surface, defined respectively for i  1 and i  M  1. The radius r1 of the fatigue limit surface 
can be calibrated to become arbitrarily small, in case the studied material does not present a 
fatigue limit. These radii ri are user-defined stress levels used in the discretization and non-
linear interpolation of the damage curve, calibrated e.g. from the component’s Wöhler/ 
Basquin’s curve, Findley’s equation, or elastic versions of Fatemi-Socie’s or Smith-Watson-
Topper’s models. More complex stress-life equations can be used in the ri–based calibration, 
e.g. using Haibach’s slope correction for very high cycle lives [7]. 
 
The damage backstress vector  


 is here defined as the location of the center of the current 

fatigue limit surface,  which can be decomposed as the sum of M damage backstresses 1 


, 
2 


, …, M 


 that describe the relative positions between centers of consecutive damage 

surfaces, as illustrated in  Fig. 1 for a 2D deviatoric stress space. Damage memory is stored 
here by the current arrangement among these damage surfaces. No damage occurs if the 
5D stress increment ds


 happens inside the fatigue limit surface. The accumulated damage 

D is then equal to the integral of the scalar norm dD


 of the 5D damage increments, i.e. 
 

D dD dD   | |


                         (2) 
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Fig. 1: Fatigue limit, damage, and failure surfaces in the s1  s2 deviatoric space for M  3, 

showing the damage backstress vector  


 that defines the location of the fatigue limit 
surface center, and its components 1 


, 2 


, and 3 


 that describe the relative 
positions between the centers of consecutive surfaces. 

 
 

If a given stress state s 


 is on the fatigue limit surface with a normal unit vector n


, and if its 
infinitesimal increment ds


 is in the outward direction, then Tds n 0  

 
 and a fatigue 

damage increment is obtained from a damage evolution rule: 
 

T
MS NPdD ds n n f f n               ( 1 ) ( ) ( ) ( , )D

                      (3) 
 
where ( )MSf   is a scalar mean stress function of the current 6D stress   to account for 
mean/maximum-stress effects, which can be defined e.g. from Goodman’s or Gerber’s am 
relations; and ( , )NPf n   

 
 is an optional NP function to account for the influence of the non-

proportionality of the load path on the resulting damage. Depending on the material, the 
mean stress function ( )MSf   could be based on the current hydrostatic stress h or on the 
normal stress perpendicular to the critical plane where the microcrack should initiate. Except 
for the failure surface (which never translates), during this damage process the fatigue limit 
and all damage surfaces suffer translations calculated from the increments 
 

,   if | |
,   if | |

i i i i
i

i i

v dD rd
0 r

   


 

 
 

        




d                    (4) 

 
where di are material coefficients calibrated for each surface, and iv


 are the damage 

surface translation directions adapted e.g. from Jiang-Sehitoglu’s translation rule [8] used in 
plasticity, resulting in the adapted expression 
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( | | ) i
i i i i iv n r r 

              
 

                    (5) 
 
where i are fitting exponents for each surface. The current generalized damage modulus 
D is then obtained from the consistency condition that guarantees that the current stress 
state is never outside the fatigue limit surface: 
 

 M T
i ii 1 v n   

   


D d                      (6) 

 
allowing the calculation of the evolution of the damage vector D


 from Eq. (3). The (scalar) 

accumulated damage D is then obtained from Eq. (2). This formulation can deal with any 
multiaxial stress history, proportional or NP, and eliminates the need to define or count 
cycles and find equivalent ranges. If Jiang-Sehitoglu’s translation rule is used in the IFD 
formulation, then a procedure analogous to the one in [8] could be adopted to calibrate the 
radius ri and the coefficient di from each damage surface i. 
 
Finally, to account for mean-stress effects, a simple function inspired on Fatemi-Socie’s 
damage parameter could be adopted in Eq. (3), which in a uniaxial case would simply 
become 
 

( ) ( )BMSMS MS x Ycf 1 S    
            (7) 

 
where MS and BMS are material-dependent parameters and x is the current (instantaneous) 
normal stress. But since the IFD approach does not involve cycle detection or counting, the 
mean or peak stress values during a cycle (which require the definition of cycles and 
knowledge of future stress values) cannot be used in ( )MSf  . Thus, only current/ 
instantaneous stress values such as x can be used in ( )MSf  . 
 
 
NUMERICAL EVALUATION 
 
To evaluate the prediction capabilities of the proposed IFD model, traditional cycle-based 
fatigue damage calculations are compared with continuous IFD predictions on a material with 
Basquin’s equation constant 772.5MPa and exponent 0.09, subjected to the uniaxial history 
x  {0  300  300  300  300  300}MPa. To consider mean stress effects, Eq. (7) 
is adopted using MS  0.4 and BMS  1. The IFD calculations assume Jiang-Sehitoglu’s 
translation rule with M  16 damage surfaces, calibrated from the same Basquin equation 
used in the cycle-based calculations following an analogous procedure from [8]. 
 
Figure 2(left) shows the hysteresis loops x  D1, where D1 is the first component of the 5D 
damage vector D


. Notice in this figure that damage components such as D1 can become 

negative, as a result of an unloading process. This is not an issue, since D


 is just an 
internal variable used to calculate the actual fatigue damage. Indeed, the accumulated 
damage D is obtained from the integral of the norm of the infinitesimal increments dD


, see 

Eq. (2). It is important to note that this loading example is linear elastic, without any 
significant macroscopic plasticity; the non-linear shape of the stress  damage hysteresis 
loops is just a consequence of the non-linearity of Basquin’s (or Wöhler’s) damage equation. 
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Fig. 2: Stress × damage hysteresis loops (left) and resulting accumulated damage (right) for 

a mean stress function based on Fatemi-Socie’s damage parameter. 
 
Figure 2(right) shows the resulting accumulated damage D as a function of an accumulated 
stress, defined as the integral of the norm of the infinitesimal deviatoric increments ds


. The 

depicted theoretical damage is calculated in the traditional (discrete) way after each of the 
three rainflow-counted half-cycles {0  300}, {300  300} and {300  300}MPa. Notice 
how the continuous IFD calculations almost exactly reproduce, at the end of each full cycle, 
the discrete predictions. Nevertheless, a larger damage increment is predicted by the IFD 
during the loading half-cycle than during unloading, see Fig. 2(right). This prediction is not 
physically unsound, since most of the microplasticity happens towards the end of each half-
cycle, where x  300MPa during loading and x  300MPa during unloading in this 
example. Such a difference in damage increment causes the stress  damage hysteresis 
loops from Fig. 2(left) to remain open, which resembles but has nothing to do with a 
ratcheting problem, and has no physical inconsistency since D


 is just an internal variable. 

 
The damage memory provided by the fatigue limit and damage surfaces is able to deal with 
VAL, exactly reproducing rainflow-based uniaxial calculations, but without the need for any 
cycle detection or counting. Figure 3 shows, for a VAL history with zero mean stress, the 
agreement between the proposed IFD approach (using e.g. ( ) .MS x Ycf 1 0 4 S   

 ) and 
traditional SN calculations, which is almost exact after every full loading-unloading cycle (but 
not at every half-cycle, as discussed before regarding Fig. 2). The agreement is as good as 
the quality of the calibration of the damage surface parameters to the adopted damage 
model. For VAL under high mean stress levels, higher order ( )MSf   equations need to be 
adopted for an accurate damage prediction, as mentioned before. 
 
 
CONCLUSIONS 
 
In this work, an Incremental Fatigue Damage model based on nested damage surfaces was 
reviewed and applied to high-cycle fatigue. The method does not require cycle identification 
and counting, a major advantage for multiaxial problems. The proposed method is not a 
Continuum Damage Mechanics approach, since it does not rely on macroscopic properties 
such as the progressive loss of elastic stiffness. The IFD predictions were validated for 
selected uniaxial variable amplitude loading histories. 
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Fig. 3: Stress × damage hysteresis loops (left) and resulting accumulated damage (right) for 

a VAL history with zero mean stress. 
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ABSTRACT 

The present paper investigates the effect of the manufacturing process on the VHCF response 
of an AISI H13 steel. Experimental tests are carried out on a conventional AISI H13 steel and 
on a cleaner AISI H13 steel subjected to Electroslag Remelting (ESR). Fully reversed tension-
compression tests are performed by using hourglass and Gaussian specimens with 
significantly different loaded volumes (risk-volume) in order to quantify the detrimental effect 
of the risk-volume on the VHCF response of the unrefined and the refined H13 steels. 

 
KEYWORDS: Electroslag Remelting (ESR), Gaussian specimen, Risk-volume, Ultrasonic 
fatigue testing 
 

INTRODUCTION 
 

High-strength steels are commonly used for critical structural components (e.g., railway axles, 
turbine palettes, aerospace bearings) subjected to Very High Cycle Fatigue (VHCF) failures, 
with cracks generally originating from defects formed during the manufacturing process [1]. 
The fatigue crack originates from the largest defect present within the loaded region of material 
(risk-volume): the defect population (quantity and, in particular, size) therefore strongly affects 
the VHCF response of high-strength steels.  

The present paper investigates the effect of the manufacturing process on the VHCF response 
of an AISI H13 steel. Experimental tests are carried out on a conventional AISI H13 steel and 
a cleaner AISI H13 steel subjected to Electroslag Remelting (ESR) characterized by different 
inclusion content. Fully reversed tension-compression tests are performed on hourglass and 
Gaussian specimens with significantly different risk-volumes, in order to quantify the 
detrimental effect of risk-volume on the VHCF response [2] of the investigated H13 steels.  

The enhancement of VHCF response attained with the ESR process and the detrimental effect 
of risk-volume are discussed in the paper by comparing the VHCF strength at 109 cycles and 
the P-S-N curves, estimated according to a statistical model recently proposed by the authors 
[3]. Experimental results show that size-effect significantly affects the VHCF response of the 
tested H13 steels, in particular for the unrefined H13 steel characterized by largest inclusions. 
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SPECIMEN, MATERIAL and TESTING 

Material 

AISI H13 steel is classified as a hot work tool steel, but it is also employed in applications 
where VHCF failures are possible (i.e., e.g., fuel injectors for naval engines and aerospace 
components). The chemical composition of the investigated material, as provided by the steel 
manufacturer (Böhler Uddeholm Company), is reported in Table 1. 

Element C Si Mn Cr Mo V 
% 0.39 1 0.4 0.4 5.3 0.9 

Table 1: Chemical composition of the investigated AISI H13 steel. 

Two different H13 steels, H13 and H13-ESR, are experimentally tested. Both the H13 and the 
H13-ESR are obtained by conventional casting. After the production process, the H13-ESR is 
subjected to an ESR process, which involves a second remelting of the steel in a protective 
atmosphere and a subsequent fine and controlled solidification. With the ESR process, micro 
and macro segregation and large defects are eliminated and the Sulphur content is reduced 
[4]. The steel cleanliness is therefore significantly enhanced.  

Specimens 

Experimental tests are carried out on hourglass specimens (𝑉90 = 194 mm3) and on Gaussian 
specimens (𝑉90 = 2300 mm3) in order to assess the size-effect for the investigated steels. 
According to [2], the 𝑉90 is defined as the volume of material subjected to a stress amplitude 
larger than the 90% of the maximum stress. Hourglass and Gaussian specimens are 
analytically designed according to [2] and verified through Finite Element Analysis (FEA). Figs. 
1a and 1b respectively show the hourglass specimen and the Gaussian specimen used for the 
experimental tests. 

  
(a) (b) 

 
Fig. 1: Specimens experimentally tested: (a) hourglass specimen; (b) Gaussian specimen. 

Specimens are obtained through a CNC machining process starting from rectangular bars with 
dimensions 32 x 32 x 115 mm. After the production process, specimens are quenched and 
tempered in an ordinary industrial cycle to obtain a tempered martensite microstructure. The 
heat treatment involves preheating at 1023 K, austenitizing at 1030 K, gas quenching and three 
tempering cycles: first tempering at 793 K, second and third tempering at 813 K. Specimens 
are finally fine polished with sandpapers with increasing grit in order to remove superficial 
defects formed during the machining process and to enhance internal nucleation of cracks. 
The hardness and tensile properties of the two investigated H13 steels after the heat treatment 
are found to be similar. In particular, the dynamic elastic modulus (211.8 GPa for the H13 and 
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212.9 GPa for the H13-ESR) and the tensile strength (2000 GPa for the H13 and 2100 GPa 
for the H13-ESR) are slightly larger for the H13-ESR. The Vickers hardness, equal to 560 HV, 
is the same for the two H13 steels. 

Testing 

Fully reversed tension-compression tests are carried out up to failure or up to 1010 cycles by 
using the ultrasonic testing machines developed at the Politecnico di Torino. Displacement 
amplitude at the specimen free end, measured by using a laser displacement sensor, is kept 
constant during the test. Therefore, by assuming a macroscopic linear elasticity of the material, 
the stress amplitude at the specimen mid-section is considered constant during the test. The 
correlation between the displacement amplitude and the stress amplitude is obtained through 
an accurate strain gage calibration. 
Specimen temperature is monitored during the test by using an infrared sensor. Intermittent 
tests are carried out [5] in order to keep the specimen temperature between 298 K and 323 K. 
Vortex tubes are also employed to limit the temperature increment and speed up the cooling 
phase. Temperature variation within the risk-volume is verified to be smaller than 1%. 
 

EXPERIMENTAL RESULTS 

The aim of the experimental tests is to obtain a large number of failures in the range between 
108- 1010 cycles, in order to properly estimate and compare the P-S-N curves in the VHCF 
regime. The local stress amplitude at the defect location, 𝜎𝑙𝑜𝑐𝑎𝑙, assessed through FEA, is 
considered as the applied stress during the test in the following. By considering the H13 steel, 
the applied stress amplitude range is [552-683] MPa for the hourglass specimens and [487-
635] MPa for the Gaussian specimens. Regarding the H13-ESR, the applied stress amplitude 
range is [622-773] MPa  for the hourglass, whereas it is [571-779] MPa  for the Gaussian 
specimens. Fig. 2 shows the S-N plot of the experimental results. 

 

Fig. 2: S-N plot of the experimental results. 

All fracture surfaces were observed by using the Scanning Electron Microscope (SEM) and 
the optical microscope, in order to determine the crack origin. All failures originated from 
inclusions present within the material, with a fish-eye morphology [1]. In particular, spherical 
oxide type inclusions, with high percentage of Aluminium, Calcium and Manganese are at the 
origin of the fatigue failure in 56 out of 59 failures. In three cases the crack originated from 
clusters of small inclusions (H13-ESR). According to Murakami [1], the square root of the 
projected area of the defect is considered as the characteristic inclusion size, √𝑎𝑑,0. Table 2 
reports the smallest and the largest inclusion sizes for the tested specimens. 
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Material Specimen √𝑎𝑑,0𝑚𝑖𝑛
 

μm 
√𝑎𝑑,0𝑚𝑎𝑥

 
μm 

H13 hourglass 21 41 
H13 Gaussian 19 56 

H13-ESR hourglass 10 23 
H13-ESR Gaussian 15 31 

Table 2: Inclusion originating failures: smallest and largest values. 

According to Table 2, inclusion originating failures are significantly larger in Gaussian 
specimens. √𝑎𝑑,0𝑚𝑎𝑥

 in Gaussian specimens is about 35% larger than √𝑎𝑑,0𝑚𝑎𝑥
 in hourglass 

specimens (37% for the H13 and 35% for the H13-ESR). The effect of the ESR process on the 
inclusion size is also significant: √𝑎𝑑,0𝑚𝑎𝑥

 in H13-ESR Gaussian specimens is about half of 

√𝑎𝑑,0𝑚𝑎𝑥
 in Gaussian H13. Moreover, inclusion size in H13-ESR is included in a smaller range 

([10-31] μm for the H13-ESR and [21-56] μm for the H13), confirming the enhancement of the 
steel cleanliness attainable through ESR. 

SIZE-EFFECT AND ESR PROCESS: INFLUENCE ON THE VHCF STRENGTH. 

The influence of size-effect and of ESR on the VHCF strength is investigated in this Section. 
Following a typical procedure adopted in the literature [6], data are gathered together at a 
reference fatigue life (𝑁𝑓,𝑟𝑒𝑓 = 109 ) by considering the power relationship between mean 
fatigue life and stress amplitude (log10[𝑁𝑓] = 𝑐𝑌 + 𝑚𝑌 log[𝜎𝑙𝑜𝑐𝑎𝑙] + 𝑛𝑌 log10[√𝑎𝑑,0], being 𝑁𝑓 
the number of cycles to failure and 𝑐𝑌 , 𝑚𝑌  and 𝑛𝑌  constant coefficients). Through easy 
passages, the VHCF strength (corrected VHCF strength, 𝜎𝑐𝑜𝑟𝑟) at the reference number of 
cycles can be expressed by: 

log10[𝜎𝑐𝑜𝑟𝑟] = log10[𝜎𝑙𝑜𝑐𝑎𝑙] +
log10[𝑁𝑓]

−𝑚𝑌
−

log10[𝑁𝑓,𝑟𝑒𝑓]

−𝑚𝑌
= (

𝑐𝑌

−𝑚𝑌
−

log10[𝑁𝑓,𝑟𝑒𝑓]

−𝑚𝑌
+

𝑛𝑌

−𝑚𝑌
log10[√𝑎𝑑,0])  (1) 

According to Eq. 1, 𝜎𝑐𝑜𝑟𝑟 depends only on the inclusion size and therefore permits to assess 
the influence of the different inclusion size on the VHCF strength. Fig. 3 shows the estimated 
probability density function 𝑝(𝑥𝑐𝑜𝑟𝑟) of 𝑥𝑐𝑜𝑟𝑟, being 𝑥𝑐𝑜𝑟𝑟 = log[𝜎𝑐𝑜𝑟𝑟] .  

