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The thermal compressive deformation behavior of GCr15 (AISI-52100), one of the most commonly used
bearing steels, was studied on the Gleeble-3500 thermo-simulation system at temperature range of 950–
1150 �C and strain rate range of 0.1–10 s�1. According to the experimental results, the stress level
decreases with increasing deformation temperature and decreasing strain rate. The peak stresses on
the true stress–strain curves suggest that the dynamic softening of GCr15 steel occurs during hot com-
pression tests. To formulate the thermoplastic constitutive equation of GCr15 steel, Arrhenius equation
and the Zener–Hollomon parameter in an exponent-type equation were utilized in this paper. In addition,
a modified Zener–Hollomon parameter considering the compensation of strain rate during hot compres-
sion was employed to improve the prediction accuracy of the developed constitutive equation. Analysis
results indicate that the flow stress values predicted by the proposed constitutive model agree well with
the experimental values, which confirms the accuracy and reliability of the developed constitutive equa-
tion of GCr15 steel.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of numerical simulation method, Finite
Element Method (FEM) has been widely and successfully used to
analyze and optimize the materials forming processes such as forg-
ing, rolling and extrusion.

Han et al. developed a 3D elastic–plastic dynamic explicit FE
model of cold rotary forging under the ABAQUS software environ-
ment and they studied the plastic deformation behaviors of cold
rotary forging under different contact patterns by utilizing the
developed FE simulation model [1]. Deng et al. developed a rigid-
plastic finite element (FE) model of cold rotary forging of a 20CrMnTi
alloy spur bevel gear. By using the FE model, they optimized the
workpiece geometry to achieve a better filling of gear shape and a
lower forming load requirement [2]. Zhou et al. explored a 3D
elastic–plastic and coupled thermo-mechanical FE model of
Radial–axial ring rolling (RARR) by using the dynamic explicit code
ABAQUS. Based on the reliable 3D FE model, they investigated the
effects of the axial rolls motions and size of rolls on the RARR
process. Their research results provide valuable guidelines for the
motion control and design of the axial rolls in the actual RARR
production [3,4]. Wang et al. developed a three-dimensional
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coupled thermal–mechanical elastic–plastic FE model of the Verti-
cal Hot Ring Rolling (VHRR) process in ABAQUS/Explicit code. By
using the developed FE simulation model, they analyzed the
effects of single fixed guide mode and single follow-up guide
mode on the ring’s dimensional precision during hot ring rolling
production, respectively [5].

During the establishment of FE simulation models, constitutive
equation of the materials is always used as an input code to simu-
late the materials deformation behaviors under specified loading
conditions [6,7]. The applicable and reliable of the explored FE sim-
ulation model is greatly determined by the accuracy of the devel-
oped constitutive equation. Researches focusing on formulating
the constitutive equation of materials have attracted more and
more attention worldwide.

Samantaray et al. analyzed the high temperature flow behavior
of various grades of austenitic stainless steels by isothermal hot
compression tests. They predicted the flow stress of the materials
by applying a modified Zerilli–Armstrong. Research results suggest
that the modified Zerilli–Armstrong model could predict the ele-
vated temperature flow behavior of the materials over the entire
ranges of strain, strain rate and temperature [8]. Lin et al. studied
the compressive deformation behavior of 42CrMo steel by means
of the compression test over a practical range of temperatures
and strain rates. They formulated a constitutive equation incorpo-
rating the effects of temperature, strain rate and work-hardening
rate to describe the plastic flow properties of the materials.
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Table 1
Chemical composition of the GCr15
bearing steel used in this study
(wt.%).

C 0.96
S 0.006
P 0.013
Mn 0.36
Si 0.19
Cr 1.46
Mo 0.02
Cu 0.06
Ni 0.08
Fe Balance
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Research results suggest that the proposed deformation constitu-
tive model could predict the flow stress of 42CrMo steel accurately
and precisely [9–11]. They also successfully developed a
constitutive model of 42CrMo steel by employing a new material
parameter L, which was sensitive to the forming temperature
and strain rate [12]. Ding et al. proposed a new time-dependent
cyclic visco-plastic constitutive model based on the experimental
results of uniaxial time-dependent ratcheting of 6061-T6 aluminum
alloy [13]. Han et al. established an adaptive fuzzy-neural network
model to model the constitutive relationship of Ti–25V–15Cr–0.2Si
alloy during high temperature deformation. Their research results
indicate that the fuzzy-neural network was an easy and practical
method to optimize deformation process parameters [14].

