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ABSTRACT

Despite of the well-known fact that high strength steels are exhibiting low temperature
creep deformation, its rate controlling mechanism is yet to be understood. The strain
hardening theory and the exhaustion creep model were proposed almost seven decades
ago to unravel the low temperature creep mechanism in a single phase homogeneous
isotropic material. However, their applicability to low temperature creep deformation in a
technical material like a modern high strength steel is still a matter of investigation owing
to their nature of multi-phase, in-homogeneous, and an-isotropic behavior. The authors
have grabbed this chance to experimentally validate the exhaustion creep model based on
low temperature creep tests of the SAE 9254 spring steel. The ultimate tensile strength and
yield strength ¢, of SAE 9254 were determined in a temperature range of 298 K < T < 353K
at a constant strain rate of 2.5 ¢ 10~* s~1. Low temperature creep deformation behavior was
studied at the above-mentioned temperatures T at a constant stress ¢ = 1634 MPa, and at
stresses 1071 MPa < ¢ < 1634 MPa at a constant temperature T = 353 K for a duration of 1 hr,
respectively, at each condition. The retained austenite quantity was determined prior and
post low temperature creep testing by means of X-ray diffraction. A reworked exhaustion
creep model well describes the stress ¢ and temperature T dependency of low temperature
creep deformation behavior in SAE 9254. Consequently, our hypothesis of a low temper-
ature creep rate controlling mechanism reads: Low temperature creep strain is predomi-
nantly contributed by dislocation glide in the retained austenite phase. The reduction in
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creep rate with time can then be attributed to the exhaustion of this specific deformation

mechanism by strain induced martensitic transformation of the retained austenite.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The usage of advanced high strength steels (HSS) in automotive
components, e.g., suspension coil springs, prevailed owing to
their superior mechanical properties. The increase in global
awareness urges automotive industries to focus on further
weight reduction to reduce the fuel consumption, which leads
to higher stresses acting on the spring material. Consequently,
the spring material is prone to undergo low temperature creep
(LTC) deformation that would affect the intended function of
the coil spring. LTC is defined as the time dependent defor-
mation at a constant stress ¢ that is less than the yield strength
(YS) g (¢ < o) and at a constant temperature T that is lower
than the melting temperature Ty (T < 0.3e¢Tp). Ample
amount of LTC investigations on a wide range of materials, e.g.,
Ti-alloys [1—-3], stainless steel [4,5], pipeline steel [6], Cu [7], and
pure Al [8] have been performed over the last three decades,
which are summarized by Kassner et al. [9]. However, LTC in-
vestigations confined to HSS, especially under the restricted
conditions of ¢ < ¢, and T < 0.3 e Ty, are limited [10—-13] and
these results were suggesting that LTC strain e.(t) of HSS fol-
lows a logarithmic creep law

ar(t) =celn(fet+1) 1)

where «(g,T) are material
parameters.

Liu et al. [13] studied the impact of varying small amounts of
a secondary phase, i.e. ferrite, on room temperature creep
behaviour of SAE 4340 multi-phase steel. Samples having the
same YS g, of 1280 + 10 MPa but different ferrite contents of 0—
4% exhibit a time dependent room temperature creep strain
eor(t) that follows a logarithmic creep law. Furthermore, the
increase in LTC strain & (t) with increasing ferrite content was
attributed to the hypothesis of slip localization mainly in the
softer ferrite phase [13]. Neu et al. [10] reported the stress ¢ and
temperature T dependency of the LTC strain in the carburized
4320 steel having a martensitic matrix with 14 — 35% of retained
austenite (RA). Their experiments revealed that two deforma-
tion modes are contributing to the total strain under constant
load, one is creep strain and the other one is volumetric trans-
formation strain due to the martensitic transformation of RA.
According to them, RA transformation could be aided by either
thermal induced or stress assisted martensitic transformation
depending on the test temperature T. Irrespective of the
contributing mechanism, they reported that the creep strain
follows a logarithmic creep law. Alfredsson et al. [14] investi-
gated the stress ¢ and temperature T dependency of the LTC
behavior of the roller bearing steel grade 100CrMnMo8. They
reported that LTC strain & (t) obeys a logarithmic creep law in
material with a bainitic matrix. On the other hand, LTC strain
£ (t) in the same steel grade with a martensitic matrix follows a

and (g, T) specific creep

power law [14]. Furthermore, they address the occurrence of RA
phase transformation under tensile loading in terms of the
strength differential effect (SDE) in their LTC models for a good
correlation with experimental data.