 

Fig. 3: corrected VHCF strength and probability density function for the tested specimens. 
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The  Analysis of Variance (ANOVA) is used to statistically compare the data. A 95% 
significance level is considered in the analysis. The resulting ANOVA is reported Table 3. Sum 
of Squares (SS), Degrees of Freedom (DOF), Mean Squares (MS) and the estimated P-Value 
are reported in the Table. The applicability of ANOVA (variance heterogeneity) is verified 
through Lavene’s tests. 

Source SS DOF MS P-value 

Material 0.0363 1 0.0363 0.000 
Risk-volume 0.0137 1 0.0137 0.002 
Interaction 0.0002 1 0.0002 0.727 

Error 0.0697 55 0.0013  
Total 0.1224 58   

Table 3: ANOVA analysis to assess the influence of risk-volume and manufacturing process 
on VHCF strength. 

According to the ANOVA results, the tested risk-volume and the manufacturing process 
significantly influence the VHCF strength, whereas the interaction is not statistically significant 
(both the H13 and the H13-ESR shows a significant reduction of the VHCF response due to 
size-effect). The different inclusion size (due to size-effect and to ESR) therefore significantly 
affects the VHCF strength for the investigated H13 steels.  

P-S-N curves 

P-S-N curves are estimated according to the model proposed in [3]: in particular the 0.01.th P-
S-N curves (99% reliability), which ensure a safety margin with respect to failures [7], are 
considered for the comparison. Fig. 4 shows the 0.01-th P-S-N curves for the investigated H13 
and H13-ESR steel: in Fig. 4, h refers to hourglass specimens, whereas G refers to Gaussian 
specimens.  

 

Fig. 4: 0.01 P-S-N curves for the tested H13 steels. 

According to Fig. 4, size-effect is relevant for the H13 and the H13-ESR. Larger size-effect is 
found by testing the unrefined H13. The fatigue limit reduces by about 21% by testing Gaussian 
H13, whereas it reduces by about 7% by testing Gaussian H13-ESR. The difference is quite 
constant for the H13-ESR, while it tends to increase with the number of cycles for the H13. 
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The enhancement of the steel cleanliness through the ESR process therefore permits to limit 
size-effect.  

ESR process enhances significantly the VHCF response. By testing the hourglass specimens, 
the difference is quite constant and equal to 40 MPa, whereas it increases with the number of 
cycles by considering the Gaussian specimens, with a maximum equal to 105 MPa for the 
fatigue limit. To conclude, the ESR process permits to significantly enhance VHCF response 
and to limit size-effect, due to a significantly smaller inclusion size range (Table 2). 

CONCLUSIONS 

Ultrasonic tension-compression tests were carried out on specimens with significantly different 
risk-volumes (hourglass and Gaussian specimens) made of an unrefined H13 steel and of a 
very clean H13 steel subjected to an ESR process (H13-ESR). VHCF strength at 109 cycles 
was statistically compared: risk-volume and manufacturing process were found to significantly 
affect the VHCF response. The 0.01 P-S-N curves were also compared. Size-effect was found 
to significantly affect the VHCF response of both the H13 and the H13-ESR. However the 
enhancement of the steel cleanliness attained through the ESR process was found to limit 
size-effect. The ESR process also significantly affects the VHCF response, with larger 
differences found at VHCF number of cycles (larger than 109) by testing the Gaussian 
specimens. 
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ABSTRACT 
 
In this work, a self-heating method was introduced to study the fatigue behavior of 
polycrystalline pure copper sheets in gigacycle fatigue regime with lifespan much longer than 
1010 cycles. A large range of stress amplitudes from 9 MPa to 82 MPa was applied on the 
copper plate specimen on ultrasonic fatigue system. The thermal response was recorded by 
infrared camera and analyzed on the basis of the heat diffusion equations. The curve of 
intrinsic dissipation versus stress amplitude represent a dual linear tendency. The dissipation 
energy caused by slipping in type II was found twice larger than that in type III. 
 
KEYWORDS 
 
Damage assessment, Infrared thermography, Intrinsic dissipation, Thermomechanical 
coupling, VHCF 
 
INTRODUCTION 
 
Nowadays, fatigue strength has become an important component of estimating material 
properties. With the industrial pressing requirement and the promotion of ultrasonic fatigue 
machine, many researchers and groups focused on very high cycle fatigue (VHCF) tests, 
even over 1010 cycles. Under such conditions, traditional assessment methods can no longer 
fulfil the growing demand, due to huge human and financial consumption for drawing S-N 
curves, and experimental limit for some prediction models based on hysteresis loop 
characteristics, such as Miner-Wohler’s law and Dang-Van, etc. [1, 2]  
 
Recently, an alternative method named self-heating tests was proposed in several papers [3, 
4], mainly based on the thermal response of material subjected to fatigue loadings. Generally, 
the energy of heat dissipation comes from micro-plastic deformation, i.e. dislocation slip within 
crystal-specific slip systems. Before the accumulation of micro-plastic deformation to rupture, 
the dissipation rate, the stress amplitude and the number of cycles (fatigue life) are directly 
correlated. Therefore, they conduct self-heating tests with stepwise loading fatigue tests in a 
cycle block sequence, in order to obtain a clear change in the heating regime related to the 
fatigue limit, which is the main application direction of this method. 
 
N. L. Phung et al [5] and Stanzl Tschegg et al [6] drew a traditional S-N curve of polycrystalline 
pure copper plate and obtained its fatigue limit, 92 MPa at 1010 cycles, shown in Fig. 1(a). N. L. 
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Phung [5] revealed three types of persistent slipping bands (PSB) during fatigue loadings, 
shown in Fig. 1(b). However, the study on the estimation of fatigue property of polycrystalline 
pure copper with lifespan > 1010 cycles is still blank.  
 

(a)                                    (b) 

 
Figure 1. (a) S-N data of polycrystalline pure copper plate by N. L. Phung et al [5] and Stanzl 
Tschegg et al [6]; (b) Stress amplitude needed to form the early slip markings of type I, II and 
III and scheme of their location as a function of the number of cycles. (by N. L. Phung et al [5]) 
 
In this paper, the self-heating method was used to investigate this research subject. 
Meanwhile, the relationship of intrinsic dissipation and three types of PSB was analyzed in 
quantity. 
 
MATERIAL AND EXPERIMENTAL PROCEDURE 
 
The material employed in the self-heating test is polycrystalline pure copper. The plate 
specimen is designed with a specific eigen-frequency of 20 kHz for the piezoelectric fatigue 
machine and its geometries are specified in Fig. 2(a).  
 
The plate specimen was subjected to a tension-compression load with stress ratio R=-1, on 
ultrasonic fatigue system, without cooling air. A high-precision infrared camera was used to 
record synchronously the temperature evolution on the specimen surface during each 
self-heating test. A black material with very low light reflection was painted on the specimen to 
reduce the errors associated with surface emissivity. The frame rate of the camera was set as 
3 Hz. 
 
The self-heating tests were carried out on one specimen with a series of increasing stress 
amplitudes and a certain cycle block. In this paper, a large range of stress amplitude was set 
up from 9 MPa to 82 MPa, as shown in Fig. 2(b). For each block, the infrared camera will 
record the whole loading procedure (5 x 107 cycles) and a period of natural cooling process, 
about 1 min. 
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(a)                                     (b)  

 
Figure 2. (a) The dimensions of fatigue specimen with a screw (the unit is mm); (b) The 
loading sequence in self-heating tests. 
 
Heat equations 
 
As deduced from both principles of thermodynamics, by A. Chrysochoos and H. Louche [7], 
the link between the temperature and the heat source fields is provided by the heat diffusion 
equation: 
 

ρ𝐶𝛼𝑇̇ − 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   𝑇) = 𝑑1 + 𝑆𝑡ℎ𝑚 + 𝑟𝑒 (1) 

Where 𝜌 = 8920 𝑘𝑔/𝑚3, 𝐶𝛼 = 385 𝐽/𝑘𝑔 · 𝐾 and 𝑘 = 360 𝑊/𝑚 · 𝐾 denote respectively the 
mass density, the specific heat state variable coupling the mechanical and microstructural 
state, and the heat conduction tensor. T is the absolute temperature. The right hand member 
of equation (1) consists of three heat sources, 𝑑1  the intrinsic dissipation, 𝑆𝑡ℎ𝑚  the 
thermo-mechanical coupling sources and 𝑟𝑒 the volume external heat source. 
 
Although ultrasonic fatigue tests are dynamic mechanical processes, they can still be 
regarded as quasi-static processes in one or a few constant cycles during stabilization period. 
In this paper, 𝑟𝑒 can be reduced by introducing the relative temperature θ. As suggested by 
Boulanger et al [8], the sum of the thermo-elastic power in one cycle 𝑆𝑡ℎ𝑚 can be zero, and 
the heat diffusion equation in zero dimension is specified finally as: 
 

𝜃̇̃ +
𝜃̃

𝜏𝑡ℎ
0𝐷 =

𝑑̃1

𝜌𝐶𝛼
 (2) 

 
Where 𝜏𝑡ℎ

0𝐷  is a time constant characterizing heat losses perpendicular to the specimen 
surface through a specific region, like A in Fig. 4. This latter can be determined at the end of 
the test, as illustrated in Fig. 3, when the dissipation heat source is zero. Thus, the heat 
equation is reduced as: 
 

𝜃̇ +
𝜃

𝜏𝑡ℎ
0𝐷 = 0 (3) 

so   

 
𝜏𝑡ℎ
0𝐷 = −

𝜃𝑒𝑛𝑑

𝜃̇𝑒𝑛𝑑

 (4) 
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Where 𝜃𝑒𝑛𝑑 is the relative temperature at the point, when the power off and vibration ends. 
 

 

Figure 3. The schematic diagram of the calulation of 𝜏𝑡ℎ
0𝐷. 

 
RESULTS AND DISCUSSION 
 
Fig. 4 presents the evolution of relative temperature at a series of stress amplitude, ranging 
from 9 MPa to 77 MPa, which are much lower than the traditional fatigue limit of 
polycrystalline pure copper plate, 92 MPa, as shown in Fig. 1(a). At 5 x 107 cycles, the relative 
stabilization occurred, neglecting the limited growth rate, lower than 3 x 10-8 ℃/𝑐𝑦𝑐𝑙𝑒. At 9 
MPa, the surface temperature grows little, approaching zero. With the addition of stress 
amplitude, the relative temperature increases gradually before the stress reaches 53 MPa. 
After that, the amplification expands rapidly. In order to analyze and explain the tendency in 
physics, the intrinsic dissipation values at each stress amplitude was calculated by the 
equation (2) and (4). The final results are shown in Fig. 5. 

 
Figure 4. The evolution of relative temperature in average of region A at each stress 
amplitude. 
 
To magnify and quantify the change of rising tendency in Fig. 5, the relation between d1 and 
σ was well fitted as a bilinear curve, with an interaction at about 55 MPa. The slop value of 
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the fitting curve with stress amplitude higher than 55 MPa is four times larger than that with 
lower stress level. In the investigation of N.L. Phung et al [6], shown in Fig. 1(b), three types of 
persistent slipping bands (PSB) will occur in fatigue tests with a large range of stress 
amplitudes: type I. long and intergranular PSB under low and high cycle fatigue; type II. 
slipping bands in the grain boundary; and type III. short and intragranular PSB. These 
metallurgical investigations demonstrate indirectly the variation trend of intrinsic dissipation in 
self-heating tests here, neglecting the difference of stress on turning points. Below the fatigue 
limit threshold, the micro-plastic deformation appears as the competition of slipping in type II 
and III. Meanwhile, the energy dissipated by the slipping in type II doubles as that in type III, 
comparing the increment rates of the areas under two fitting lines. 
 

 
Figure 5. The intrinsic dissipation vs. stress amplitudes. 
 
CONCLUSION AND PROSPECTION 
 
In this work, the gigacycle fatigue property of polycrystalline pure copper was fast estimated 
by self-heating method. It is found that the intrinsic dissipation is linked to the type of PSB, 
and the dissipation energy caused by slipping in type II is twice larger than that in type III.  
 
Previously, people divided simply the material behavior in fatigue into plastic deformation and 
elastic deformation, with a set apart at fatigue limit. C. Mareau et al [9] started to propose an 
anelastic (dislocation oscillations) and inelastic (plastic slip) models to subdivide the 
micro-plasticity of steels in gigacycle fatigue regime. While, in this aspect, few papers can be 
found for pure copper material. However, the comparison of intrinsic dissipation caused by 
two slipping types can support a theoretical foundation for establishing material behavior 
models in crystal plasticity simulation work.  
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ABSTRACT 
 
In the last decades there has been an intensive research activity in the field of modeling the 
fatigue behavior of fibre-reinforced plastic (FRPs). Recently, the potential of a physically 
based layer-wise, two-dimensional fatigue damage model to predict the fatigue damage in 
FRPs effectively was illustrated.  Originally, the FDM was based on a two-dimensional (2D) 
formulation. In the present paper, an extended version of the FDM is presented. The 
methods of extension as well as formulations required for incorporating three-dimensional 
(3D) stress states are explained here. The extended FDM is used for the numerical 
simulations of the very high cycle fatigue behaviour of laminates for specific reference cases 
such as a four-point bending based on cyclic loading. As a result of the damage 
accumulation arising due to transverse cracking as well as delaminations, a variation in 
deflection amplitude and a consequent variation in bending modulus were observed in these 
tests. The bending modulus variation obtained from the original (2D FDM) and the present 
work (3D FDM) are compared and in a final step compared with the results obtained from the 
four-point bending tests. 
 
KEYWORDS: Fibre reinforced plastics, Fatigue, Degradation, Damage model, 3D stress 
state, Very high cycle fatigue 
 
INTRODUCTION 
 
The fatigue damage model (FDM) [1-2] is based on a classical laminate theory (CLT) and as 
a result five degradation factors are required for the definition of both strength and stiffness 
at different layers. These degradation factors also take into account the material orientation 
(longitudinal or transverse to fibre direction) as well as the type of loading (tension, 
compression or shear). The FDM has two main parts, the discontinuous degradation analysis, 
which takes into account the degradation due to quasi-static loading and the continuous 
degradation analysis resulting in the degradation due to the repetitive loading. The FDM has 
been implemented in the commercial finite element code ABAQUS through a user written 
material routine ‘UMAT’ and used together with the standard shell elements.  
 
However in complex situation such as delaminations or complex loading conditions like 
bending or twisting as well as in cases were the thermal and hygrothermal effects have to be 
taken into account, the CLT cannot be used. Also in cases where the effects of transverse 
shear deformations have to be taken into account, the CLT is no longer effective. In order to 
analyse such complex load cases, the existing FDM has to be modified to take into account 
the stresses and degradation in all directions. The extension process can be divided into two 
parts. The first part is the extension of the stiffness matrix to take into account the three 
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dimensional stress states and the second part is the extension of the Puck [3] failure criteria 
to the 3D framework. 
 
EXTENSION OF THE 2D FATIGUE DAMAGE MODEL TO 3D 
 
Extension of the stiffness tensor to 3D stress state 
 
Using Hooke’s law for relating the stress and strain, one can produce the overall general 
equations for a lamina of a fibre reinforced composite material in terms of all 3 principal 
directions as shown in Eq. (1). As represented in Fig. 1 corresponding changes in the 
constitutive relations are made in order to transform the plane stress state to the 3D stress 
state. 

 
 
Fig 1: Schematic representations of stresses in a) Plane stress state b) 3D stress state. Here the indices 1: 
Longitudinal to fibre direction, 2 & 3: Transverse to fibre direction and 12,13,21,31 and 23 are the corresponding 
shears. 
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𝜖23
𝜖13
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 (1) 

 
In Eq. (1), the terms 𝜎1, 𝜎2, 𝜎3, etc. are the stresses, 𝜖1, 𝜖2, 𝜖3, etc. are the strains and the 
quantities 𝑄11, 𝑄12, 𝑄13, etc. are the corresponding relations in the stiffness matrix. Taking 
the residual stiffnesses and transverse isotropy material property into account, the 𝑄𝑖𝑗 
quantities seen in the above stiffness matrix can be further expanded as in Eq. (2-3).  
 