As one of the most commonly used high-chromium bearing
steels, GCr15 steel (AISI-52100) has the characteristics of high
wear resistance, corrosion resistance and good dimensional stabil-
ity. It has been widely used in manufacturing bearing ring, ball
screw and other mechanical components. A number of research
groups have studied the plastic behavior and material properties
of GCr15 steel under specified forming processes by experiment
and FE simulation method [15–17]. However, research reports
focusing on modeling the constitutive equation of GCr15 steel
under hot deformation condition are still unavailable. And a
precise thermoplastic constitutive equation for GCr15 steel is still
required when establishing the FE model to simulate the
thermo-mechanical forming processes of GCr15.

In this paper, the compressive deformation behavior of GCr15
steel was studied and the constitutive equation of the materials
was formulated. Gleeble-3500 thermo-simulation system was used
to study the thermal compressive deformation behavior of GCr15
steel. The true stress–strain curve for GCr15 steel under different
deformation temperatures from 950 �C to 1150 �C with strain rates
of 0.1 s�1, 1 s�1, 5 s�1, and 10 s�1, was recorded, respectively.
According to the experimental results, the stress level decreases
with increasing deformation temperature and decreasing strain
rate. And the peak stresses on the true stress–strain curves suggest
that the dynamic softening of GCr15 steel occurs during hot com-
pression tests. To formulate the thermoplastic constitutive equation
Fig. 1. (a) Gleeble-3500 system; (b) compressi
of GCr15 steel, Arrhenius equation, commonly used for representing
relationship between flow stress and strain rate as well as tempera-
ture during hot deformation, was utilized in this paper. And a revised
Zener–Hollomon parameter considering the compensation of strain
rate during hot compression was employed in this investigation. The
flow stress values of GCr15 steel predicted by the developed consti-
tutive model show a good agreement with the experimental results,
which confirms the accuracy and reliability of the developed consti-
tutive equation of GCr15 steel.

2. Materials and experiments procedure

A commercial GCr15 high-chromium bearing steel commonly
used for manufacturing bearing ring was investigated in this paper.
The chemical composition of the GCr15 steel used in this study is
shown in Table 1. Hot compression experiments were conducted
on the Gleeble-3500 thermo-simulation system as shown in
Fig. 1. Fig. 1a is the mechanical part of the Gleeble-3500 thermo-
simulation system. And it can be seen in Fig. 1b that the cylindrical
specimen with the diameter of 8 mm and height of 12 mm shown
in Fig. 2a was clamped between the two compression dies. To
decrease the friction between specimens and dies during hot
compression, the graphite mixed with machine oil was used
on area; (c) thermo-compression process.



Fig. 2. Experimental procedure and specimen (a) before and (b) after hot
compression.
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between the flat ends of the specimen and the compression dies
[9,11]. The hot compression tests were performed under tempera-
tures of 950 �C, 1000 �C, 1050 �C, 1100 �C, 1150 �C with strain rates
of 0.1 s�1, 1 s�1, 5 s�1 and 10 s�1. The temperatures of the specimen
are controlled by the feedback signals provided by the thermocou-
ples. And Fig. 1c shows the thermo-compression process of the
specimen.

The detailed experimental procedure can be seen in Fig. 2. It can
be seen in Fig. 2 that the specimen was heated to the specified
Fig. 3. True stress–strain curves for GCr15 steel under different deformation tempera
rate = 5 s�1 and (d) strain rate = 10 s�1.
temperature at the heating rate of 10 �C/s and held for 6 min. Then,
the specimen was compressed with a specified strain rate and
quenched with water rapidly. The specimen after hot compression
can be seen in Fig. 2b and the reduction in height of the specimen
after hot compression is 50%.
3. Results and discussion

3.1. True stress–strain curve

Fig. 3 shows the true stress–strain curve for GCr15 steel under
different deformation temperature with strain rates of (a) 0.1 s�1;
(b) 1 s�1; (c) 5 s�1 and (d) 10 s�1. It can be concluded from Fig. 3
that the flow stress decreases with the increase of deformation
temperature and decrease of strain rate. And the peak stresses on
the true stress–strain curves suggest that the dynamic recrystalli-
zation (DRX) and dynamic flow softening of GCr15 steel occurs
during hot compression tests.