A mechanism based exhaustion creep model (ECM) was
proposed by Nabarro et al. [15,16], and Smith [17] to explicate
the logarithmic creep behavior. It considers that LTC strain is
contributed by dislocation glide in a single phase, homoge-
neous, isotropic material. However, Nabarro's original version
is incapable of describing the above mentioned the stress ¢
and temperature T dependency of LTC strain and, thus, it does
not disclose the LTC rate controlling mechanism. Hence, the
authors have reworked his ECM (unpublished data), and the
prominent modifications are summarized as follows:

Nabarro assumed that the material has a wide range of
obstacles characterized by their activation stress ¢; between
0 — oo Pa. Besides, he assumed an obstacle distribution function
¢ do as a slowly varying function of stress ¢. To explain the
reduction in creep rate é(t) during creep, an obstacle can be
surmounted by a dislocation only once followed by its
exhaustion [15].

In the reworked ECM, the authors consider only those ob-
stacles with an activation stress up to the YS ¢.. As a matter of
that, a stress dependent obstacle distribution function ¢(s) has
been introduced in the reworked ECM. Besides, we allow a
dislocation to overcome obstacles more than once, i.e. multiple
times n, before it gets exhausted, e.g., by phase transformation.
The function n = n(T) is considered as temperature T depen-
dent. With these modifications, LTC strain e, (t) reads:

ealt) —af o {m (%) CE(f o) ~Ex(f] ot) )

with E;(x) being an exponential integral function [18] and

Oe

aE(UﬂT):C.iz.T.YI(T) (3)
(ge—0
(1) = and (0, 1) =fy 1) sexp| 52 =) @
__fo fi(e,T)_ [ _Vee(0e—0)
1) =gy and U e ©)

with C being a materials constant, v, being the mean activa-
tion volume of the here considered obstacles, and k being the
Boltzmann constant. The creep parameters n(T), o (¢, T), and

Table 1 — Chemical composition of SAE 9254 (in wt.%)

provided by the material supplier.
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Fig. 1 — Tensile and LTC specimen dimensions in mm.

f1(a,T)/fs(T) are functions of stress ¢ and temperature T with fo
being a frequency with which the dislocation attempts to
overcome an obstacle. Consequently, the LTC strain eq(t) fol-
lows a non-logarithmic creep behavior (Eq. (2)) according to the
reworked ECM.

The primary interest of the current study on high strength
martensitic steel is to take a significant step to disclose the LTC
creep rate controlling mechanism in high strength martensitic
steel. Thus, our mechanism based reworked ECM must be
verified in a multi-stage procedure. Firstly, the non-logarithmic
creep law is applied by best fitting of Eqn 2 to the LTC strain
data of SAE 9254. Subsequently, the creep parameters n(T), of(a,
T), and f; (¢, T)/f (T) ought to represent the stress ¢ and tem-
perature T dependency of LTC strain correctly. Their fitting
parameters ¢, and v, must be validated. Eventually, the authors
formulate a hypothesis of the LTC rate controlling mechanism
by correlating the macroscopic LTC deformation of SAE 9254 to
changes in RA content on a microscopic scale.

2. Experimental details

SAE 9254 (see Table 1) wire rods of 12 mm diameter supplied in
hot rolled condition were “Inductive quenched and tempered
(IQT)” at Mubea Fahrwerksfedern GmbH, Weissensee, Ger-
many. The heat treatment parameters are not disclosed here.

2040

(a)
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1960 v T . T . T v
275 300 325 350 375
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Tensile and LTC tests were performed under uni-axial loading
followed by phase quantification by means of XRD. Specimens
for tensile and LTC testing were fabricated along the rolling
direction with a gauge length I = 25 mm and gauge diameter
d =4 mm, respectively as shown in Fig. 1.

The tensile tests as well as the LTC tests were performed
by means of the universal testing system Shimadzu AG-X
equipped with a 100 kN load cell. The system is used in com-
bination with a thermostatic chamber. Strain measurement
was realized by using the high resolution digital image corre-
lation (DIC) system Limess Q400 with two cameras for 3D-
evaluation of each specimen's surface. A DIC speckle pattern
was applied by priming the specimen's surface with a special
heat resistant black paint. Subsequently, a white paint in the
form of randomly distributed dots was applied. Pictures for
correlation were taken time-triggered every 0.5s and 5s for
tensile and LTC tests, respectively. Creep strain eq(t) was
measured by using the evaluation software Istra 4D, which al-
lows to apply a virtual gauge line element on the specimen in
longitudinal or test load direction.