𝑄11 = 𝐸𝑑𝑎,1
𝑘 (1 − (23

𝑘)
2
) /∆𝑘 

𝑄12 = 𝐸𝑑𝑎,1
𝑘 (12 + 23

𝑘 12)/∆
𝑘 

𝑄13 = 𝑄12 
 

𝑄21 = 𝑄12 

𝑄22 = 𝐸𝑑𝑎,2
𝑘 (1 − 12

2  
𝐸𝑑𝑎,2
𝑘

𝐸𝑑𝑎,1
𝑘 )/∆𝑘 

(2) 
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𝑄23 = 𝐸𝑑𝑎,2
𝑘 (23

𝑘 − 12
2  
𝐸𝑑𝑎,2
𝑘

𝐸𝑑𝑎,1
𝑘 )/∆𝑘 

𝑄31 = 𝑄12 
 

𝑄32 = 𝑄23 
𝑄33 = 𝑄22 

 

𝑄44 = (1 − 23
𝑘 −  2 12

2 𝐸𝑑𝑎,2
𝑘

𝐸𝑑𝑎,1
𝑘 ) 

𝐸𝑑𝑎,2
𝑘

2 ∆𝑘
  

 
𝑄55 = 𝐸𝑑𝑎,12  

 
𝑄66 = 𝐸𝑑𝑎,12  
 

with the additional terms, 
 

∆𝑘= (1 + 23
𝑘) (1 − 23

𝑘 −  2 12
2 𝐸𝑑𝑎,2

𝑘

𝐸𝑑𝑎,1
𝑘 ) 

23
𝑘 = 

12 (1 − 12  
𝐸𝑑𝑎,2
𝑘

𝐸𝑑𝑎,1
𝑘 )

1 − 12
 

(3) 

 
In Eq. (2-3), the component k represents the type of loading (tension, compression or shear). 
The terms 𝐸𝑑𝑎,1𝑘 , 𝐸𝑑𝑎,2𝑘  and 𝐸𝑑𝑎,12 are the degraded stiffnesses and 12 is the major Poisson’s 
ratio. The input properties required for the calculation of the 3d stress state are: Stiffness 
parameters in the longitudinal, transverse and shear directions (𝐸11, 𝐸22, 𝐸12) and the major 
Poisson’s ratio (12). The out-of-plane Poisson’s ratio 23  is obtained by the Christensen’s 
equation. 
 
Extension of Puck’s failure criteria to the 3D framework 
 
The residual strength analysis and the following discontinuous degradation used within the 
FDM is based on the well-known theory of Puck [3], which describes failure modes for fibre-
failure (FF) and inter-fibre-failure (IFF). The criterion indicates failure if the value of the 
exposure 𝑓𝐸1 exceeds one or 𝑊1. Originally the Puck criterion does not take into account the 
strength degradation. Apart from static degradation, the fatigue loading also causes 
continuous degradation. Therefore the strength degradation factors 𝑅 are also included in 
the Puck criterion. For the extension of FDM to 3D framework, the static failure criteria of 
Puck should also be modified to take into account the 3D stress states.The FF-criteria 
according to Puck can be expressed as, 
 

𝑓𝐸,𝐹𝐹
′ = 𝜎1 − (⊥ || − ⊥ ||𝑓𝑚𝜎𝑓

𝐸 ||

𝐸 ||𝑓
) (𝜎2 + 𝜎3) , 

 
with the condition: 

 

𝑓𝐸,𝐹𝐹 = 
𝑓𝐸,𝐹𝐹

′


𝑅1
𝑡  .  𝑅||

𝑡    for    𝑓𝐸,𝐹𝐹
′ ≥ 0  and 

𝑓𝐸,𝐹𝐹 = 
𝑓𝐸,𝐹𝐹

′

−(𝑅1
𝑐  .  𝑅||

𝑐)
   for    𝑓𝐸,𝐹𝐹

′ < 0 

(4) 
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According to Puck’s [3] modified nomenclature for 3D stress states, subscripts || and ⊥ are 
used instead of 1 (longitudinal to fibre direction) and 2 (transverse to fibre direction). In Eq. 
(3), the term 𝑓𝐸,𝐹𝐹

′ is the FF-condition of the UD-lamina and 𝑓𝐸,𝐹𝐹 is the FF- stress exposure 
of the UD-lamina. The degradation terms 𝑅1𝑡  and 𝑅1𝑐  represents the degradations. For the 
consideration of the IFF-criteria, a fracture plane inclined with respect to the plane parallel to 
the fibres is taken into account. This transformation [3], yields stress components 𝜎𝑛, 𝜏𝑛𝑡 
and 𝜏𝑛1which are calculated on the basis of the fracture angle θ. The IFF criteria along with 
the degradation factors can be expressed as, 
 

For 𝜎𝑛  ≥ 0  

𝑓𝐸(𝜃) =  √[(
1


𝑅2
𝑡  .  𝑅⊥

𝑡 − 
𝑝⊥𝜓
𝑡

𝑅⊥𝜓
𝐴 ) . 𝜎𝑛(𝜃) ]

2

+ (
𝜏𝑛𝑡(𝜃)

𝑅⊥⊥
𝐴 )

2
+ (

𝜏𝑛1(𝜃)

𝑅21 .  𝑅⊥||
)
2

+ 
𝑝⊥𝜓
𝑡

𝑅⊥𝜓
𝐴   𝜎𝑛(𝜃)  

 
For 𝜎𝑛  < 0  

𝑓𝐸(𝜃) = √(
𝜏𝑛𝑡(𝜃)

𝑅⊥⊥
𝐴 )

2

+ (
𝜏𝑛1(𝜃)

𝑅21 .  𝑅⊥||
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2
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𝑝⊥𝜓
𝑐

𝑅⊥𝜓
𝐴  𝜎𝑛(𝜃))

2

+
𝑝⊥𝜓
𝑐

𝑅⊥𝜓
𝐴  𝜎𝑛(𝜃) 

  

(5) 

The weakening factor 𝑊1 for the 3D framework can be expressed as shown in Eq. (6), 
where the term 𝑓𝐸1corresponds to the effort due to the influence of 𝜎1, 𝑓𝐸0corresponds to the 
original effort and the terms m and s are the parameters used for calculation of fracture curve. 
 

𝑓𝐸1 = 
𝑓𝐸0
𝑊1

 

with the expansion, 

𝑊1 = 
𝑐 (𝑎√𝑐2(𝑎2 − 𝑠2 ) +  1 + 𝑠)

(𝑐𝑎)2 +  1
 

𝑐 =  
𝑓𝐸0
𝑓𝐸,𝐹𝐹

  and 𝑎 =  
1 − 𝑠

√1 −𝑚2
 

(6) 

 
Another important aspect required for the fatigue based degradation or the cyclic based 
degradation is the strain evolution under fatigue loading,  𝜀𝑘

𝑓𝑎𝑡
 [1-2]. As represented in Eqn. 

(7), considering transverse isotropy no additional strain evolutions are required for the 
extension to the 3D framework. 
 

 𝜀3
𝑓𝑎𝑡

= 𝜀2
𝑓𝑎𝑡 

 𝜀13
𝑓𝑎𝑡

= 𝜀12
𝑓𝑎𝑡 

(7) 

 
COMPARISON WITH EXPERIMENTAL RESULTS 
 
Recently, experimental investigations for the VHCF behavior of GFRP specimens have been 
carried out using a four-point bending setup [4]. The coupons used for this experiment are a 
four layered [90/0]s as shown in Fig. 2a. The coupons are subjected to force amplitude 𝑓𝑎  and 
the deflection 𝑑𝑎  is calculated continuously throughout the test. The effective bending 
stiffness 𝐸̅xb can be calculated according to the four-point bending equation as shown Eq. (8).  
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𝐸̅xb = 
𝑓𝑎

𝑑𝑎
 

6

𝑤𝑠𝑝𝑒𝑐 𝑡𝑠𝑝𝑒𝑐
3  (

1

3
𝑎3 +

1

2
𝑏𝑎2 +

1

8
𝑎𝑏2) (8) 

  
In Eq. (8) the parameters 𝑎 and 𝑏 are the relative distances and the terms 𝑤𝑠𝑝𝑒𝑐 and 𝑡𝑠𝑝𝑒𝑐 are 
the width and thickness of the specimen. Due to damage accumulation arising due to 
transverse cracking as well as delaminations, a variation in deflection amplitude and as a 
result the consequent variation in 𝐸̅xb is seen in the VHCF regime. 

 
Fig 2: a) GFRP specimen used in the four-point bending test in VHCF regime [4] b) Modelling of the specimen in 
ABAQUS using shell elements (S4R) and c) Modelling of the specimen in ABAQUS using solid elements (C3D8). 
 
For the purpose of fatigue simulation, the coupon is modeled according to its specifications in 
ABAQUS. Here two models are created, a shell based model for the 2D FDM and a solid 
based model for 3D FDM as shown in Fig. 2b and Fig. 2c. The six different load cases (LL1 
to LL6) provided in [4], are taken into account for the validation process. The force-deflection 
relation for a representative undamaged specimen described in [4] is used for calculating the 
forces and their corresponding deflection for a particular load level. For the fatigue strain 
evolution [1-2] in the cyclic routine, several parameters, ∆𝜀2𝑡 , 𝑓∆𝜀22𝑐 , 𝐺𝑓𝑟,2𝑐 , ∆𝑛2𝑡 , ∆𝑛2𝑐  and ∆𝑛3𝑐 , 
crucial for the tension-based and compression-based damage evolution, require to be fit 
according to the response observed in the VHCF regime. In order to achieve a good fit, these 
parameters are optimized using a non-linear least square method based on a trust region 
algorithm in MATLAB [5]. This process enables calibrating the 2D FDM parameters for the 
specific test carried out. The parameters obtained are used in the extended 3D version. 
 
As per the fatigue test results obtained, Fig. 3 compares the numerically determined bending 
modulus variation to experimentally obtained results. It can be seen that for LL1 and LL2, the 
results tend to overlap. Particularly the results of LL1 Test data, LL1 3D FEM and LL2 Test 
data tend to overlap each other.  It can be seen that only for the load level LL2 the results 
calculated by both 2D and 3D FDM are not in agreement with the experimental results. 
However comparing the two, it can be seen that the deviation in results remain within 
acceptable bounds. For the lower load levels LL5 and LL6, there is less or no degradation in 
bending modulus occurring within the prescribed load cycles [4]. 
 
CONCLUSION 
 
In order to include complex stress states in laminates under cyclic loading, the fatigue 
damage model (FDM), originally developed for classical laminate theory, has been extended 
to the analysis of 3D stress states. A first validation of the extension of the 2D FDM to the 3D 
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FDM has been performed by the comparison of the 2D and 3D results with respect to the 
experimental results of a GFRP laminate subjected to four-point bending in the VHCF regime. 
Using a careful calibration of the relevant FDM parameters on the basis of the available 
experimental data, a reasonable agreement with the experimental results was obtained for 
nearly the full range of load cycles. It is noted that in view of the calibration process involved, 
the results presented can be seen as a contribution to a more complete validation of the 
ESM based on measured data of the relevant parameters of this model.  
 

 
 
Fig 3: Comparison of bending modulus obtained from simulations to the experimental results for various load 
levels up to 1.2 x 107 load cycles for a four-point bending test. 
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ABSTRACT 

A physically based damage modelling methodology to predict the onset and evolution of inter 
fibre microcracking in unidirectional reinforced CF/EP-laminates under static and cyclic load-
ing up to the very high cycle fatigue (VHCF) regime is presented. It incorporates principles of 
fracture mechanics in a convenient way to satisfy challenges particularly arising in composite 
laminates, e.g. multiple cracking and constraining. Data from fatigue experiments is used in 
conjunction with analytically and numerically derived strain energy release rate (SERR) to 
deduce fatigue crack growth curves, commonly known as Paris-like curves. Combining a 
static and a fatigue model leads to a comprehensive description of the fatigue behaviour of 
laminates containing off-axis plies capable of predicting the crack density after the first load 
cycle and its evolution during cyclic testing. 

KEYWORDS 

VHCF, CFRP, bending, crack density 

INTRODUCTION 

The demand for a steadily increasing operating life of technical applications in the energy, 
aeronautics or automotive industries and the growing application of fibre reinforced compo-
sites requires new experimental and modelling approaches within the very high cycle fatigue 
(VHCF) regime. Due to the inhomogeneous nature of continuous fibre reinforced composites, 
fatigue damage is initiated in various failure modes. Generalised multi-axial loads occurring 
during service life initiate inter fibre failure as primary failure mechanisms which may further 
on spread in form of delaminations. These cracks are known to significantly influence the 
stiffness and, in case of combination of delaminations and compression stresses, also the 
residual strength of the structure [1-6]. 
Therefore it is essential to describe and predict the fatigue behaviour with the help of suitable 
models, which account for micro cracking in the off-axis plies, considering crack growth and 
stress redistribution. Here energy based damage models for predicting the onset and evolu-
tion of inter fibre microcracking in polymer composites under static and cyclic loading up to 
the very high cycle fatigue (VHCF) come into focus.  
Mainly due to inacceptable long test durations and expensive testing, only few fatigue exper-
iments for fibre reinforced composites were performed above 107 cycles. Recently significant 
achievements into the direction of ultrasonic and accelerated fatigue testing into the VHCF-
regime have been published [1, 5, 6, 8, 9]. Besides classic tension/compression tests with 
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single layered or laminated strip specimens also bending experiments are promising. Due to 
the comparably smaller loaded volume which is additionally concentrated at the specimen 
surface, minor concern has to be given to internal heating during high-frequency testing 
[1, 6]. 

MATERIAL AND TESTING PROCEDURES 

Material 
The tested cross-ply specimens were built from uni-directional plies consisting of T700S car-
bon fibre reinforcement as non-twisted 12k roving and a standard prepreg epoxy resin sys-
tem Araldite LY556 enriched with multi-wall carbon nanotubes (MWCNT). The single layers 
were manufactured at Technical University Hamburg-Harburg by an in-house filament wind-
ing and fibre impregnation machine with an nominal ply thickness of dply = 0.3 mm. Cross-ply 
laminates with [90/03,5]s stacking sequence and a total thickness of d = 2.7 mm were cut to 
size by abrasive cutting, yielding bending specimens with length l = 100 mm and width 
b = 15 mm. Further detail on the manufacturing process is given in [7]. 

Testing procedures 

Two sets of specimens were tested. The first set of specimens was used in four-point bend-
ing experiments with quasi-static loading and unloading to several load steps. By the incre-
mental testing procedure the onset of matrix microcracking has been determined accurately. 
The maximum bending strain at the specimen surface was εmax ≈ 1.7 %. The tests were per-
formed in accordance to DIN EN ISO 14125 and accompanied by counting the transverse 
cracks of the outer tension loaded 90°-ply by means of optical microscopy. The length of 
observation is equal to the distance of L = 27 mm between the two loading pins. Therefore 
the crack density can be calculated in terms of 
 

𝑐𝑖 =
𝑛𝑖
𝐿

 (1) 
 
were ni is the total number of cracks observed after load step i. The observed area is loaded 
with a constant bending moment, according to linear elastic beam theory. 
The second set of specimens was tested in fatigue loading with a load ratio R = -1 and con-
stant strain amplitudes. The key to shorten the high testing times of the experiments lies 
within the shaker based bending test rig, which allows for high frequency testing at different 
load levels. The specimen is clamped eccentrically from the axis of rotation and therefore 
axially guided to avoid the introduction of axial strains into the specimens. Furthermore the 
whole specimen is loaded by a shear force free constant bending moment. Depending on the 
specimen stiffness and the use of additional masses a wide range of testing frequencies can 
be exploited. By testing near the setup’s eigenfrequency, the inherent strain magnification is 
used to achieve suitable load levels. The specimens were tested at six different load levels 
with the maximum bending strains at the specimen surface εo = {0.2, 0.25, 0.3, 0.35, 0.4, 
0.45} %, respectively. Online monitoring of the maximum specimen strain enables an auto-
matic stop of the experiment in case of specimen failure or malfunction. A more detailed de-
scription of the VHCF bending test rig can be found in [8] and [9]. The quasi-static as well as 
the fatigue testing setups are shown in Fig. 1. 
The fatigue specimens were unmounted from the test rig several times within the experi-
ments and the crack densities in both 90°-layers were determined by optical microscopy. 
Due to the constant bending moment along the specimen, the whole gauge length of the 
specimen L = 65 mm can be used for crack counting. The crack density is further averaged 
about both 90°-plies per specimen. 
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a)                                          b) 

       
 
Fig. 1 a) Experimental setup used for quasi-static four-point bending and b) VHCF bend-

ing test rig for high frequency fatigue experiments. 

EXPERIMENTAL RESULTS AND PARAMETER IDENTIFICATION 

Static tests 
The results of the four-point bending experiments under quasi-static monotonic loading are 
presented in Fig. 2. First cracks were observed for a bending strain at the specimen surface 
of εb = 0.587 %. The number of cracks then quickly increased up to c ≈ 0.6 mm-1. Within the 
further course of the experiment, the crack growth slowed down and the maximum crack 
density obtained was cmax = 1 mm-1 at the end of the test. 

 
Fig. 2 Crack density growth in [90/04]s-CF/EP laminates under quasi-static four-point 

bending. For reference the mean values of the crack growth without CNT resin 
modification is represented by the dashed line. 