In addition, the phenomenon of dynamic recrystallization of
GCr15 steel during hot compression process was observed by means
of electronic microscope. Fig. 4 illustrates the optical micrograph of
GCr15 steel after hot compression with strain rate of 1 s�1 and
temperature of 1000 �C. It can be seen in Fig. 4 that there exists
small-sized austenite grain between the average size austenite
grains. During hot compression process, the dynamic recrystalliza-
tion behavior was induced by thermodynamic energy and the
recrystallization nuclei were generated and growing. Some recrys-
tallization nuclei have no time to grow as the average austenite gain
and the immediate water quenching after the hot compressive
ture with strain rates of (a) strain rate = 0.1 s�1; (b) strain rate = 1 s�1; (c) strain



Fig. 4. Optical micrograph of GCr15 steel after hot compression (center area of the
specimen).
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process stopped the growing process of the austenite gain. Hence, it
can be concluded from Fig. 4 that the phenomenon of dynamic
recrystallization of GCr15 steel occurs during the hot compression
process.

3.2. Modeling of the constitutive equation

To formulate the constitutive equation of the GCr15 steel, the
Arrhenius equation which is widely used to describe the relation-
ship between the strain rate, temperature and flow stress was uti-
lized in this study [18,19]. For all stress level, the Arrhenius
equation can be formulated as following equation:

_e ¼ A sinh ðarÞn exp � Q
RT

� �
ð1Þ

where _e is the strain rate (s�1); R is the universal gas constant
(8.31 J mol�1K�1); T is the absolute temperature (K); Q is the activa-
Fig. 5. (a) Relationship between ln _e and ln r; (b) relationship between ln _e and r; (c) rela
ln Z.
tion energy of hot deformation (k J mol�1); r is the true stress
(MPa); n is the materials stress index; A and a are the materials
constants.

In addition, the effects of the temperature and strain rate on the
deformation behaviors can also be formulated by Zener–Hollomon
parameter, Z, in an exponent-type equation as shown in following
equation:

Z ¼ _e exp
Q
RT

� �
ð2Þ

where Z is the temperature compensation strain rate factor during
hot deformation.

By substituting Eq. (1) into Eq. (2) gives Eq. (3). And by solving
the Eq. (3), the flow stress can be written as a function of Z param-
eter as shown in Eq. (4).

Z ¼ A½sinh ðarÞ�n ð3Þ

r ¼ 1
a

ln
Z
A

� �1=n

þ Z
A

� �2=n

þ 1

 !" #1=2
8<
:

9=
; ð4Þ
3.2.1. Determination of the material constants for the constitutive
equation

It can be concluded from the proposed constitutive equation
shown in Eq. (4) that the flow stress is determined by the temper-
ature compensation strain rate factor Z, materials constants A and
a as well as the materials stress index n. While, the effect of defor-
mation strain e on true stress r during hot deformation is not
embodied. It is acknowledged that the materials constants Z, A, a
and n will be changed because of the microstructure evolution of
the materials during hot deformation process. There exists a
functional relationship between the deformation strains and the
material constants of the constitutive equation. Hence, by
formulating the relationship between materials constants and
tionship between 1/T and ln [ sinh (ar)]; (d) relationship between ln [ sinh (ar)] and



Table 2
Value of the material constants of GCr15 steel under different deformation strain.

Strain Q (kJ/mol) ln A (–) n (–) a (–)

0.05 438.69 39.08 7.21 0.013758
0.1 482.93 42.98 7.66 0.011941
0.15 507.74 45.23 7.95 0.011011
0.2 522.45 46.54 7.74 0.010611
0.25 497.18 44.18 7.05 0.010653
0.3 464.03 41.2 6.34 0.010763
0.35 437.94 38.88 5.87 0.010864
0.4 420 37.29 5.6 0.010942
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deformation strain during hot deformation process, the relation-
ship between true stress r and true strain e can be predicted by
the proposed constitutive equation. The solution procedure for
material constants under the deformation strain of 0.05 will be
demonstrated as follows [20–22].