Ultimate Tensile Strength (UTS) and YS ¢, were determined
attemperatures 298 K < T < 353 K with a constant strain rate of
2.5e107* s71. Three specimens were tested at each condition,
respectively. LTC deformation behavior was studied at the
above-mentioned temperatures T at a constant stress ¢ =
1634 MPa, and at stresses 1071 MPa < ¢ < 1634 MPa at a con-
stant temperature T = 353 K for a duration of 1 hr, respectively,
at each condition. Two specimens were tested at each condi-
tion to confirm reproducibility of the results. The loading was
applied at a constant rate of 500 N/s, respectively, until
achieving the required creep load. The creep strain e (t) is then
defined by the change of total strain ¢(t) compared to the
instantaneous strain ¢, after achieving the creep load [11]

er(t) =e(t) — & (®)

For a quantitative phase analysis prior to LTC, samples are
sectioned from the IQT wire rod. Subsequently, the samples
were grounded with silicon carbides abrasive papers of grit size
up to 1200, then polished with diamond paste having particle
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Fig. 2 — Temperature dependence of (a) Tensile strength, (b) Yield strength of IQT. The average values are given in each

diagram, respectively.
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Fig. 3 — (a) Stress dependency of LTC behaviour at a constant temperature T = 353 K, (b) Temperature dependency of LTC

behaviour at a constant stress ¢ = 1634 MPa.

sizes 6, 3, and 1 um. For a quantitative phase analysis after LTC,
specimens from the middle of the gauge section have been
considered. An empyrean Panalytical X-ray diffractometer
operated at 40kV and 30 mA with Cr — Ka monochromatic
source and V kg filter having 0.02 thickness was used to record
the patternin 70° < 26 < 162° with a step size of 0.026° and step
time of 10 s. The {200}, {220} peaks of RA and {200} peak of
martensite were considered for the RA quantity determination
according to SAE 453 method [19].

3. Experimental results

The IQT steel has a UTS = 2022 MPa and ¢, = 1820 MPa at 298 K,
respectively. UTS and ¢, decreases with increasing temperature
up to 353 K slightly as shown in Fig. 2. The creep strain data at
regular intervals of 200 s each are presented in Fig. 3(a) and (b)
by individual symbols for the considered stress ¢ and temper-
ature T levels, respectively. Fig. 3(a) shows experimentally
measured LTC strain at stresses 1071 MPa < ¢ < 1634 MPa at a
constant temperature T = 353K, and Fig. 3(b) shows experi-
mentally measured LTC strain at 298 K < T < 353K at a con-
stant stress ¢ = 1634 MPa. It is evident that the & (t) increases
with increasing stress ¢ and temperature T at a given time t.
The experimental data, which have been fitted according to the
creep law (Eq. (2)), are represented by solid lines in Fig. 3. The
ECM creep law fits well with all the experimental LTC strain
data with a coefficient of determination of R? > 0.92. The creep

parameters of, f5, and f; by best fitting of the experimental data
are shown in Table 2.

With Eqg. (5), the relative number n(T)/n(T = To) of activa-
tion reads

W) f(T=T,)
nT=To) fT) @

Fig. 4 shows that it increases linearly with temperature T.
By best fitting it becomes

n(T)

nT =T =20 T-To)+1 ®)

with fitting parameters, a = 2.274K~! and Ty = 298 K, respec-
tively. Subsequently, of, f; /f; have been fitted in 3D surface fit
by means of fitting functions according to Egs. (3) and (5). For
convenience, these fits are here shown in 2D plots (see Fig. 5,
Fig. 6). Fig. 5(a, b) show the stress dependence of the creep
parameter of at a constant temperature T = 353K and the
temperature dependence of the creep parameter of at a con-
stant stress ¢ = 1634 MPa, respectively. The creep parameter of
increases with increasing stress o and temperature T. It is well
described by Eg. (3) according to the reworked ECM with a co-
efficient of determination of R? = 0.96 as shown in Fig. 5. The
fitting parameters C, o, are determined as 0.9842 Pa and
2160 MPa, respectively. Fig. 6(a, b) show the stress dependence
of £ /f;

perature dependence of f;/fy

¢ at a constant temperature T = 353K and the tem-
at a constant stress ¢ =

4

Table 2 — The creep parameters of, f; , and f; by best fitting of the experimental LTC data.