 
Using the model presented in [10] or suitable FEM simulations the progressive cracking un-
der quasi-static loading can be modelled. Fitting the FE model to the experimental data leads 
to a critical energy release rate Yc = 0.167 kJ/m².  
The reduced crack growth at the end of the experiments can be explained by the microcrack-
induced growth of delaminations. Apparently, they reduce the stress transfer into the 90°-ply 
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and virtually decrease the crack distance. This behaviour has also been observed by other 
authors for specimens under axial tension loading [11]. Hence, it is likely that the influence of 
delaminations on the microcracking behaviour is even more pronounced in case of bending 
loads. 

Fatigue tests 
Due to the thick 0°-supporting layer in the middle of the specimens, which remains undam-
aged throughout the whole experiments, no final failure can be observed. Therefore the SN-
curve shown in Fig. 3 a) represents a specimen damage D = 1-Eb/Eb,0 = 1 %, corresponding 
to an averaged crack density of c ≈ 0.2 mm-1. The SN-curve has been determined in analogy 
to the guideline VDI2014 [12] and is given by  
 

𝜀𝑎 = 𝜀∗ (
1 − 𝑉𝑔

𝑛 − 𝑉𝑔
)

𝑁𝑔

 (2) 

 
with ε* = εb = 0.587 %, the number of load cycles n and the two fitting parameters 
Ng = 0.1055 and Vg = -320.7. 
 
a)                                                                 b) 

  
 
Fig. 3 a) SN-curve of [90/03,5]s-CF/EP laminates under fatigue loading. Squares depict an 

averaged crack density of 0.2 mm-1 at each load level, respectively and b) the crack 
density growth rate vs. strain energy release rate. 

 
From the evolution of the crack densities determined throughout the fatigue experiments the 
crack density growth rates for the tested specimens were determined. Therefore the maxi-
mum strain energy release rates Y have been calculated by means of FE simulations. By 
using the fluctuating part of the stored strain energy, the energy release rate is finally evalu-
ated to 
 

ΔY =
(1 − R)2

2
𝑌. (3) 

 
An ERDOGAN-RATWANI like equation has been used to fit the crack density growth rate curve, 
which takes the form 
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Δc

Δn
=
𝐶(Δ𝑌𝑚 − Δ𝑌𝑡ℎ

𝑚)

Δ𝑌𝑐 −Δ𝑌
, (4) 

 
with the fitting parameters C = 1.888 mm-1cycle-1, m = 5.42, the critical strain energy release 
rate Yc = 0.169 kJ/m² and fatigue threshold Yth = 0.0207 kJ/m². The data points below the 
fatigue threshold are considered as weak areas within the ply having the lowest fracture 
toughness, which may result from certain geometrical and rheological issues or premature 
cracking due to residual thermal stresses. 

MODELL APPLICATION 

Combining the findings and modelling approaches for quasi-static and fatigue loading ena-
bles a comprehensive modelling strategy for arbitrary loading scenarios. Two possible use 
cases are presented in the following and shown in Fig. 4.  
By defining an acceptable amount of crack density, the modelling approach can be used to 
derive the SN-curves under bending load for a constant amount of microcracks, which repre-
sent a certain stiffness drop within the laminate. It is therefore possible to calculate the SN-
curves for a constant residual stiffness, as shown in Fig. 4 a).   
 
a)               b) 

  
 
Fig. 4 a) SN-curves for constant residual stiffness and b) evolution of stiffness decrease in 

fatigue experiments with different block loading sequences. 
 
The second use case deals with the sequence effect in case of block loading. Therefore, 
three blocks with maximum strains of εo = 0.25 % (A), εo = 0.3 % (B) and εo = 0.4 % (C) were 
defined, each having a block length of n = 500000 load cycles. The model was used to calcu-
late the stiffness evolution for the sequences ABC (increasing load), CBA (decreasing load) 
and BAC where the second load block has the lowest amplitude. 
As seen from Fig. 4 b), the decreasing load sequence leads to an early stiffness drop and the 
whole amount of stiffness change occurs in the first load block whereas the other sequences 
show a delayed stiffness decrease. It can further be seen, that a lower load block following a 
higher load block has negligible influence on the stiffness decrease. It should further be men-
tioned that the occurrence of delaminations, which were not modelled here, could change the 
degradation behaviour significantly. 
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CONCLUSION 

The initiation and evolution of inter fibre cracks in static and fatigue loading up to the VHCF-
regime of CFRP with and without nanoparticle modified matrix has been experimentally and 
analytically analysed.  
Despite of small differences in the YOUNG’s modulus, the cracking behaviour in quasistatic 
loading was not substantially altered by the nanoparticle modification, except for scatter. 
Shear force free bending fatigue tests at R = -1, performed on a specifically designed test 
stand, reveal a cyclic SERR threshold for regular cracking at ΔYth = 0.0207 kJ/m². Below this 
threshold weak link cracking may appear already beginning at ΔYth,WL = 0.0167 kJ/m². The 
developed finite fracture mechanics approach exemplary facilitates the prediction of damage 
specific SN-curves and the influence of load sequences on the residual stiffness. 
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ABSTRACT  
 
Nature of fatigue crack origination in a blade of engine ТА12-60 fan-disk of VT8 titanium alloy 
has been considered. Crack origination has taken place subsurface in Very-High-Cycle-
Fatigue regime by facets of - phase. This mechanism is the same that was seen for fatigued 
specimens in VHCF regime manufactured from titanium alloys of Ti-6Al-4Mo system. 
Experimental results attested they-self that disk blades subjected to multiaxial tension-
bending-torsion cyclic loading and experienced resonance vibrations from the acting air 
stream with frequency 1950 Hz. In this condition stress level for blades is enough for their in-
service failure for the design service goal at the durability 109 – 1010cycles.  
 
 
KEYWORDS 
 
Titanium alloy, compressor disk, blades, multiaxial, very-high-cycle-fatigue, resonance 
 
 
INTRODUCTION 
 
In-service aircraft structures experienced wide range of stresses and can be damaged in 
different regimes of fatigue due to variation of frequency and stress level in-flight operated 
systems [1]. Fatigue fracture process in metals usually taken into consideration applicably to 
different scale levels: micro- or nano- (Very-High-Cycle-Fatigue or VHCF-regime), meso- 
(High-Cycle-Fatigue or HCF-regime), and macro-scale level (Low-Cycle-Fatigue or LCF-
regime) [2] - [7]. Transitions from one to another scale levels strongly expressed in 
accordance with introduced bifurcation diagram for fatigued metals [3] – [4].  
 
Applicably to titanium compressor disks there is fatigue in-service cracking which has taken 
place in LCF regime [6]. Contrary, titanium compressor blades have in-service fatigue 
cracking in HCF or VHCF regime [7, 8]. Therefore for these two types of aircraft structures 
different criteria used for estimating their critical in-service lifetime for operated gas-turbine 
engines.     
 
Aircraft blades in-flight subjected to bending-torsion-tension being complicated external 
loading which influenced their stress-state in dependence on the reached engine rotor speed 
for different in-flight aircraft operations. Blades can have experience of resonance by one of 
the main cyclic loading axis (torsion or bending) but this situation can be realized during short 
time only for the transition period from one to another operation. Main designer idea is to 
exclude for blades in-flight possible resonance during long time of operated engines.     
 
Contemporary technology, introduced for the new generation of engine structures, realized 
possibility manufacturing titanium disk and their blades as one structure. For example, this 
technology was performed for fan stage of the engine TА12-60 which has in-service very rare 
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events with blade fatigue cracking before design service goal. It is clear that the question 
grows up: what kind of criterion has to be used for estimating this complicated structure in-
service lifetime excluding the structure fatigue cracking.  
 
Below this problem has consideration applicably to titanium disk of fan stage manufactured 
from VT8 (Ti-6Al-3Mo) alloy of aircraft engine ТА12-60 being of “Accessory Power Plant” with 
design service goal 1000 hours or 2000 cycles of operated system.   
 
 
MATERAL AND TESTS PROCEDURE 
 
Material 
 
One of the in-service cracked titanium fans of the engine № 3460214363 was used in the 
present investigation with in-service time 435.33 hours. View of the failed disk is presented in 
Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 View of the in-service fatigued titanium fan disk ТА12.001.032.08 № 103020 with failed   
         blade. White arrow pointed out area of crack propagation 
 
Disk was manufactured from titanium alloy Ti-6Al-3Mo (VT8). Round bar specimens were 
manufactured from the disk and standard tension tests were performed for estimating material 
mechanical properties. Then, quantitative spectroscopic analysis was performed applicably to 
different areas of the investigated fan-disk. Metallographic analyses were performed for 
estimate material structure, which has to be two-phases () with dominantly globular shape 
of phase.  
 
Results of all tests have shown that titanium alloy VT8 of the investigated fan-disk has 
mechanical properties, two-phase structure, and chemical composition in accordance with 
order of certificate given by manufacturer and in accordance with order of standards. 
  
Fractographic and X-ray analyses    
 
Fracture surface of failed fan-disk was investigated on the scanning electron microscope of 
Karl Zeiss with using special device “Inca” for local spectroscopic estimation material 
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composition. It was considered material composition by the fracture surface, and by the 
section prepared in the perpendicular direction to the fracture surface in area of crack 
origination. 
 
Blades resonance monitoring 
 
A segment of the fan-disk with three blades was prepared for estimating blades resonance 
characteristics in the range of 500-20000 Hz. Blades were polished by the concave surface. 
This segment was fixed in a special facility by the rim plane.      
 
Piezoelectric oscillator was used for influencing in the segment one of the blades vibration 
from the metallic needle. On the small distance from the vibrating blade was placed detector 
which had not contact with the tested blade during registration the blade frequency. On the 
blade concave surface was placed sand to register area with its high density under different 
influenced external frequency. It was discovered for this type of blades many simultaneously 
appeared resonances in the investigated range of external frequencies, Fig.2. 
 
                                                a.                                                         b. 
 
 
 
 
 
 
 
 
 
 
 
 
                                       c.                                                                   d. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Types (a) - (d) of complicated resonances by the three simultaneously different forms  
         for the same blade but for various influencing of external frequency. 
 
 
RESULTS OF INVESTIGATION 
 
Fractographic analyses have shown in area of crack origination the fracture surface plane of 
cracked material offset from the main plane, Fig.3. 
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Fig.3 The fatigued blade fracture surface face. Crack origination area indicated arrow. 
 
Crack origin area located in some distance from the concave surface as is reproduced in Fig. 
3. The origin area has multiple smooth facets in the border of metal cracking through the 
phase. 
 
                                             a.                                                                       b. 
 
 
 
 
                                                                                 
 
 
 
 
 
 
 
Fig.3 View one of the smooth facets in area of subsurface crack origination (a) in the  
         secondary electron and (b) in the back scatter regime 
 
Material chemical composition by the all smooth facets of cracked  - phase was analyzed 
with using X-ray spectroscopy. In all facets there were not discovered “Мо”. In neighboured -
phases there were discovered “Мо” in the accordance with certificate and standard. These 
data were compared in the slice plane prepared in the perpendicular direction through the 
area of origin not far from the concave surface. The same chemical composition was 
discovered in the slice plane that reflected material state in both phases in accordance with 
certificate and standard.    
 
The blade of designed shape (large chord) has different types of resonance as was 
discovered during performed investigation. In some rare cases there was only one type of 
resonance with blade bending. But in many cases there were two and three neighbored 
resonance by the bending and torsion Modes. In other cases there were discovered not 
depended blades vibrations by two forms. For example, there is can be simultaneously large 
vibration with less bending stiffness for one part of blade but in another blade part there is 
another Mode of vibration with more intensive torsional stiffness. It can be seen gradually 
transition from one type of resonance to another. Therefore, material subjected to multiaxial 
in-flight loading with simultaneously tension (because of disk rotation), bending and torsion. It 
can be seen that one of the resonance, for example, is reproduced in Fig. 2, takes place in 
area of crack origination. The minimum frequency for the blade bending resonance in area of 
crack origination related to 1950 Hz.  
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Consequently, fatigue cracking of the in-service blade took place subsurface in area of 
material without or with very less percent of “Mo” under possible resonance in multiaxial 
condition of cyclic loading (bending and torsion).   
 
 
DISCUSION    
 
Discovered subsurface material cracking in the blade of VT8 titanium alloy is typical case for 
of VHCF. The same features of subsurface crack origination were earlier considered in VHCF 
regime with specimens test under frequency 20 kHz for titanium alloy VT3-1 of the same 
system Ti-6Al-3Mo-2Cr but having “Cr” [9]. Smooth facets by the - phases fatigue cracking 
were performed in the globular () two-phase structure. There was not revealed “Mo” by 
the smooth facets in area of crack origination. Therefore, it is titanium alloy chemical 
inhomogeneity that influenced fatigue in VHCF regime.    
 
But in the case of specimens uniaxial tension-compression of VT3-1 titanium alloy there was 
minimum stress level 350MPa when cracking took place subsurface at 5x109 cycles. That is 
why it is not only chemical inhomogeneity that can have influence on subsurface crack 
origination in VHCF regime. In the discussed case, there the blade fatigue cracking of VT8 
titanium alloy was appeared at 435.33 hours since the disk was new. Operating period for the 
fan-disk with blades experienced one of the discovered resonance forms can be estimated 
based on the test results (see Fig. 2). If will be considered minimum frequency of 1950 Hz, is 
3600х1950х435.33 = 3.06х109 cycles.  
 
In-flight the blade experienced influence of the air-stream with frequency by the fourth and 
fifth blades harmonic respectively in the range of (1599-1664) Hz and (1998-2080) Hz. 
Measurements accuracy has not less than 2% for estimated blade resonance and air-stream 
frequency. Consequently, there resonance for blades can takes place with different frequency 
but not only in the case of one resonance.      
 
Performed investigations have shown that in blades can be realized different types of 
complicated multiaxial loading with independent vibration by the bending and torsion Modes.  
 
It is clear that at the in-service time 453.33 hours there will be random resonance in blades 
under multiaxial cyclic loads with frequency more that minimum 1950 Hz. Various fan-disk 
operations will have more or less intensive influence on the blades damage accumulation. It is 
especially evident that there was revealed situation with transition from one to another 
resonance frequency without small interval without resonance. Different blades in fan-disk 
have various weight and geometry in the range of standard that influenced difference in 
resonance frequency and possibility to realize more or less complicated case of resonance. In 
the case of multiaxial resonance with highest stress level there will be only one blade that 
experienced this influence up to fatigue cracking in the design service goal 1000 hours. In one 
case it can be critical state before 1000 hours (or less than 1010 cycles), but for many blades it 
can be in-service time more than 1000 hours (or more than 1010 cycles). That is why in 
service there were very rear cases of blades fatigue cracking, and for one fan-disk only one 
blade had failure.      
 
Consequently, in-service blades fatigue cracking takes place under resonance in the case of 
multiaxial loading. Their in-service time before fatigue cracking depended on the type of 
resonance and in the realized operating condition for fan-disk can be seen since they were 
new up to critical state at 400 hours and less. This state of blade can be seen in rare cases 
that depended on blades geometry.      
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CONCLUSION 
 
1. Fan-disk blades of engine TA12-60 have appearance in VHCF regime because of 
resonance by the different Modes of in-service multiaxial cyclic loading.  
 
2. Manufacturing procedure of titanium alloys Ti-6Al-4Mo system influenced the blades 
cracking in VHCF regime because of in material there can be chemical inhomogeneity. It 
influenced material local stress-state and promotes durability variations in VHCF regime. 
  
3. Large chord blades of fan-disks can experienced various form of vibrations by the different 
simultaneously acting independent Modes of stressing when one of them can be resonant.  
During engine operation one resonance form can have gradual transition to another form with 
another frequency under influenced air-stream that influence VHCF regime for short in-
service time.   
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materials fabricated in Japan had been constructed and published in 1996. Book style of the 
same data compilation had been published at the same time by the JSMS and Elsevier. About 
twenty years have passed since the above publications of database and databook. Thus, a lot of 
new fatigue test data have been obtained during such a long period including many data on the 
very high cycle fatigue such as gigacycle regime. Based on such a circumstance, the JSMS 
have organized a new project to construct an electronic database on very high cycle fatigue. A 
lot of numerical data obtained by such fatigue tests were compiled together with many 
photographs of fracture surfaces. At the present conference of VHCF-7, fundamental view of 
the database and the first stage database constructed from domestic data in Japan are briefly 
introduced. In addition, some examples of useful applications of this database are also 
introduced to facilitate the academic and engineering applications in the wide variety of science 
and industries. 
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ABSTRACT 
 
An electronic database on fatigue strength of metallic materials fabricated in Japan had been 
constructed and published in 1996, as a joint project of Committees on Fatigue and Reliability 
Engineering in the Society of Materials Science, Japan (JSMS). Book style of the same data 
compilation had been published at the same time by the JSMS and Elsevier. About twenty 
years have passed since the above publications of database and databook. Thus, a lot of new 
fatigue test data have been obtained during such a long period including many data on the 
very high cycle fatigue such as gigacycle regime. Based on such a circumstance, the JSMS 
has organized a new project to construct an electronic database including very high cycle 
fatigue data together with many photographs of fracture surfaces. 
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electronic database 
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INTRODUCTION 
 
In the design of machines and structures, fatigue strength of metallic materials is one of the 
most important design data to ensure the sufficient durability and safety of actual products [1]. 
Therefore, the Society of Materials Science, Japan (JSMS) had organized a joint project of 
Committees on Fatigue and Reliability Engineering in the JSMS to collect a number of fatigue 
test data of metallic materials. Thus, an electronic factual database on fatigue strength of 
metallic materials fabricated in Japan had been constructed and published in 1996 [2]. 
 