For the low stress level (ar < 0.8) and high stress level
(ar > 1.2), relationship between flow stress and strain rate can be
formulated in Eq. (5) and Eq. (6), respectively.

_e ¼ B1rn ð5Þ

0.45 401.78 35.69 5.37 0.010997
0.5 390.47 34.71 5.17 0.011102
0.55 381.33 33.91 5.06 0.011225
0.6 370.8 32.98 4.96 0.011360
0.65 363.06 32.32 4.89 0.011484
_e ¼ B2 expðbrÞ ð6Þ

where B1, B2 and b are the material constants, and a = b/n.
Taking the logarithm of both sides of Eqs. (3) and (4), respec-

tively, gives:

ln r ¼ 1
n

ln _e� 1
n

ln B1 ð7Þ
r ¼ 1
b

ln _e� 1
b

ln B2 ð8Þ

By substituting the values of the flow stress and corresponding
strain rate under the strain of 0.05 into Eqs. (7) and (8), it gives the
relationship between the flow stress and strain rate. The value of n
and b can be calculated from the slope of the lines in ln _e� ln r and
ln _e� r plots, respectively. Fig. 5a and b shows the ln _e� ln r and
ln _e� r plots under different deformation temperature, respec-
tively. The slope of the lines under different temperature is approx-
imately the same, the value of n and b can be obtained by linear
fitting method. The mean value of n and b was computed as
7.2137 and 0.0924, respectively. And a = b/n = 0.01376.
Fig. 6. Relationship between (a) Q; (b) ln A; (c) n; (d) a
Eq. (9) can be obtained by taking the logarithm of both sides of
Eq. (1). And for the given strain rate conditions, the activation en-
ergy of hot deformation Q can be calculated by differentiating Eq.
(9).

ln½sinhðarÞ� ¼ 1
n

ln _eþ Q
RT
� ln A

� �
ð9Þ
Q ¼ Rn
dfln½sinhðarÞ�g

dð1=TÞ ð10Þ

By substituting the values of temperature and flow stress that
are obtained from a specified strain rate into Eq. (10), the value
of Q can be calculated from the slope in the plot of 1/
T � ln [ sinh (ar)]. Fig. 5c shows a group of parallel and straight
lines representing the relationship between 1/T and ln [ sinh (ar)]
and true strain by polynomial fit of GCr15 steel.



Table 3
Polynomial fitting results of Q, n, a and ln A of GCr15 steel. (x represents the undetermined coefficient of the polynomial fitting equations B, C, D and E).

x0 x1 x2 x3 x4 x5 x6

Q 423.583 �455.234 21531.98 �146442 396986.5 �486381 224414
n 6.91151 �3.98444 293.2812 �2320.49 6841.841 �8875.19 4274.923
a 0.016803 �0.07507 0.303931 �0.36561 �0.49674 1.526547 �0.96772
ln A 37.93747 �48.5333 2019.52 �13622.3 36924.32 �45310.4 20947.74
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at different strain rates. The value of Q can be evaluated as
438.69 kJ/mol by averaging the values of slope in the plot of 1/
T � ln [ sinh (ar)] .

Eq. (11) can be obtained by taking the logarithm of both sides of
Eq. (3).
ln Z ¼ n ln½sinhðarÞ� þ ln A ð11Þ

It can be concluded from Eq. (11) that the value of ln A is the
intercept of the plot ln [ sinh (ar)] � ln Z. By substituting the val-
ues of the experimental results under the strain of 0.05, relation-
ship between ln [ sinh (ar)] and ln Z was obtained as shown in
Fig. 5d. Then, the material constant A under the strain of 0.05
was calculated as 9.38e + 16 s�1.