Stress [MPa] Temperature of 5 1 R?
K] (e107%) [-] (10°%) [s71] (¢10°2) [s7]

1071 353 0.70 3.88 2.43 0.93

1428 353 1.82 6.69 1.77 0.92

1634 353 3.38 2.29 14.09 0.96

1634 323 1.40 5.41 1.06 0.97

1634 298 0.43 288.13 0.084 0.97
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Fig. 4 — Temperature dependence of n(T)/n(T=T,) at a
constant stress ¢ = 1634 MPa.

1634 MPa, respectively. The stress ¢ and temperature T
dependence of f; /f, is well described by Eq. (5) according to the
reworked ECM with a coefficient of determination of R? = 0.97.
The fitting parameter v, is determined as 1.96 ¢ 10722 m3. It is
evident that the reworked ECM fits well to the stress ¢ and
temperature T dependence of creep parameters of, f;/ f;, and,
consequently, describes the LTC behaviour of the investigated
spring steel quite well.

Fig. 7 shows the average RA content in IQT steel rods prior
and post LTC testing performed within 298 K < T < 353K at a
constant stress ¢ = 1634 MPa. The RA content in the IQT rod is
8.9% which is considered as a reference, whereas the RA
quantities in the deformed LTC specimens are about 7.6%
irrespective of the test temperature.

PO N O O A O O (a)
C =0.9842 Pa

_ 3] 0, =2160 MPa R*=0.96 /
x
T 2-
u.ldl-

14

=
ol T=353K

1.0 11 ) 1:2 ) 113 ' 1:4 ' 1:5 ' 1:6 ' 1.7
Stress [Pa] (x 10°)

4, Discussion

Our reworked ECM is capable to describe LTC strain e (t) in IQT
steel SAE 9254 and the stress ¢ and temperature T dependence
of the creep parameters n(T), of(s, T), and f;(e,T)/f5(T) as
shown in Fig. 4, Fig. 5, and Fig. 6, respectively. The value of o, is
determined by fitting of with respect to stress ¢ and tempera-
ture T as 2160 MPa, which is in the expected range of YS g, of
the investigated IQT steel. The mean activation volume v, in Eq.
(5) is determined by fitting f; /f; with respect to stress ¢ and
temperature T as 1.96 1028 m3 that is equal to 12 e b with the
burgers vector b of the most favorable slip system in austenite
phase, i.e. (111)[110]. As reported by Conrad [20], the magnitude
of activation volume indicates overcoming the Peierls-Nabarro
stress as the mechanism for dislocation motion. Since the
activation volume v, of 12 eb® for LTC strain here in the
considered stress ¢ and temperature T is determined by the
consideration of the most favorable slip system in austenite
phase, the authors proposed by strictly following the work of
Neu et al. [10], and Alfredsson et al. [14], that this LTC strain is
contributed by slip localization within RA in SAE 9254. It is
evident from Fig. 4 that the relative number n(T)/n(T = To) of
multiple activations of a dislocation before exhaustion in-
creases with temperature T during LTC deformation. The fitting
parameter Ty in Eq. (8) is determined as 298 K. It indicates that
the dislocation activation ceases below ambient temperature,
which is plausible to consider. Fig. 8 shows the normalized
creep rate &q(t)/éq(t =0)|, as a function of time t for three
different temperatures T. The drop-in normalized creep rate
éq(t)/ér(t=0)|, with time t might be attributed to the
exhaustion of dislocation glide within RA due to strain induced
martensitic transformation (SIMT). As postulated in [21,22],
multiple slip activations, majorly at two intersecting {111} type
slip bands, led to nucleation of cubic o/ martensite in metastable
austenite. It is evident from Fig. 7 that the RA content dropped

ado . (b
C =0.9842Pa
o, = 2160 MPa |
s Qcprrsrinl ooy S S s
e R?=0.96
z
™ 21
w b !
s
-
0 | 7 _=1634 MPa
275 300 325 350 375

Temperature [K]

Fig. 5 — (a) Stress dependence of creep parameter of at a constant temperature T = 353 K, (b) Temperature dependence of

creep parameter of at a constant stress ¢ = 1634 MPa.
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Fig. 6 — (a) Stress dependence of creep parameter f; /fg| . at a constant temperature T = 353 K, (b) Temperature dependence of

creep parameter f;/ f{;{q at a constant stress ¢ = 1634 MPa.