After the above database was published, almost two decades have passed and a lot of new 
fatigue test data have been obtained in the various activities such as  universities and institutes. 
In order to collect those new data in nationwide scale of Japan, the society of the JSMS has 
again organized a new project in 2012. Fundamental format of the database is same as that 
in the former project, but some new concepts are also introduced in the present database 
construction system. 

On the other hand, fatigue properties of metallic materials in very high cycle regime are in the 
active subject in the area of Fatigue of Metals, and a number of fatigue test data have been 
reported in such a research area [3-7]. Accordingly, experimental data in very high cycle fatigue 
are also collected together with new data in the conventional life region. Since fracture surface 
of the failed specimen provides an important information, photographs of fracture surfaces are 
also compiled in the present database. 
 
 
SCOPE OF THE DATABASE COMPILATION 
 
A number of fatigue test data have been accumulated for various metallic materials in a wide 
variety of academic and engineering applications. Scope of the present project is given as 
follows; 

Materials: Ferrous and nonferrous metals, exclusive of welded joints and clad metals. 
Types of fatigue tests: Load and displacement controlled tension-compression, ultrasonic 
fatigue, rotating bending, plane bending and torsional fatigue tests with constant stress 
amplitude and mean stress are included in this database. Experimental results under 
combined stress, varying stress amplitude and impact, or strain-controlled low cycle fatigue, 
rolling contact fatigue and fretting fatigue are not included. 
Test environments: Usual atmospheric environment at room temperature, similar 
environments at controlled temperature, humidity and pressure (vacuum), and inert and 
hydrogen gas environments are focused to collect except for corrosive environments. 
Date of the tests: The date are those of fatigue tests completed after 1990. 
 

In addition to the above restrictions, definitions and classifications were made concerning the 
fatigue test data together with the related information as follows; 

SN test data: Fatigue test data based on ordinary testing method to obtain a conventional 
S-N relation or a fatigue limit or a strength at the given life, with no intention of statistical 
analysis. 
ST test data (Staircase data): Fatigue test data obtained by the staircase method with an 
intention to determine the mean and variance (standard deviation) of the fatigue limit or the 
fatigue strength at the given life. 
PN test data: Fatigue test data obtained by using a large number of specimens at one or 
more stress levels with an intention of statistical analysis on the fatigue life distribution or of 
knowing the mean and variance (standard deviation) of the fatigue strength by means of 
the Probit method. 
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Reference data: Information on material specifications and processing, lists of chemical 
compositions, records of heat treatments, data on mechanical properties, size and 
dimensions of the fatigue specimen together with its preparation and finishing conditions 
and fatigue testing conditions including the load and environment. 
Photographs of fracture surfaces: Fracture surface of the failed specimen provides an 
important information to analyze the fatigue mechanism of the material. Thus, photographs 
of fracture surfaces are collected and compiled in the database. 
Literature: Bibliographic citations for published data are also compiled. 
 

All the data in the present database are compiled depending upon the individual test series for 
each kind of material under the definite testing condition. A unique coding system was 
accepted to compile the fatigue test data. This coding system is a combination of two basic 
codes; a contributor’s code of four digits and a test series code of four digits (series number). 
The former is assigned to each contributor, and the series number is assigned to each 
fundamental set of data by each contributor. In addition, photographs of fracture surfaces for 
the respective failed specimens can be accessed with reference to a specially designed code 
number to link the numerical test results and the fracture surfaces. 
 
 
FUNDAMENTAL STRUCTURE OF THE DATABASE 
 
All the data for each test series contributed by each person are input by using a set of twelve 
datasheets including the comment sheet as follows;  

Datasheet of Basic Data (I): Contributor, conductor of experiment, corresponding person 
of data-input, Journal information etc. are entered in this datasheet. 
Datasheet of Basic Data (II): Material, forming process, heat treatment, surface 
treatment etc. are entered in this datasheet. 
Datasheet of Basic Data (III): Grain size/grain size No., cleanliness, chemical composition 
etc. should be entered in this datasheet.  
Datasheet of Basic Data (IV): Hardness test conditions and the experimental results are 
entered in this datasheet. 
Datasheet of Basic Data (V): Tensile test conditions and corresponding experimental 
results are entered in this datasheet. 
Datasheet of Basic Data (VI): Impact test conditions and corresponding experimental 
results are entered in this datasheet. 
Datasheet of Basic Data (VII): Fatigue test conditions including the specimen preparation 
are entered in this datasheet. 
Fatigue Test Results: SN data / ST data / PN data are entered by using this datasheet. 
Photographs of Fracture Surface: Photographs of fracture surfaces are compiled in this 
datasheet. 
Mapping Photographs for Element Analysis: Mapping 
photographs for inclusions are compiled here. 
Datasheet for File Name of Figure: File names of additional figures are input in this 
datasheet. 
Comments Sheet: Comments to facilitate further understandings are entered in this 
datasheet. 

 
 

EXAMPLES OF THE ENTERED FATIGUE DATA 
 
Based on the coding system explained above, fatigue data for a number of test series have 
been entered in the present database. Among them, a typical example of an entire test series 
for the bearing steel [JIS:SUJ2] contributed by T. Sakai is introduced here. Full information 
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required as basic data for a series of fatigue test is entered in the datasheets from (I) to (VII). 
Especially, the detailed information of the fatigue testing conditions is entered in the Datasheet 
of Basic Data (VII). In the following example, code of the contributor is “0161”, and the test 
number is “0010”. Material code is SUJ2 standardized as JIS G4805 in 1999, and type of 
specimen is “round bar”, respectively. Size of specimen, stress concentration factor, surface 
treatment, etc. are entered in the corresponding columns designated in the respective 
datasheets. However, only the limited part of left-hand and upper corner in each datasheet is 
indicated in this paper due to the page limitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In every datasheet in the present data-coding system, all the data columns are classified into 
five different colors depending on the respective categories as follows; 
Green columns: If the code of contributor and the test number are entered in the columns in 
the datasheet of basic data (I), the pair of these data such as 0161-0010 are automatically 
entered in the corresponding columns in all the datasheet. 
Yellow columns: Codes of data records such as XC, XT, XW, AU, GA, GB, GC, GS, GP, FE, 
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HP, TS, TP, IS, IP, FS, FP and PG are entered in advance. Thus, contributor does not need 
to input any data in these columns. But, only in the column of SN/ST/PN in the sheet of Fatigue 
Test Results, the kind of data record should be entered among SN, ST and PN. 
Light blue columns: Contributors have to enter the corresponding information by selecting 
each of numerical data or alphabetical characters together with some comments if necessary. 
Thick blue columns: If contributors move the mouse-cursor into the columns and give a left-
hand click, a menu screen indicating respective items prepared in advance can be pull down. 
Then, if the contributors select the appropriate item, the required data can be entered 
automatically in the corresponding columns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Typical examples of fracture surfaces near crack nucleation site 
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Beige columns: If contributors selected the item of “other” in the thick blue columns, the 
contributors have to enter the information to explain the actual situation into the next column 
of beige color. 
 
Significant advantage of the present database is the fact that a lot of photographs of fracture 
surfaces have been stored to facilitate the research on the very high cycle fatigue of metallic 
materials. Electronic data size of photographs is extremely higher comparing with the size of 
numerical data and character data. The data property of the photographs is quite differ from 
that of numerical and character data. In such a circumstance, the committee has developed a 
special method to compile many photographs of the fracture surfaces in the present database. 
This system is designated such that each photograph is linked to the corresponding specimen. 
For example, if a photograph for the specimen of No.2 is provided in the previous datasheet, 
the linking code is given as “0161-0010-0002-a-01.jpg”. The character of “a” in the linking code 
indicates one side of a pair of failed specimen. If another photograph for the fracture surface 
of the opposite side is also stored in the database, the character of “b” is entered instead of 
“a”. When another observation at different site of the same fracture surface is filed in the 
database, only the end code of two digits should be changed as “0161-0010-0002-a-02.jpg”. 
If a definite site inside the certain photograph was observed with some higher magnification, 
the observation site should be indicated. In such a case, an additional photograph is inserted 
to identify the observation site of the original photograph. In order to show this situation, the 
character of “Z” is attached at the linkage code such as “0161-0010-0003- a-02-Z.jpg”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fracture surfaces of the specimen of No.7 in the interior fracture mode is indicated in Fig.1. It 
is well known that a clear mark of “fish-eye” is observed in the interior fracture mode and an 
inclusion can be often found at the central portion of the fish-eye. In order to link the respective 
photographs, some additional technique is required here. If one observes the central portion 
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of the fish-eye in the left hand fracture surface, the observation site at higher magnification 
should be identified by indicating a square frame of “A” in the middle photograph. Then, the 
high magnification photograph of the specific frame of “A” is provided as the right hand 
photograph. Thus, the middle photograph is only an additional photograph to identify the 
observation site. In such a case, the specific character of “Z” is attached at the coding system 
as “0161-0010-0007- a-01-Z.jpg”. In order to indicate the observation site at the high 
magnification, a character assigned to the square frame “A” is also attached to the coding 
system as “0161-0010- 0007- a-01-Z-[A].jpg”. Of course, the code of [A] in the right hand 
photograph means that this photograph was taken at the site of the square frame “A” in the 
middle photograph of “0161-0010-0007-a-01-Z.jpg. 
 
In some cases, various kinds of additional comments of supplementary explanations are 
provided for the individual items consisting the present database. In such cases, comments 
sheet is further prepared in the data collection system. Each comment is linked to the 
corresponding item in the related datasheet by using the coding system such as “0161-0010-
xxxx and so on. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1:  SEM photographs of fracture surface for the specimen of No.7 
 
 
ADMINISTRATION OF DATA COLLECTION AND DATABASE SERVICE 
 
In the present project of the data collection, both of numerical data and photographs should be 
filed in the Excel File by each contributor as explained in the previous section. Then, those 
data should be saved in the electronic media such as flash-memory. These electronic media 
saved required data should be sent to a certain key center of the society of the JSMS. Details 
of the data collection project and the concrete procedure to offer the fatigue data are being 
explained in the document attached to the e-mail asking the data submission. 
 
Since the present project has been financially supported by the society of JSMS, the entire 
cost required to this project should be covered by all the users of the accomplished database. 
From this point of view, an appropriate payment system would be introduced carefully 
considering the requests from general users of the present database. As the guideline at the 
present stage, the amount of fee for the database service should be designated into several 
categories depending on the user situation such as the data contributor, the task group 
member and the member of the JSMS. However, the concrete prices and the payment system 
would be firmly discussed and established after the database construction project was 
accomplished and the total cost was determined. 
 
As a parallel project in the society of the JSMS, the Database on Fatigue Strength of Metallic 
Materials already established is planned to open into the worldwide use through the internet 
website. In such a circumstance, the new database on the experimental data for the very high 
cycle fatigue reported in this paper would be similarly opened by using the same system 

A 

0161-0010-0007-a-01.jpg  0161-0010-0007-a-01-Z.jpg 0161-0010-0007-a-01-Z-[A].jpg 
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through the internet website. It is very important and difficult to keep the security of the 
database in the present complicated situation around the recent ICT or IoT society. Accordingly, 
a steady database security system is now being developed by the awful efforts of the above 
task group in the society of the JSMS. 
 
 
CONCLUDING REMARKS 
 
In this paper, the fundamental scope and format of data collection organized by the society of 
the JSMS were firstly introduced, and some examples of the actually compiled database on 
the very high cycle fatigue of metallic materials were indicated in order to facilitate the better 
understanding of the database structure and the sophisticated coding system. However, we 
are now facilitating the data-input for fatigue test data on some common researches organized 
in Japan for metallic materials such as high strength steels of  JIS:SUJ2, SCM435, SNCM439, 
aluminum alloy of JIS:ADC12, magnesium alloys of AZ31, AZ61, AZ80 and AMCa602, titanium 
alloy of Ti-22V-4Al and bulk amorphous alloy of Zr55Al10Ni5Cu30. At the first stage of this project, 
all the experimental fatigue data obtained in Japan are targeted and some refinements are 
expected in the format and the coding system. Then, fatigue test data obtained in overseas 
countries would be targeted at the second stage in the near future. 
 
The most important point of this project is that the sufficient quantity of experimental data on 
the very high cycle fatigue are collected including a number of photographs for the fracture 
surfaces of the failed specimens. Thus, the authors are earnestly expecting that a number of 
researchers all over the world would join us to contribute their experimental results together 
with many photographs of the fracture surface. The authors hope that the present database is 
widely used to facilitate the research on the very high cycle fatigue of metallic materials and is 
applied to the fatigue design as the reference data to ensure the safety of the mechanical 
structures in the industrial society. 
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ABSTRACT 
 
A model describing the VHCF deformation behavior of a stable and a metastable austenitic 
stainless steel is presented and solved within two-dimensional (2-D) morphologies of 
microstructures by using a boundary element method. In case of the metastable alloy a 
pronounced localization of plastic deformation in shear bands followed by a 
deformation-induced martensitic phase transformation determines the cyclic deformation 
behavior. The stable alloy undergoes only a very limited local plastic deformation in shear 
bands with almost no phase transformation. Based on experimental observations of the cyclic 
deformation behavior at stress amplitudes below the VHCF strength a model was developed 
that can simulate the characteristic mechanisms for plastic deformation in shear bands and 
for deformation-induced martensitic phase transformation from the γ-austenite to the 
α’-martensite. Since the deformation-induced martensitic phase transformation depends 
amongst others on the initial sample temperature, the effect of a moderate increase of 
temperature is reflected in the model. Simulation results are directly compared to the 
observed deformation evolution on the real specimen surfaces and a comparison based on 
the transient behavior (cyclic softening and hardening) is carried out. The transient behavior 
of the material is characterized by the change in resonant behavior during cyclic deformation, 
which is experimentally monitored during fatigue tests and evaluated from simulated 
hysteresis loops. Good agreement of results confirms the model assumptions and, finally, a 
more profound understanding of the VHCF deformation behavior of both austenitic stainless 
steels is provided. 
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INTRODUCTION 
 
Reliable prediction of fatigue life under VHCF condition demands a detailed knowledge and a 
true understanding of the basic microstructurally driven deformation processes. For that 
purpose the present study focuses on the investigation of cyclic deformation behavior of a 
metastable and a stable austenitic stainless steel (AISI 304 and AISI 316 L). 
In the following paragraphs at first the results of experimental examinations are given and 
then the proposed mechanisms of cyclic plastic deformation are presented in the simulation 
model. After a short explanation of the numerical method, the results of simulation studies are 
demonstrated and discussed on the basis of micrographs of fatigued specimen surfaces and 
on the basis of the monitored resonant behavior. 
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EXPERIMENTAL CHARACTERIZATION 
 
Fatigue tests were carried out on a resonant testing machine and revealed that the 
metastable austenitic stainless steel AISI 304 in the initially fully austenitic condition 
possesses a VHCF strength of about 240 MPa and undergoes localization of plastic 
deformation in shear bands and a deformation-induced α’-martensitic phase transformation 
during fatigue at the VHCF strength [1]. Emerging slip markings observed on the confocal 
microscopy image of the specimen surface of AISI 304 after 2·107 cycles in Fig. 1a indicate a 
pronounced localization of plastic deformation in shear bands. The transmission electron 
microscopy (TEM) micrograph in Fig. 1c demonstrates that plastic deformation in shear bands 
is mainly related to stacking faults (light grey stripes) and α’-martensite is generated at 
intersections of stacking faults (white areas). The stable austenitic stainless steel AISI 316 L, 
that exhibits a lower value of VHCF strength of about 190 MPa, shows clearly less and only 
very local plastic deformation in shear bands (marked with an arrow in Fig. 1b) [1]. In case of 
AISI 316 L, the martensitic phase transformation was almost not observed. 
 

 
Fig. 1: a) Confocal laser microscope image of a fatigued specimen surface of AISI 304 
(Δσ/2 = 240 MPa, N=2·107 cycles) and b) of AISI 316 L (Δσ/2 = 190 MPa, N=2·107 cycles); c) 
TEM micrograph of the microstructure of AISI 304 (Δσ/2 = 240 MPa, N=105 cycles) [1] 
 
The resonant behavior of both materials was characterized in terms of the resonant frequency 
ratio ηres, which represents the relation of the resonant frequency fres and the eigenfrequency 
f0 of the fatigue specimens. Both frequencies were monitored during fatigue tests on the 
resonant testing machine [1]. The corresponding results are given in Fig. 3 by the continuous 
black curves. From a mechanical point of view a decrease of ηres is equivalent to softening 
and, conversely, an increase of ηres corresponds to hardening. The metastable austenitic 
stainless steel describes a strong transient behavior over cyclic loading consisting of a 
beginning cyclic softening (decrease of ηres) followed by cyclic hardening (increase of ηres). 
The cyclic deformation behavior of the stable austenitic stainless steel is characterized by an 
increase of ηres denoting continuous slight cyclic hardening.  
The aim of the present work is to give a more profound insight into the relevant deformation 
mechanisms of austenitic stainless steels and their effect on the resonant behavior. Therefore, 
in the following a simulation model is proposed. 
 