Using the same solve procedure, the values of material con-
stants Q, ln A, n and a of the constitutive equations were computed
under different deformation strains within the range of 0.05–0.65
with the interval of 0.05. Table 2 shows the calculated values of
the material constants under different deformation strain.
Fig. 7. Comparison between predicted and experimental flow stress curves of GC
The relationships between Q, ln A, n ,a and true strain for GCr15
steel (shown in Fig. 6) can be polynomial fitted by the compensa-
tion of strain, as shown in Eq. (12). The polynomial fitting results of
Q, ln A, n and a of GCr15steel are provided in Table 3. Fig. 6a–d
shows the relationship between materials constants Q, ln A, n , a
and true strain by polynomial fit of GCr15 steel, respectively.

Q ¼ B0 þ B1eþ B2e2 þ B3e3 þ B4e4 þ B5e5 þ B6e6

n ¼ C0 þ C1eþ C2e2 þ C3e3 þ C4e4 þ C5e5 þ C6e6

a ¼ D0 þ D1eþ D2e2 þ D3e3 þ D4e4 þ D5e5 þ D6e6

ln A ¼ E0 þ E1eþ E2e2 þ E3e3 þ E4e4 þ E5e5 þ E6e6

8>>><
>>>:

ð12Þ
3.2.2. Modification of the Zener–Hollomon parameter
To verify the developed constitutive equation of GCr15 steel,

comparison between the predicted and experimental results was
carried out in this investigation. By applying the calculated material
constants of the constitutive equation, the flow-stress values were
predicted under different deformation temperatures of 950 �C,
1000 �C, 1050 �C, 1100 �C and 1150 �C with strain rates of 0.1 s�1,
r15 steel under strain rates of: (a) 0.1 s�1, (b) 1 s�1, (c) 5 s�1 and (d) 10 s�1.



Fig. 8. Comparison between predicted flow stress values by modified constitutive equation and experimental flow stress curves of GCr15 steel under strain rates of: (a)
0.1 s�1, (b) 1 s�1, (c) 5 s�1 and (d) 10 s�1.
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1 s�1, 5 s�1 and 10 s�1. Fig. 7 shows the detailed comparison be-
tween predicted and experimental flow stress curves of GCr15 steel
under strain rates of: (a) 0.1 s�1, (b) 1 s�1, (c) 5 s�1 and (d) 10 s�1. It
can be seen in Fig. 7b that the predicted flow stress of GCr15 shows a
very good agreement with the experimental values at strain rate of
1. And it can be seen in Fig. 7a that the predicted flow stress value is
larger than the experimental value at strain rate of 0.1 s�1. Fig. 7c
and d suggests that the predicted flow stress value is smaller than
the experimental value at strain rate of 5 s�1 and 10 s�1. Hence, it
can be concluded from the analyzed results that the prediction accu-
racy of the developed constitutive equation can be improved by con-
sidering the compensation of strain rate.

In this investigation, a revised Zener–Hollomon parameter con-
sidering the compensation of strain rate was utilized to modify the
constitutive equation of GCr15 steel. The revised Zener–Hollomon
parameter (Z0) was expressed as shown in Eq. (13). And the modi-
fied constitutive equation of GCr15 can be formulated as shown in
Eq. (14).

Z0 ¼ _e4=3 exp
Q
RT

� �
ð13Þ
r ¼ 1
a

ln
Z0

A

� �1=n

þ Z0

A

� �2=n

þ 1

 !" #1=2
8<
:

9=
; ð14Þ
3.2.3. Verification of the constitutive equations
Fig. 8 shows the comparison between the experimental flow

stress values and values predicted by the modified constitutive
equation of GCr15 steel under different temperatures 950 �C,
1000 �C, 1050 �C, 1100 �C and 1150 �C with strain rate of 0.1 s�1,
1 s�1, 5 s�1 and 10 s�1. It can be seen in Fig. 8 that the predicted flow
stress values agree well with the experimental flow stress values.