by 15% of its initial amount during LTC deformation irrespective
of the test temperature T, which might be due to the occurrence
of SIMT locally in the deformed RA. Furthermore, the drop-in
normalized creep rate . (t)/é,(t=0)|, becomes sluggish at
elevated temperatures T. As shown in Fig. 8 inset, the creep rate
&r(t) dropped to 20% of its initial values in less than 200 s at
298 K, whereas this time t is higher for 353 K. The relation be-
tween £ (t) and n(T) for the short time interval is derived from
Egs. (3) and (4) as

o (f)— fo 1
Er(t)= — oFele n2(T) ©)

One can realize from Eq. (9) that the rate of drop-in creep rate
& (t) is inversely proportional to n%(T). As shown in Fig. 4, n(T)

10

% Reference
v Post LTC test

e 80— mmmmmmmmmmm e

Retained austenite (%)
(=]

2 7 8 57
0 | {77
W 7.3
2 RS [SSTET | SUSEYS INPRNE | SN POV SN SRR
6 U SN S SN N S
275 300 325 350 375

Temperature [K]

Fig. 7 — RA determination prior and post LTC testing
performed at 298 K < T < 353 K a constant stress ¢ =
1634 MPa.

increases linearly with temperature T. Consequently, the rate of
drop-in creep rate é.(t) can be considered as inversely propor-
tional to T?, which indicates that the rate of drop-in &, (t) becomes
sluggish at elevated temperatures T, for a given time t. This can be
justified in terms of austenite stability. As reported by Neu et al.
[23], the stability of austenite increases with temperature T. As
the RA stability increases, there would be high chances for mul-
tiple activations of dislocation within RA prior to its trans-
formation into martensite. Based on these experimental results,
our hypothesis of LTC mechanism implies that LTC strain e, (t) in
IQT steel SAE 9254 is contributed by slip localization within RA,
whereas reduction in creep rate is controlled by SIMT, which
might be occurring locally in the deformed RA. An experimental

1.2
| ~m-298 K
1.04 .i‘“l
d e — \‘As

1.0 o-323 K 5l \‘:;hw“_.‘h
2 4
e o8
o |
[}
® 064
o -
b
2 0.4
= |
£ 0.2
=
o 4
Z 004 ‘

024 | | ‘ o = 1634 MPa

L] L L] I ) ) 1
0 800 1600 2400 3200 4000
Time [s]

Fig. 8 — Time and temperature dependence of normalized
creep rate ¢ (t)/éo(t = 0)|, for LTGC tests performed at 298 K <
T < 353K and at a constant stress ¢ = 1634 MPa. Inset:
Details are shown for short time interval, i.e. up to 200 s.
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proof of the here presented hypothesis, e.g., by means of TEM
investigations, is still due. Therefore, the authors encourage and
appreciate support in this subject.

5.

Conclusions

The main results of the current study presented are as follows:

Our reworked ECM is capable to describe LTC strain eq(t)
behavior in IQT steel SAE 9254.

Furthermore, the stress ¢ and temperature T dependence
of the creep parameters n(T), af(s,T), and f; (¢, T) /f5 (T) can
be well justified in terms of the reworked ECM.

The value of ¢, is determined by fitting of with respect to
stress ¢ and temperature T as 2160 MPa, which is close to
the YS g, of the investigated IQT steel.

The mean activation volume v, is determined by fitting
fi/fo with respect to stress ¢ and temperature T as
1.96 ¢ 10728 m3, which indicates that LTC strain is contrib-
uted by slip localization possibly, within RA.

The RA content dropped by 15% of its initial amount during
LTC deformation irrespective of the test temperature T,
which might be due to the occurrence of SIMT locally in the
deformed RA.

Hence, the drop-in creep rate éy(t) with time could be
attributed to the exhaustion of the dislocation
glide mechanism within deformed RA due to SIMT. An
experimental proof of the here presented hypothesis is still
due.

The rate of drop-in creep rate é4(t) becomes sluggish at
elevated temperatures T, for a given time t, which can be
justified in terms of austenite stability at elevated
temperatures.

Based on these experimental results, our hypothesis on
the LTC rate controlling mechanism in SAE 9254 implies
that LTC strain is contributed by slip localization within
RA, whereas the reduction in creep rate is controlled by
SIMT.
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