SIMULATION MODEL 
 
The model focuses on plastic deformation in shear bands and on deformation-induced 
martensite formation as they are the predominant microstructural processes of AISI 304 and 
of AISI 316 L (without phase transformation) during cyclic deformation in the VHCF regime. 
The localization of cyclic plastic deformation in shear bands will be considered by certain 
mechanisms which were proposed in [2] and are shortly summarized as follows. It is assumed 
that a shear band is formed in the microstructure once a critical resolved shear stress τc in the 
most critical slip system is exceeded. Inspired by the models of Tanaka & Mura [3] and Lin [4] 
a shear band is represented by two closely located layers in the 2-D plane that allows 
considering an irreversible fraction of sliding on one of the two layers during each loading half 
cycle. Dislocation hardening is taken into account by increasing the flow stress τF depending 
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on the previously evolved sliding deformation. In case of the metastable austenitic stainless 
steel with its planar slip character (low stacking fault energy) the flow stress τF is chosen to be 
smaller than the critical resolved shear stress τc because it is assumed that after formation of 
a shear band the barrier function within the corresponding shear planes is weakened by initial 
dislocations (here called ‘short range order effect’). The effect of temperature on plastic 
deformation in shear bands is incorporated into the model by adjusting the critical resolved 
shear stress τc and flow stress τF depending on the yield strength measured in tensile tests as 
a function of temperature [5].  
Apart from a surface roughening by shear bands, the material AISI 304 also undergoes 
deformation-induced martensitic transformation (from γ to α’) at intersecting shear bands in 
the VHCF regime [2]. According to the models of Bogers & Burgers [6] and Olsen & Cohen [7], 
in the present study martensite is emerging in a modeled microstructure once plastic shear 
deformation occurs simultaneously in two slip systems that are compatible to the two 
characteristic Bogers and Burgers shears. For that purpose, sliding deformation in a second 
slip system is determined by means of an analytical model based on the theory of dislocation 
pile-ups at grain boundaries (see details in [2]). Each martensite nucleus is directly included 
into the modeled microstructure as an independent domain. The transformation-induced 
volume expansion in terms of the strains εM within the domain is characterized by calculation 
of the true shape deformation as a result of both participating shear deformations [8]. 
Following the kinetic model of Olsen & Cohen [9] the amount of generated martensite is 
affected by temperature-dependent parameters describing the influence of the stacking fault 
energy and chemical driving force. Both parameters were characterized based on 
investigations applying tensile tests [5]. 
All required modelling parameters were referred to experimental data or estimated on the 
basis of preliminary simulation studies and can be found in [2]. After the mechanisms of 
plastic deformation in shear bands and deformation-induced martensitic transformation have 
been shortly introduced, in the following the numerical method is presented. 
 
NUMERICAL METHOD 
 
The calculation of stresses and displacements within modeled microstructures is carried out 
by using a 2-D elastostatic formulation of the boundary element method (BEM). The method 
is well suited to investigate the effect of the proposed simulation model because the 
representation of sliding deformation can be easily realized and the meshing is only confined 
to boundaries such as grain or phase boundaries and shear bands.  
The BEM used in this study is based on two boundary integral equations: the displacement 
boundary integral equation, which is applied on the external boundary (grain and phase 
boundaries), and the stress boundary integral equation, which is used on the slip line faces 
(shear bands). Both equations are given in [2]. Due to consideration of general elastic 
anisotropic properties it enables computing 3-D stresses and displacements within the 2-D 
plane under presumption of general plane strain or stress conditions. This feature is very 
important for adequately representing the sliding deformation in the true spatial slip systems. 
Moreover, the transformation-induced strains εM can be considered as initial strains in 
domains assigned to the martensite phase.  
The substructure technique allows coupling individual homogeneous structures (grains, 
phases), so that finally a 2-D microstructure consisting of austenite grains and martensite 
domains can be represented. 
 
SIMULATION OF THE VHCF-DEFORMATION BEHAVIOR OF AUSTENITIC STAINLESS 
STEELS  
 
The implementation of the simulation model into the BEM allows for simulation of the 
deformation evolution in shear bands and martensitic phase transformation in 2-D 
microstructures. The investigation was carried out on the basis of the real microstructure of 
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AISI 304 and AISI 316 L characterized by means of scanning electron microscopy (SEM) in 
combination with the electron backscattered diffraction (EBSD) technique and the orientation 
imaging microscopy (OIM) analysis. In this study, the simulation results are shown in terms of 
the distribution of simulated maximum resolved shear stresses τMRSS in the most stressed slip 
systems of modeled microstructures and in terms of the resonant frequency ratio 
characterizing the resonant behavior. 
Figs. 2a and b show the SEM image and the phase map of an examined microstructure on the 
specimen surface of AISI 304 fatigued at the VHCF strength of Δσ/2=240 MPa up to 2·107 
loading cycles. The SEM image indicates a strong plastic deformation in shear bands, and the 
phase map reveals that a phase transformation from the γ-austenite to the-α’-martensite 
occurred. Due to computational effort, simulation of plastic deformation was only considered 
within the grains enclosed by the white dashed lines in Fig. 2b. In order to satisfy the true 
cyclic deformation of many experimental cycles within a significantly lower number of 
simulated cycles, in the simulations the influences of cyclic slip irreversibility, hardening and 
martensitic transformation rate were artificially increased. By doing so, 10 simulated cycles of 
AISI 304 could be referred to Nexp=106 experimental cycles and 10 simulated cycles of 
AISI 316 L to Nexp=0.5·106 experimental cycles [2]. Figs. 2c-d show the results of simulated 
shear stresses τMRSS in each case at the maximum external load (240 MPa) after 5 and 10 
loading cycles Nsim. Modeled shear bands are emphasized by thin lines and the martensitic 
transformation is recognizable by distinctive shear stress peaks around the generated 
martensite nuclei. The comparison between the surface slip markings found in the SEM 
image (Fig. 2a) and the modeled shear band layers (Figs. 2c-d) illustrates that shear band 
formation in designated slip systems was correctly reflected in the simulation model. Also, the 
sites of generated martensite domains in the simulation are in good agreement with the 
distribution of the martensite phase presented in Fig. 2b. 
 

 

 
Fig. 2: a) SEM image, b) phase map of the examined real surface area of AISI 304 
(Δσ/2=240 MPa, Nexp=2·107), c)-d) distributions of simulated shear stresses τMRSS at 5 and 10 
simulated loading cycles Nsim (AISI 304, loading amplitude Δσ/2=240 MPa); e) SEM image of 
the examined real surface area of AISI 316 L (Δσ/2=190 MPa, Nexp=2·107), f)-g) distributions 
of simulated shear stresses τMRSS at 5 and 10 simulated loading cycles Nsim (AISI 316 L, 
loading amplitude Δσ/2=190 MPa). 
 
Fig. 2e show the SEM image of the examined real surface area of the stable austenitic 
stainless steel AISI 316 L fatigued at the VHCF strength of Δσ/2=190 MPa up to 2·107 loading 
cycles. The SEM image shows that AISI 316 L undergoes a clearly lower plastic deformation 
in shear bands than AISI 304. The simulation of cyclic plastic deformation was confined to the 
grains enclosed by the black dotted lines in Fig. 2e. Figs. 2f-g show the results of simulated 
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shear stresses τMRSS after 5 and 10 cycles Nsim at the maximum external load (here 190 MPa). 
Like in the previous study, modeled shear bands are emphasized by thin lines. The 
martensitic transformation model was disabled due to the stable condition of AISI 316 L. The 
simulation results confirm the reduced tendency of the stable austenitic stainless steel to 
undergo plastic deformation in shear bands. This observation can be referred to the higher 
values for the critical resolved shear stress τc for shear band formation and flow stress τF, 
along with a smaller external loading (VHCF strength). The comparison between surface slip 
markings found in the SEM image (Fig. 2e) and simulated shear band layers (Fig. 2f-g) 
illustrates that shear bands were formed in the correct slip systems. 
In case of the metastable austenitic stainless steel AISI 304, shear bands were formed in all 
relevant grains. A gradual increase of the number of shear bands with increasing loading 
cycles was observed as a result of the renewed increase of shear stresses around existing 
shear bands allowing the new formation of shear bands in the immediate vicinity. The 
increase could be referred to the cyclic hardening and cyclic slip irreversibility of each shear 
band and to the hindrance of plastic sliding deformation by martensite domains. 
For the stable austenitic stainless steel a higher cyclic slip irreversibility (due to higher 
stacking fault energy [2]) and the absence of blocking by martensite domains led to drastic 
shear stress peaks at grain boundaries, also giving rise to further shear band formation. The 
high shear stress peaks at grain boundaries pointed out critical sites regarding crack initiation. 
By contrast, the martensitic transformation in the metastable austenitic stainless steel led to a 
stagnating increase of plastic deformation due to the blocking of shear bands by martensite 
domains. Thus, it seems reasonable to suppose that this barrier to plastic deformation 
provides an explanation for the higher VHCF strength of AISI 304 compared to AISI 316 L.  
Fig. 3 shows a qualitative comparison of the resonant frequency ratio ηres from simulation and 
experiment. The simulated cycles Nsim are shown at the top and the cycles from experiment 
Nexp at the bottom. The solid curves represent the results from experiment for AISI 304 and 
AISI 316 L at room temperature (RT). For AISI 304, additionally, one curve is shown for 
T=150°C (solid grey line). In simulations, the force displacement hysteresis loops are used to 
determine the resonant frequency ratio ηres for each simulated cycle by applying a hysteretic 
and viscous damping model [2].  
 

 
Fig 3: Qualitative comparison of resonant frequency ratio ηres from simulations (dashed, 
dotted and dash dotted curves with scale of simulated cycles at the top) and experiment (solid 
curves for AISI 304 and AISI 316 L with scale of cycles from experiment at the bottom) [2]. 
 
The results from simulations are indicated by non-continuous curves. The dashed curve 
belongs to the simulation of AISI 304 at RT and the dotted curve to the simulation of AISI 316 
L at RT. In addition, the dash dotted curve belongs to the simulation of AISI 304 at T=150°C.  
The dashed curve in Fig. 3 shows qualitatively good agreement to the experimentally 
measured curve of AISI 304 at RT. The beginning cyclic softening of AISI 304 could be 
attributed to the gradual new formation of shear bands in combination with the ‘short range 
order effect’ [2]. Once shear band saturation was reached, the local cyclic hardening and 
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irreversibility in each shear band dominated the global behavior resulting in global hardening. 
Additionally, the ongoing blocking of shear bands by martensite domains significantly 
enhanced the cyclic hardening.  
In case of the simulated stable austenitic stainless steel the dotted curve in Fig. 3 shows a 
constant increase of the ratio ηres and thus continuous cyclic hardening. This is in good 
agreement with the experimental results obtained for AISI 316 L. In particular, the reduced 
tendency to form shear bands and the absence of ‘short range order effect’ (due to higher 
stacking fault energy [2]) and martensitic phase transformation prevented cyclic softening and 
reduced cyclic hardening. 
The dash dotted curve in Fig. 3 shows that the initial cyclic softening and the subsequent 
cyclic hardening also revealed from the simulation of AISI 304 at an increased specimen 
temperature of T=150°C and Δσ/2=190 MPa. The relevant deformation mechanisms were the 
same as at room temperature. Particularly, the facilitated plastic sliding deformation in shear 
bands due to the temperature effect led to the formation of the characteristic softening and 
hardening behavior also at the lower external loading of Δσ/2=190 MPa. The simulated 
results are consistent with the experimental observations (see grey solid curve in Fig. 3). 
Finally, qualitatively good correlation of results from experiment and simulation allowed for 
predicting the likely course of cyclic deformation characteristics of austenitic stainless steels 
at low stress amplitudes in the regime of VHCF strength and certain deformation mechanisms 
could be assigned to the specific change of resonant behavior.  
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ABSTRACT 
 
In the very high cycle fatigue regime cracks usually nucleates at non-metallic inclusions with a 
typical fish-eye formation. Around the non-metallic inclusions many researchers observe 
remarkable areas, which are called “optical dark area” (ODA), “fine granular area” (FGA) or 
“granular bright facet” (GBF). It is commonly known that the main part of fatigue life in VHCF 
regime is spent on building these areas. However, the reasons for the formation of these areas 
has not been clarified. Kovacs et al. [1] found no FGA formation for positive R-ratios. But on 
specimens tested at negative R-ratios they detected fine granular areas. Therefore, 
three-dimensional finite element simulations are performed to investigate the influence of the 
mean stress on the crack closure behaviour. The fatigue crack is modelled as an annular crack 
surrounding an inclusion and cavity, respectively. For the calculations the constitutive model 
based on the work of Chaboche and Lemaitre [2] is used. Within the scope of this paper, two 
different evaluation methods to determine crack opening values are compared at selected 
stress ratios and their VHCF determined fatigue strengths. Moreover, the contact stresses 
generated at the minimum stress of the load function are evaluated at the crack flanks and the 
results are compared at different stress ratios. 
 
KEYWORDS 
 
VHCF, mean stress, plasticity-induced crack closure behavior, crack propagation simulations, 
contact stresses 
 
 
INTRODUCTION 
 
Elber [3] introduced the first investigations on plasticity-induced crack closure in the 1970s. 
Since then, additional mechanisms such as roughness-, oxid- and fluid-induced crack closure 
are identified. Plasticity-induced crack closure is caused by plastically deformed material along 
the crack flanks of the propagating crack. When a fatigue crack is exposed to a cyclic loading, 
large tensile plastic zones are formed near the crack tip, which are not fully reversed at the 
unloading state. The propagating crack front has to pass through this area and the deformed 
crack flanks behind the crack tip are no longer compatible into each other. Thus, a perfect 
elastic behaviour of the crack flanks is no longer given when the load is released. 
Consequently, the crack driving force is affected. In addition, the plastic deformations near the 
crack tip generate compressive residual stresses, which also significantly influence the crack 
driving force [4]. In literature, two-dimensional (2D) plasticity-induced crack propagation 
simulations (CPS) are primarily discussed, whereas three-dimensional (3D) simulations of 
crack closure are rarely performed. General reviews on 2D and 3D CPS are presented in [4–
7]. In VHCF regime plasticity-induced CPS have not been carried out because in general 
elastic material behaviour is assumed. In previous studies [8, 9] CPS are performed at different 
stress ratios and amplitudes to investigate the mean stress effect in VHCF regime. Within the 
scope of this publication the evaluation methods to detect crack opening values are 
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investigated in more detail. In addition, the contact stresses of the crack flanks at the minimum 
load increment are evaluated at different stress ratios. 
 
 
MATERIAL 
 
The investigated material is the high-strength steel 34CrNiMo6 with the mechanical properties 
listed in Table 1 and the chemical composition according to DIN EN 10083-3 from Table 2 [10]. 
The cyclic material behaviour of the investigated material 34CrNiMo6 has been taken into 
account by means of the modified Chaboche model based on the work of Chaboche and 
Lemaitre [2]. The isotropic and kinematic hardening parameters for the model have been 
iteratively identified using the finite element method on the basis of an incremental step test 
(IST) and are listed in Table 3. 
 
Table 1  Mechanical properties of 34CrNiMo6 

Rm [MPa] Re [MPa] E-Modulus [GPa] A5 [%] HV 

1200 1000 210 9 350 

 
Table 2  Chemical composition of 34CrNiMo6 in weight-% [10] 

C Si Mn Cr Ni Mo 

0.30 - 0.38 max. 0.40 0.50 - 0.80 1.30 – 1.70 1.30 - 1.70 0.15 - 0.30 

 
Table 3  Iteratively identified parameters of the Chaboche model 

σY σeq Q∞ C γ b 
1000 1000 -500 60,000 100 10 

 
 
CRACK PROPAGATION SIMULATIONS 
 
The CPS are performed by means of the parametric finite element model shown in Fig. 1. To 
reduce the calculation time only a section in the middle of a standardized VHCF specimen is 
modelled. Furthermore, the rotational symmetry in X-direction and the symmetry in load 
direction are exploited. To simulate the contact of the crack flanks a frictional contact option 
(steel-steel) is applied on the bottom side of the model between the symmetry line and the 
finite elements. The cyclic load is applied stress controlled on the upper side of the model. The 
circumferential crack initiates at the spherical imperfection and propagates alongside the 
uniform meshed region plotted in Fig. 1. Because the model generation is script controlled, the 
imperfection can either modelled as a cavity or an inclusion with different stiffnesses and 
contact options. Further on, amongst other parameters different initial crack lengths can be 
applied and the geometrical and mechanical properties can be modified. For the following 
investigations a spherical cavity with a radius of 15 µm is assumed, whereby the crack initiates 
directly at the notch root. 
In the CPS the mesh refinement is adjusted in relation to the size of the primary and reversed 
plastic zone. Generally, the element size in the crack propagation area is equal to the crack 
propagation increment. Depending on literature values [4, 11–13] and analytical assessments 
according to [14] for the described plastic zone sizes an appropriate crack propagation 
increment or element size has been calculated in [8] for the investigated stress ratios and their 
fatigue strengths from Table 4. Consequently, 4-node bilinear axisymmetric quadrilateral 
(CAX4) elements from Abaqus CAE element library with a minimum element size of 0.5 µm 
are used in the crack propagation region. For the crack propagation the release node concept 
has been applied. Therefore, the symmetry boundary condition has been released at the 
maximum load of every fourth simulated cycle to realise the fatigue crack growth.  
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To evaluate the numerical simulations the crack opening stress σop is used. In literature [4, 15] 
different methods for analysing σop are presented. Within the scope of this paper, the 
‘tip-tension’ (tt) approach and the ‘extrapolation first node’ (eek) technique are compared at 
selected stress ratios and their VHCF fatigue strengths. To determine the results for the 
tt-method the stress-time function σ22(t) in load direction at the crack tip node is considered. 
The criterion estimates the transition from compressive to tensile stresses at the crack tip node 
to determine the crack opening stress σop. In contrast, the eek-method is a displacement 
controlled technique to determine crack opening values. For this, the displacement U2 in load 
direction at the first node behind the crack tip node is analysed. Consequently, the crack is 
opened if the critical limit of 1 · 10-6 mm is exceeded and the crack opening stress is 
determined. A more detailed description of the evaluation methods is given in [8]. 
 