In order to evaluate the accuracy of the developed constitutive
equation, the predicted error d between the predicted flow stress
value (rP) and experimental flow stress value (rE) was calculated
as the following equation:
d ¼ rP � rE

rE
� 100% ð15Þ

Table 4 shows the comparison between the predicted and
experimental flow stress values at strain of 0.2, 0.4, 0.6 with strain
rate of 0.1 s�1, 1 s�1, 5 s�1 and 10 s�1. It can be seen in Table 4 that
at strain rate of 0.1 s�1, 1 s�1, 5 s�1 and 10 s�1 the mean predictive
error of the developed constitutive equation is �1.603%, �1.596%,
�1.174% and �1.237%, respectively. The results indicate that the
flow stress values predicted by the developed constitutive equa-
tion agree well with the experimental values, which confirms the
accuracy and reliability of the proposed deformation constitutive
equation of GCr15 steel.
4. Conclusions

In this paper, the thermal compressive deformation behavior of
GCr15 was studied on the Gleeble-3500 thermo-simulation system
over a practical rang of temperatures and strain rates. The follow-
ing conclusions can be obtained:



Table 4
Comparison between the predicted (rP) and experimental (rE) flow stress values at strain of 0.2, 0.4, 0.6 with strain rate of 0.1 s�1, 1 s�1, 5 s�1 and 10 s�1.

Strain rate _e (s�1) Strain e (–) Temperature T (�C) Experimental value rE (MPa) Predicted value rP (MPa) Error analysis

Error d (%) Mean error �d (%)

0.1 0.2 950 100.8 99.09 �1.693 �1.603
1000 77.76 80.90 4.040
1050 68.19 66.11 �3.046
1100 55.73 54.27 �2.627
1150 48.15 44.85 �6.859

0.4 950 96.165 91.82 �4.517
1000 67.402 72.90 8.160
1050 58.106 57.92 �0.319
1100 46.364 46.27 �0.208
1150 39.558 37.28 �5.771

0.6 950 89.79 82.93 �7.645
1000 59.88 65.51 9.404
1050 54.75 51.87 �5.267
1100 41.86 41.34 �1.242
1150 35.56 33.26 �6.457

1 0.2 950 125.08 130.34 4.207 �1.596
1000 108.76 109.38 0.568
1050 92.09 91.51 �0.630
1100 76.71 76.54 �0.224
1150 66.58 64.17 �3.626

0.4 950 134.33 133.81 �0.386
1000 114.6 110.78 �3.333
1050 95.76 91.18 �4.780
1100 77.56 74.87 �3.465
1150 66.73 61.55 �7.762

0.6 950 125.42 127.88 1.961
1000 105.11 105.83 0.687
1050 87.879 87.09 �0.894
1100 71.734 71.51 �0.308
1150 62.526 58.80 �5.962

5 0.2 950 159.56 154.02 �3.474 �1.174
1000 130.09 131.72 1.255
1050 109.89 112.20 2.105
1100 94.128 95.36 1.304
1150 81.3 81.02 �0.347

0.4 950 172.11 166.26 �3.400
1000 141.84 141.56 �0.195
1050 119.16 119.76 0.507
1100 101.83 100.83 �0.987
1150 86.913 84.65 �2.599

0.6 950 169.26 163.21 �3.573
1000 140.86 139.39 �1.043
1050 118.86 118.30 �0.471
1100 102.03 99.91 �2.081
1150 88.193 84.13 �4.606

10 0.2 950 176.9 164.53 �6.991 �1.237
1000 140.1 141.81 1.218
1050 125.38 121.72 �2.918
1100 105.11 104.19 �0.874
1150 87.89 89.09 1.367

0.4 950 189.51 180.68 �4.659
1000 151.43 155.52 2.702
1050 136.26 133.06 �2.348
1100 113.6 113.26 �0.300
1150 94.556 96.06 1.593

0.6 950 188.02 178.96 �4.819
1000 155.13 154.67 �0.295
1050 136.56 132.91 �2.671
1100 114.49 113.64 �0.744
1150 95.671 96.80 1.180
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(1) The flow stress of GCr15 steel during hot compressive pro-
cess was recorded and the true stress–strain curves suggest
that the stress level of GCr15 steel during hot compressive
process decreases with increasing deformation temperature
and decreasing strain rate.

(2) The optical micrograph of GCr15 steel after hot deforma-
tion process was observed and the existence of dynamic
recrystallization austenitic grains indicates that the
dynamic softening of GCr15 steel occurs during hot
compression.
(3) The constitutive equation considering the compensation of
strain rate during hot deformation could predict the flow
stress throughout the entire temperature and strain rate
ranges precisely.
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