 
Fig. 1. Setup and mesh refinement of the 2D rotationally symmetric model to perform crack 
propagation simulations [8, 9] 
 
Table 4  Investigated stress ratios and respective fatigue strengths determined from VHCF 
experiments [8] 

R-ratio -1 -0.8 -0.5 0 0.2 0.5 

fatigue strength σa,D,VHCF [MPa] 537 509 461 359 335 280 

 
In Fig. 2 the crack opening stresses for a crack initiating at a spherical cavity evaluated by 
means of the tt- and the eek-method are normalised by the maximum stresses and then plotted 
versus the crack length a for the selected R-ratios from Table 4. Additionally, Newman’s crack 
closure function [16] is plotted as dashed lines, whereby the analytical function is independent 
of the crack length and accordingly describes a constant value for σop / σmax in the simulated 
range. 
Independent of the stress ratio in Fig. 2 the tt-approach predicts always higher crack opening 
values in comparison to the eek-method. The eek-solution demonstrates a similar curve 
progression with slightly lower crack opening values, which are closer to the Newman solution. 
Considering the negative stress ratios in Fig. 2a) and b), the values for σop / σmax using the 
tt-approach show a significant peak and then slowly converge, whereby the values using the 
eek-method converge faster. In addition, both evaluation methods show almost the same 
results for low crack lengths considering the negative R-ratios. But in Fig. 2c) at R = 0.2 the 
normalised crack opening stresses are quite different in the first area. This is most likely due 
to the stress redistribution on the basis of the assumed cavity at higher maximum stresses, 
whereby the stress-based tt-values are significantly more affected than the results determined 

cyclic load - stress controlled 

ro
ta

ti
o
n
 a

x
is

 

imperfection 

uniform mesh 

contact / symmetry 

454



by means of the eek-approach. At R = 0.5 no opening values could be detected until a critical 
crack length is reached. Thus, no crack closure occurs in the first area. Whereas the tt-method 
firstly predict σop values at 0.02 mm, the eek-approach cannot determine crack opening values 
until a crack length of 0.04 mm is reached. The discontinuities in the curve progression 
especially for R = -1 are caused due to a shift in the evaluation increment. 
 

a) b) 

c) d) 

Fig. 2. Comparison of the crack opening values determined from numerical CPS of a 
spherical cavity with ρ = 15 µm due to the ‘tip-tension’ (tt) and the ‘extrapolation first node’ 
(eek) method at a) R = -1 [9], b) R = -0.8, c) R = 0.2 and d) R = 0.5 and their corresponding 
fatigue strengths 
 
For further investigations, the contact stresses between the crack flank and the contact line at 
the minimum load increment are evaluated. For this purpose, the elements which characterise 
the crack flank, are analysed for every crack length and the maximum contact stress σcs,max is 
calculated. In Fig. 3a) and b) the procedure to determine the values for σcs,max is illustrated 
using three different crack lengths for R = -0.5 and R = 0, respectively. For all negative stress 
ratios and all crack lengths the maximum value for σcs is located at the initiation side, whereas 
for R = 0 σcs,max appears at the respective crack tip location. In Fig. 4, the calculated maximum 
contact stresses are plotted versus the crack length for the investigated stress ratios from 
Table 4. With increasing R-ratio higher maximum contact stresses could be observed. For all 
negative stress ratios high values for σcs,max are visible at the initiation side, which decrease 
firstly and then slightly increase with increasing the crack length. Considering the positive 
stress ratios, no contact stresses could be observed. 
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Taking into account that the maximum contact stress is located at the initiation site for all crack 
lengths at the negative stress ratios (Fig. 3), the material is repetitively loaded at the same 
location for every crack growth increment. Possibly, the repeating contact stresses cause 
structural changes and the formation of fine granular areas. 
 
a) b) 

 
Fig. 3. Evaluation of the maximum contact stress σcs,max at the minimum load increment along 
the crack flank for different crack lengths at a) R = -0.5 and b) R = 0 
 

 
Fig. 4. Results for the maximum contact stress σcs,max versus the crack length at different 
stress ratios evaluated at the minimum load increment 
 
 
CONCLUSION 
 
The following conclusions can be drawn: 
 

1. Independent of the stress ratio both evaluation methods for detecting crack opening 
values predict a similar curve progression, whereby the ‘extrapolation first node’ (eek) 
method predicts smaller values, which converge and are located closer to the Newman 
solution. 

2. The crack opening values obtained by the ‘tip-tension’ (tt) approach are more affected 
from the stress distribution surrounding the assumed imperfection than the 
eek-technique. 
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3. With increasing R-ratio higher maximum contact stresses could be observed, whereby 
the location of the maximum is found at the initiation site for all negative R-ratios and 
all crack lengths. In contrast, for R = 0 the maximum stresses are located at the 
respective crack tip location. 

4. Repeating contact stresses at the crack initiation site possibly cause structural 
changes. 
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ABSTRACT 
Recently, total fatigue life approaches are proposed for linking short and long fatigue crack 
propagation in high cycle fatigue (HCF) regime. As for HCF life, cracks remain short for most of 
the fatigue life and long crack behaviors are considered to be less important. To estimate the 
fatigue crack growth in HCF regime, the UniGrow model is applied by simulating the stress-strain 
response in the elementary material volume adjacent to the crack tip. A systematic study is 
performed here to assess limitations of the UniGrow model to study mechanics aspects of short 
crack growth behavior in HCF. A modification of the model is proposed for the unification of short 
and long crack propagation to account for effects of stress ratio, stress amplitude, residual stress, 
and initial crack size. The modified model predictions are in a good agreement with experimental 
fatigue data sets of 2024-T3, 7075-T561 aluminum alloys and Ti-6Al-4V titanium alloy.  
 
KEYWORDS 

High cycle fatigue, UniGrow model, stress ratio, residual stress, initial crack size 
 
INTRODUCTION 
There are many structures and components that are subjected to sustained loads in many 
machinery systems, such as automobiles, ships and aircrafts. Since continuous cyclic loads 
eventually lead to fatigue failure, accurately estimating the life of fatigue cracks due to cyclic loads 
and analyzing the crack behaviors are recognized as a very significant design and safety problem 
in many industries. High cycle fatigue (HCF) has long been the subject of research in many 
different industries, particularly in the ground vehicle and aerospace industries. Efforts to provide 
accurate fatigue predictions in HCF are not fully addressed by conventional crack initiation 
approaches [1, 2, 3]. The HCF problem can be considered as the propagation of cracks at various 
length scales, consisting of short crack growth and then propagation of mechanically long cracks. 
In particular, the behavior of short cracks is complicated and very difficult to characterize the 
crack behavior, requiring many controlling parameters that can schematically by considered. 
Miller presented [4] that as shown in Fig.1, cracks occur in two stages, short crack and long crack, 
and short crack consists of microstructurally short crack and physically short crack. In the total 
life of the crack, the short crack plays a critical role in determining the total life of crack growth; 
since the life of short crack regime makes majority of the total crack life. Therefore, it is very 
crucial factor to predict the fatigue lives in the short crack regime. One of the most important 
physical properties occurring in the short crack regime is that, in the long crack, the plastic 
deformation at the crack tip is relatively very small and elastic stress response can be obtained 
by Linear Elastic Fracture Mechanics (LEFM), however, in the short crack, the plastic size is 
relatively large, hence an elastic-plastic based analysis should be demanded.  
 
Under such circumstances, many efforts has been made to simulate crack growth behaviors in 
short crack regime. Newman at al. [5] examined the effects of small cracks on the total fatigue 
life using 7075-T6 and LC9cs aluminium alloys. Plasticity-induced crack-closure model was 
applied to predict small and large crack growth on the basis of baseline effective stress intensity 
factor range. Predicted small crack growth rates and fatigue lives were consistent with 
experimental data of surface/corner crack. Newman and Annigeri. [6] also made use of plasticity 
effect and crack-closure model to compute fatigue life under several loading conditions. They 
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used crack-closure model with a cyclic-plastic-zone-corrected effective stress intensity factor 
range and equivalent-initial-flaw-sizes (EIFS) for fatigue life calculations. Fatigue life predictions 
were well matched with test data. Caton et al. [7] conducted studies on investigation of the stress 
ratio effects on small cracks in titanium. The initial crack was launched at 30 to 40 mµ , and the 
crack propagation was examined by using standard replica technique.  

 
                                      
 Fig. 1. Kitagawa-Takahashi type diagram representing three regimes of crack behaviors; Ref. [4]. 

 
However, these models did not account for the different response behaviors when applying loads 
at different R-ratios, nor could they explain stress-strain effects ahead of crack tip. To solve this 
problem, Noroozi, Glinka and Lambert. [8, 9] proposed a new model that can be freely applied 
notch theories, assuming that crack propagation is a successive crack re-initiations at the crack 
tip; which was later coined ‘UniGrow model’; Ribeiro et al. [11] validated the UniGrow model 
based on the local strain approach derived from the approximate notch stress and strain 
approaches [ 21, 22]. The authors applied the model to induce fatigue crack propagation data on 
Al6061-T651 for different R-ratios. It was shown that their predictions were in a good agreement 
with experimental crack propagation data. De Jesus et al. [12, 13] assessed the UniGrow model 
using the P355NL1 Steel, puddle iron and construction steel, respectively. They calculated the 
residual stresses using the finite element method and compared them with the results obtained 
from Glinka’s rule to identify the difference. However, all of them focused only on analyzing the 
behavior of long cracks using the UniGrow model.  
 
The first attempt to apply the UniGrow model to short cracks was performed by Bogdanov et al. 
[14]. They carried out the fatigue life crack simulations using the modified stress intensity factor, 
taking into account that the crack growth rate was higher than the crack growth near the threshold, 
assuming that the crack initiated near the threshold. The results were shown in a good agreement 
with experimental data.  
 
In this study, in order to predict the total fatigue lives in HCF, a new modeling approach is 
proposed for integrating short crack to long crack regimes. A small elementary block size is 
considered that is smaller than the initial crack size. The actual driving force for short cracks was 
calculated by obtaining the stress-strains and the residual stresses at the crack tip. To separate 
the short crack behaviors from the long cracks, three criteria, stress intensity factor range, driving 
force and crack growth rate of short cracks are defined. Unlike the long cracks, the short crack 
behaviors are very sensitive to the applied stress level; namely, the crack growth rate is 
determined by the applied stress amplitude as well as the stress intensity factor and the stress 
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intensity factor range. To estimate the fatigue lives in the short crack regime, sets of the crack 
growth rate are differentiated for each stress level. The total life predictions of combined short 
and long fatigue cracks are shown in a good agreement with experimental data for 2024-T3, 
7075-T561 aluminum alloys and Ti-6Al-4V titanium alloys.  

 
UNIGROW MODEL   
The key concept of the UniGrow model is to assume that the material is composed of elementary 
particles representing the elementary material block size *ρ , the crack is considered as a notch 

with radius *ρ and the fatigue crack growth is regarded as successive failure of the elementary 
material block, as shown in Fig. 2a.  
 
The reason why the crack is defined as a micro notch as in the above assumptions is that the 
elastic-plastic analysis can be carried out at the crack tip by applying approximate notch 
correction theories [23, 24]. By performing the elastic-plastic analysis, the stress-strain history at 
the crack tip and the residual stress induced by the reverse cyclic plastic can be determined. The 
Neuber rule [15] can be adapted to obtain the stress-strain responses in the vicinity of the crack 
tip, According to this theory, the strain energy densities for elastic and elastic-plastic response 
under the cyclic loading are equivalent under same loadings and boundary consitions as shown 
in Fig 2b. Therefore, the notch correction formulation in Eq. (1) can be obtained with the 
correlations among the nominal stress-strain, stress intensity factor at the elementary block size, 

*ρ .  
 

( ) 22e
y,1 y,1e e a a

y,1 y,1 y,1 y,1*

ψ K1= = =
E E 2πρ

applσ
σ ε σ ε

 
 
 
 

               (1) 

 
From Eq. (1), residual stress at the crack tip can be obtained after calculating the maximum stress 
and the stress range. The residual stress intensity factor, rK  can be quantified by using the 
residual stress [16] and the weight function.  
 
The UniGrow crack growth model is defined in terms of two parameters max,K tot and K tot∆ , which 
indicate actual stress maximum stress intensity factor and actual stress intensity factor range, 
respectively, and they are calculated by accounting for the residual stress intensity factor as   
    

max,tot max,appl r

tot appl r

K = K + K

ΔK = ΔK + K
                                                                                                                (2) 

 
Through the iterative computations, using Eq. (1) and Eq. (2) until max,K tot and K tot∆  are 
iteratively computed to correlate crack growth data. The actual driving force κ∆ can be obtained 
by combing two parameters max,K tot and K tot∆ , and the UniGrow fatigue crack growth model can 

be expressed with the driving force ( ) ( )p 1-p
max,tot totK ΔKκ∆ =  as  

( )γda = C
dN

κ∆                                            (3) 
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 (a)                                                                  (b) 
 
Fig. 2. (a): Crack and discrete elementary material block, (b): Graphical comparison of the 
equivalent strain energy densities at elastic and elastic-plastic notch tip.  
 
FATIGUE CRACK GROWTH DATA  
The fig. 3 shows the short and long combined fatigue crack growth data sets as a function of the 
applied stress intensity factor range Kapply∆  for 2024-T3, 7075-T561 aluminum alloys and Ti-6Al-
4V titanium alloys. Here, the crack growth data of the three materials for the two R-ratios 
(R=0,R=0.5 or R=0.1,R=0.5) were obtained for the short cracks at [17, 19], [19] and [20], and 
long cracks at [8], [9] and [10] respectively. Using these data sets, fatigue crack growth rates can 
be obtained after calculating the residual stress from the difference of maximum stress and stress 
range obtained from Eq. (1) and Eq. (2). In this case, the applied elementary material block size 
was determined using the iteration technique in [9].  
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(c) 

 
Fig. 3. Fatigue crack growth data (a): 2024-T3 aluminum, (b): Ti-6Al-4V titanium and (c): 7075-
T561 aluminum alloys obtained at [9, 10, 17, 19, 20] 

 
ASSESSMENT OF THE UNIGROW MODEL  
As a function of the driving force, the crack growth data sets for three materials can be plotted as 
shown in Fig. 4. To estimate the fatigue crack growth rate, those data sets are correlated by using 
the two line curve-fitting method for both short and long cracks. Here, noted that in the long crack 
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regime, the fatigue crack growth rate is determined by the driving force κ∆ , whereas in the short 
crack regime, the fatigue crack growth rate are determined by not only driving force but also 
stress level; i.e. each of the applied stress level has different fatigue crack growth data. Therefore, 
in order to define the crack behaviors in the short crack regime, the crack growth rate should be 
differently defined by correlating the predicted data sets for each stress level. Namely, the crack 
growth rate in the short crack regime should be related to different stress amplitudes for each 
material. This section shows a limitation of applying the UniGrow model to short cracks and will 
be a subject for future work.   
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Fig. 4. Fatigue crack growth rate as a function of driving force κ∆  for (a): 2024-T3 aluminum, (b): 
Ti-6Al-4V titanium and (c): 7075-T561 aluminum alloys                                            
                          
COMPARISON WITH EXPERIMENTAL DATA  
By calculating the maximum stress intensity factor and the stress intensity factor range excluding 
residual stress effects and integrating the crack growth model of Eq. (3) over the number of cycle

fN , the crack growth fatigue lives can be obtained. Initial crack size was 20i ia c mµ= = ,

3, 9i ia c mµ= = and 25i ia c mµ= = for Al2024, Al7075 and Ti-6Al-4V, respectively, and cracks 
were assumed to be surface crack. By applying the short crack separation criteria, the life time 
of the short crack is determined, and the total fatigue life is determined by summing the fatigue 
lives of the short crack and long crack. Figure 5 shows the results of fatigue life predictions for 
the three materials calculated by two line and multiple line fitting methods shown in Fig. 4, which 
are in good agreement with the experimental data. For example, the nominal stress in Fig. 3b 
has a range of 610~690MPa (Ti6Al4V). The fatigue life predictions obtained by fitting the crack 
growth data corresponding to this range to the two lines agree well with the test data obtained at 
the same stress level, as shown in Fig. 6b. This is a relatively large stress level, and most fatigue 
life is due to the life time of the long crack. However, at a stress level lower than 610 MPa, with 
relatively small stress levels, most of the fatigue life is dominated by short cracks. Therefore, as 
mentioned in Fig. 4, in this region, the different fatigue crack growth value with each stress level 
should be found. In Fig. 6b, two line fitting with one stress level and multiple line fitting with 
different stress levels are compared for the Ti-6Al-4V titanium alloy. In the case of the multiple 
line fitting, the results are in good agreement with the test data for the short crack region. In the 
similar way, the same results are shown for aluminum alloys in Fig. 6a and Fig. 6c. The fitting 
way of two line or multiple line are determined at 200 MPa and 120 MPa for 2024-T3, 7075-T561 
aluminum alloys, respectively. In these cases also, the crack growth rate corresponding to each 
stress level can be found in the short crack region. From the Fig. 5a and Fig. 5c, it can be seen 
that the model predictions and the experimental data are in good agreement.   
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Fig. 5. Comparison of predicted fatigue lives and experimental data [5, 19, 20] for (a): 2024-T3 
aluminum, (b): Ti-6Al-4V titanium and (c): 7075-T561 aluminum alloys          
 
CONCLUSIONS  
Based on the predicted fatigue results presented, conclusions can be drawn as follows. 

• Fatigue crack growth rates of short cracks are significantly higher than the growth rates of 
long cracks for same nominal stress intensity factor range,  

• Two parameters driving force based fatigue crack growth model (UniGrow) work well for 
long cracks when extended short cracks lead to non-conservative life predictions. 

• Short crack behavior is significantly influenced by stress amplitude. 
• A new model is proposed for the unification of short and long crack propagation to account 

for effects of stress ratio, stress amplitude, residual stress, and initial small crack size 
• Proposed fatigue crack growth model will be modified to account for controlling 

parameters of micro and long crack thresholds.                                                      
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Shear loading limit in very high cycle fatigue regime is of interest for many applications in 
mechanics, structures, motors, etc, when repetitive loads occur. So, this paper proposes to 
optimize an existing gigacyclic fatigue system developed by the Pr C. Bathias research team 
in order to increase the level of the shear stress in the investigated specimen and, 
consequently, meet the expectations from industries about fatigue life for high strength 
materials under shear solicitations. The system differs from other gigacyclic torsional fatigue 
systems, that can be found in literature, by the combination of two amplification horns, 
transforming a translation movement into a rotational movement. The optimization objective 
is to reach the maximum shear stress level in the specimen by minimizing the stress in the 
rest of the system. The development of the optimized system is essentially carried out by 
numerical simulation through modal and harmonic analysis. Numerical results are compared 
with experimental data from the new real device. Some experimental results on the torsional 
fatigue limit of high strength steels (38MnV5S, 50CrV4 and 16MnCrV5) are also presented. 
 
Keywords : VHCF, Torsion, Finite Elements Simulation, Modal and Harmonic Analysis, 

Comparison Numerical/Experimental Results, Shear Stress Fatigue Limit. 

 
INTRODUCTION 
 
For some decades, new piezoelectric fatigue testing machines were developed [1–3], 
working at ultrasonic test frequency. Ultrasonic fatigue testing gives access to a time saving 
method to investigate the fatigue behaviour of materials in the high (HCF) and very high 
cycle regime (VHCF). Half day becomes enough to perform tests beyond one billion cycles 
against three years with conventional testing methods. The common function of all 
piezoelectric systems is to make the specimen vibrate at one of its ultrasonic resonance 
modes, calculated in free-free boundary condition. 
The first ultrasonic fatigue machines were designed for uni-axial tension-compression tests, 
R = −1, with R the loading ratio between the minimum and the maximum stress. Now, 
different systems can be found able to generate different fatigue solicitations in the ultrasonic 
regime : bending [4], fretting [1, 5], torsion [6–8]. 
At present, the paper is interesting in optimizing a former ultrasonic torsional fatigue testing 
developed about 15 years ago by Bathias et al. [6, 9], in order to largely increase the stress 
level in the specimen. Two kinds of ultrasonic torsion fatigue system can be found in 
literature. The first one, referred as "direct" system, comprises a converter, a torsional 
amplifier, named a torsion horn, and the specimen designed to vibrate at the resonance 
frequency of the system. This "direct" system, where the piezoelectric converter directly 
generates twist oscillations at about 20 kHz, was successfully used to realize the ultrasonic 
torsion experiments until 700 MPa shear stress on Si-Cr spring steel [7], 850 MPa on 
carburized SCM420H steel [10] and 950 MPa on high-carbon chromium bearing steel [8]. 
The second type of ultrasonic torsion fatigue system, referred as "indirect" system, comprises 
a converter providing an output linear displacement, a longitudinal horn rigidly linked to a 
torsion horn, and the specimen. From a technological point of view, the second system 
should allow reaching a higher shear stress in the specimen because the linear converters 
available in manufacturers are more powerful than angular converters. That is the reason 
why we focus on the improvement of the "indirect" system. 
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Although the operating of the system developed by Bathias et al. was already validated in [6, 
9] to generate shear stress in material under ultrasonic regime, this system is not suitable, for 
example, to characterize high strength steels with endurance shear stress over than 300 
MPa. Moreover, the stiff connection between the two horns turns out to be brittle and fails 
after some tests. Consequently, the objective of the new "indirect" system presented in this 
paper is double: from a classical linear converter, modify the design of the system developed 
by Bathias et al. in order to test very high strength materials in ultrasonic torsion fatigue, 
while decreasing stress in the system. For this purpose, sizing of the system was performed 
by numerical calculations and comparison with first experimental results is presented. 
 
DESCRIPTION OF THE INDIRECT TORSIONAL FATIGUE SYSTEM 
 

In order to determine the torsion fatigue limit of the metallic alloys up to 1010 cycles, an 
ultrasonic torsion fatigue system was designed [6]. The main component of the ultrasonic 
system is a piezoelectric transducer (Fig. 1), which converts an electrical signal at a 
frequency of 20 kHz into a longitudinal mechanical displacement at the same frequency. The 
electrical signal is provided by a generator that automatically turns to one of the natural 
resonant frequency of the system. Two horns are attached to the transducer. The first one 
(Tension-Compression horn or TC horn) is firmly connected to the converter (using a screw) 
and amplifies the longitudinal mechanical displacement. The second one (Torsion-Torsion 
horn or TT horn) is rigidly jointed at the end of the first horn by a press fitted pin going 
through both horns from end to end. This second horn is fixed perpendicularly to the first 
one, so that it transforms the linear displacement of the longitudinal horn into an angular 
displacement and can vibrate on its first torsional resonant mode. Thanks to its shape, the 
horn amplifies the angular displacement to apply to the specimen. A torsion fatigue specimen 
is designed to run in the same resonance as the system at a stress ratio of R = −1. This 
specimen is directly attached by screw at the end of the second horn. When vibrating, the 
displacement amplitude (rotation) inside the specimen reaches its maximum at the ends 
while the maximum strain occurs in the middle section, that produces the required high 
frequency fatigue shear stress. 
In the following, several aspects of the former system are modified in order to noticeably 
increase the shear stress in the specimen while decreasing stress in the rest of the system. 
Optimization study is mainly based on the numerical calculations. 

 
Fig. 1

 

: Scheme of the indirect torsional fatigue system designed by Bathias et al. [6, 9] about 
15  years ago 

OPTIMIZATION OF THE INDIRECT TORSIONAL FATIGUE SYSTEM 
 
The optimization mainly concerns the modification of some geometrical characteristics of the 
system: pin radius, chamfers at the connection of two horns, cavity in the horns and 
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modification of the TT horn dimensions. All simulations were performed according to the 
Finite Element Method (FEM) via the ANSYS® commercial software. Initial geometry of the 
numerical model is based on the drawing of the Fig. 1. Materials used are TA6V titanium for 
the horns and 100C6 steel for the pin and the specimen. All of them are assumed isotropic. 
Two types of analysis are required to determine the stress in the system. First, a modal 
analysis gives the resonant frequency of the system. This modal frequency must be close to 
20 kHz. Second, a harmonic analysis allows estimating displacement, strain and stress in the 
system under the resonant frequency. For this second analysis, a longitudinal input 
displacement of 1 µm is imposed as boundary condition on the large face of the TC horn. 
Each proposed modification of the system for its optimization will be compared alone with 
respect to the original system to keep independency between all parameters. 
 
Dimensions of the TT horn 
The first and the most influential parameter to increase the shear stress in the specimen 
while decreasing stress in the rest of the system, is the TT horn geometry. Table 1 shows 
several models of TT horns. They are compared function of the magnification factor of the 
system, i.e. the ratio between the maximum shear stress obtained into the specimen and the 
imposed input displacement on the TC horn. It can be observed that the higher the ratio 
between the large and the small radius, the higher the magnification factor and, 
consequently, the shear stress in the specimen. According to results from models 4 and 5, 
this effect is emphasized when the intermediate part of the TT horn with the progressive 
section is shortened. Nevertheless, a too short intermediate part would become brittle due to 
stress concentration. So, a compromise had to be done between the length of the 
intermediate part and the radius difference. 

TT horn model 
Large 
radius 
(mm) 

Small 
radius 
(mm) 

Progressive 
section length 

(mm) 

Modal 
frequency 

(Hz) 
Magnification 

factor (MPa/µm) 

1 (original) 15 8 8.5 19765 115.4 
2 16 8 8.5 19776 137.0 
3 17 8 8.5 19742 170.9 
4 18 8 8.5 19643 226.8 
5 18 8 15 19813 175.9 

Table 1
 

: Comparison of five TT horn models according to their geometrical features 

Pin size 
Another possibility to optimize the system by decreasing the stress level in the pin is to 
modify its size. Indeed, Table 2 shows the influence of the pin radius on the maximum shear 
stress 𝜏𝑠𝑚𝑎𝑥 in the middle of the specimen and the maximum equivalent (Von Mises) stress 
𝜎𝑝𝑚𝑎𝑥 in the pin. To compare the optimization level of each pin radius, a ratio Rτ defined as 
the ratio between 𝜏𝑠𝑚𝑎𝑥 and 𝜎𝑝𝑚𝑎𝑥 is introduced; the higher Rτ, better the optimization. It can 
be observed that the higher the pin radius, the higher Rτ. So, a bigger pin was favored. 

Pin radius 
(mm) 

Modal frequency 
(Hz) 

𝝉𝒔𝒎𝒂𝒙 
(MPa) 

𝝈𝒑𝒎𝒂𝒙 
(MPa) Rτ 

3 (original) 19765 115.4 54.1 2.13 
3.5 19747 116.7 48.7 2.40 
4 19738 115.7 32.8 3.53 

Table 2
Chamfers 

: Influence of the pin radius on the Rτ ratio 

In the former conception of the gigacyclic torsional fatigue system, it could be noticed that the 
rupture initiation of the pin was often located between the two horns and on its surface. 
Although the pin is press fitted in both horns and the horns are in contact, during vibrations, 
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there is certainly friction between the pin and the horns. This friction is intensified when the 
edges of the drillings into the horns are sharp, like obtained after machining, and not rectified 
in the previous version. So, in order to reduce the friction between the pin and the horns, 
chamfers were realized, making smoother the edges of the drillings. The depth of the 
chamfer is around 1mm. 

Chamfer Angle Modal frequency (Hz) Rτ 
0° (without chamfer) 19765 2.13 

45° 19762 3.94 
60° 19762 4.44 
75° 19763 4.37 

Table 3
 

: Effect of the chamfers along the drilling edges in the TC and TT horns on the Rτ ratio 

Cavity in horns 
In the aim to still reduce the stress inside the pin, cavity in each horn was made. Effect of the 
cavity diameter on the Rτ ratio is shown Table 4. It can be observed that a large diameter 
would be to favor although this effect is little sensitive. Nevertheless, cavity with a large 
diameter provides two others significant advantages: it enables to decrease the mass of the 
system without changing its vibration properties and it allows a better heat evacuation around 
the pin. 

Cavity diameter (mm) Modal frequency (Hz) Rτ 
0 (without hole) 19765 2.13 

5 19856 2.18 
8 19962 2.29 

Table 4
 

: Effect of the cavity diameter on the Rτ ratio 

New optimized system 
The parts of the torsional fatigue system to optimize were presented in the previous sections. 
Most of the choices for the new design results from numerical computation through modal 
and harmonic analysis performed with the ANSYS® FEM software. The comparison between 
the former system and the new optimized one is given in Table 5. The modal frequencies of 
the two systems are close and respect the range [19500 Hz, 20500 Hz] required by the 
converter. The magnification factor and the Rτ ratio are largely better in the optimized version. 

Torsional fatigue 
system 

Modal frequency 
(Hz) 

Magnification factor 
(MPa/µm) Rτ 

Original 19765 115.435 2.13 
Optimized 19929 232.897 9.49 

Table 5

 

: Comparison between the former and the new optimized gigacyclic torsional fatigue 
systems 

EXPERIMENTAL VALIDATIONS 
 
Calibration 

When calibrating the system, a given value of the input voltage of the converter corresponds 
to a specific value of the input displacement and, furthermore, to a specific maximum shear 
stress value in the specimen (depending on the magnification factor). The calibration curves 
of the former and the optimized systems were plotted on Fig. 2. Calibration was done with 
steel specimen. It can be observed that the relationship between the input voltage and the 
maximum shear stress is linear for both systems. It is clear that the magnification factor has 
largely been increased in the new version of the torsional fatigue system. Moreover, since 
the maximum input voltage is 10 V, the optimized system should be theoretically suitable for 
high strength materials with torsional fatigue limit over 1000 MPa. 
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The magnification factor obtained by the FE model is about 233 MPa/µm. It should be equal 
to the slope of the calibration curve when considering the input displacement of the TC horn 
in abscissa. This input displacement was measured by optical fiber and the matching with the 
input voltage was found to be 0.387 µm/V. So, the experimental magnification factor is equal 
to 132 MPa/µm. This one is around 43% lower than the theoretical one. Discrepancies can 
be explained by several reasons: 
- the material properties are not perfectly known, in particular the elastic constants and the 

damping properties; 
- the geometry of the real system cannot be exact; 
- the contact between pin and horns is not perfect, it is certainly the main source of 

damping in the system, this effect is not taken into account in the numerical model; 
- the experimental measurement of the shear stress with strain gage presents several 

uncertainty sources about bonding, position, thermal effect and not perfectly local 
measurement; 

- uncertainties can also arise during calibration of the system with optical fiber. 

 
Fig. 2

 
. Calibration of the original system and the optimized system with steel specimen 

Furthermore, the three first reasons previously exposed can also explain the difference on 
the resonant frequency between the numerical model (19932 Hz) and the real system (20230 
Hz). 
 
Gigacyclic fatigue tests on high strength steels 

To validate the real optimized system, torsional fatigue limits at 108 cycles on high strength 
steels 38MnV5S, 50CrV4  and 16MnCrV5 were determined by the stair-case method. Due to 
the important self-heating of the specimens during ultrasonic vibrations, cooling by water with 
inhibitor against corrosion was installed. Fatigue limits are reported in Table 6. At the end of 
the tests, typical torsion fatigue cracks, as depicted in [9], occurred in the specimens. The 
highest torsional fatigue limit for the three kinds of steels was about 587 MPa, but the 
maximum imposed shear stress during tests was 645 MPa, what enables to go perceptibly 
higher than the original system, but does not allow confirming yet the capacity to test 
materials with torsional fatigue limit around 1000 MPa. 

Material Fatigue limit (MPa) 
38MnV5S 260  30 
50CrV4  587  20 

16MnCrV5 513  13 

Table 6
 

: Results on torsional fatigue limit of three high strength steels 

CONCLUSION 
 
A new gigacyclic torsional fatigue system was developed. The principle of this system is 
based on the indirect system designed by Bathias et al. 15 years ago. The new version 
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proposed in this paper was numerically optimized using FEM. Four fundamental parameters 
were modified: TT horn dimensions, pin size, chamfers along drilling edges and cavity in 
horns. Each parameter was individually studied and a final geometry was chosen. The 
optimized system meets two objectives: increase the shear stress in the specimen during 
ultrasonic torsion fatigue, while decreasing stress in the system and, in particular, in the pin 
connecting the two horns, which was the weak point in the original version. First 
experimental tests were performed confirming the improved performances and robustness of 
the optimized system with respect to the original one. Nevertheless, very high strength 
materials should be tested to validate the system under the most severe conditions. 
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