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Abstract: The hot deformation behavior of GCr15SiMn steel was studied through high temperature compression tests
on the Gleeble-1500 thermal-mechanical simulator. The initiation and evolution of dynamic recrystallization (DRX)
were investigated with microstructural analysis and then the process variables were derived {rom flow curves. In the
present deformation conditions, the curves of strain hardening exponent () and the true strain (e) at the deforma-

tion temperature of 1423 K and strain rates of 0.1, 1 and 10 s !

exhibit single peak and single valley. According to
Zener-Hollomon and Ludwik equation, the experimental data have been regressed by using linear method. An ex-
pression of Z parameter and hot deformation equation of the tested steel were established. Moreover, the Q values of

GCr15SiMn and GCrl5 steels were compared. In order to determine the recrystallization fraction under different con-

ditions, the volume fraction of DRX as a function of process variables, such as strain rate (¢), temperature (T),

and strain (e), was established. It was found that the calculated results agreed with the microstructure of the steel at

Zhong-zhi LI?

any deformation conditions.
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During hot rolling process, dynamic recrystalli-
zation (DRX) behavior is influenced by cumulative

deformation, deformation temperature and strain

rate. Furthermore, the occurrence of DRX brings about

=4 grain refine-

[5—7]

deformation resistance reduction
ment and mechanical properties increase . Espe-
cially, toughness and fatigue life are affected by aus-
tenite grain size™ . So it is of great significance to in-
vestigate the DRX behavior and austenite micro-
structural evolution of bearing steel during hot de-
formation.

In recent years, some researches on the DRX
behavior of GCrl5 steel have been carried out™®* ',
Constitutive modeling for flow behavior of GCrl5
steel has been built by Yin et al"™. Yue et al. !
have built a mathematical model for predicting the
austenite grain size in hot working of GCrl5 steel.
However, few investigators have focused on the
DRX behavior and microstructural evolution of

GCrl15SiMn steel, which is a kind of high carbon

chromium bearing steel with high content of Si and
Mn. In the present paper, Ludwik equation and Ze-
ner-Hollomon formula will be used to analyse the
variation of strain hardening exponent in different
deformation stages of GCrl5SiMn steel. Further-
more, a constitutive model for flow behavior of Z
parameter of GCr15SiMn steel is established. The
relationships between process variables ( stress,
strain rate and temperature) and DRX volume frac-
tion are coupled by the modified Avrami type equa-
tion including critical strain (e.) and strain for max-
imum softening (¢ ) as a function of the tempera-
ture compensation strain rate factor during hot de-
formation (Z).

1 Experimental Procedure

In the present study, an electroslag smelting
GCr15SiMn steel provided in the form of bar with
the diameter of 150 mm is employed. The chemical
composition is C 1. 02%, Si 0.55%, Mn 1.07%, P
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0.006%, S 0.001%, Cr 1.49%, Cu 0.02% and Fe
the balance. Before the experiment, the cylindrical
specimens with the diameter of 8 mm and the length
of 20 mm were machined from the hot rolled bar. To
study the strain hardening behavior and DRX behav-
ior of GCr15SiMn, the single hot compression tests
were performed on a computer-controlled, servo-hy-
draulic Gleeble-1500 thermo-mechanical simulator.
All specimens were heated to 1423 K to obtain the
same initial austenite grain size. Then, they were cooled
down to deformation temperatures of 1123, 1173,
1223, 1323 and 1423 K, and deformed at strain
1 and 10 s ',
quenched in water after tests immediately. The

rates of 0.1, The specimens were

stress-strain curves under different deformation con-
ditions were measured during deformation.

2 Results and Discussion

2.1 True stress-true strain curves and microstructure

The true stress-true strain curves for the steel
tested in different deformation conditions are depic-
ted in Fig. 1. It can be found that the effects of the
deformation temperature and strain rate on the flow
stress are significant in all the tested conditions.
Both flow stress and peak strain increase with de-
creasing deformation temperature and increasing
strain rate.

Fig. 2 shows a schematic diagram of stress-strain
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Fig. 1 True stress-true strain curves of GCr15SiMn steel at different deformation temperatures and strain rates
stable deformation (Fig. 2). However, with contin-
& e uous deformation, strain of new DRX grains reaches
| L €. again, the DRX will occur for the second round.
Also, DRX will occur repeatedly in austenite grains
during deformation, and each grain may be in differ-
§ AL S WH o | Steady ent stages of DRX. Finally, it will get to the stable
B DRV DRV-DRX DRX deformation stage of DRX when the work hardening
corresponds to the dynamic softening.
The true stress-true strain curves of the steel
. I - - immediately arrived at steady state region when de-
- L > formed at 1 s 'and 1123—1423 K. At 10s ', peak

£

WH—Work-hardening;
Fig. 2 Schematic diagram of the true stress-true

DRV—Dynamic recovery.

strain curve for DRX

curve when the DRX occurs''?, It is obvious that the
flow stress obtained from experiments consists of
31 i, e., Stage I (work hard-
ening stage), Stage II (stable stage), Stage III (sof-

four different stages

tening stage) and Stage IV (steady stage).
When the strain rateis 0. 1 s !
temperature is from 1123 to 1423 K, the flow stress

and deformation

increases rapidly with increasing true strain. As the
critical strain e, is smaller than e,, which terms as
the necessary strain to finish DRX, the DRX is in a

stress does not arrive at steady state region but still
in the decreasing stage although the true stress
reached 1. 0. It demonstrates that the effect of dy-
namic softening is stronger than that of work hard-
ening, and it is in partly DRX stage when the true
strain is 1. 0.

Fig. 3 shows the central microstructures of
specimens deformed at 1 s~ ' and various tempera-
tures (1123, 1173, 1223 and 1423 K). The com-
parison displays that partly DRX occurred when de-
formed at 1123 and 1173 K. While deformed tem-
perature is greater than 1223 K, the occurrence of
the complete DRX in the specimens can be certified.
The process of DRX will be accelerated with increasing
deformation temperature and decreasing strain rate.
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(a) 1s1, 1123 K;

(b 1s 1, 1173 K;

Fig. 3 Optical microstructure after hot deformation

2.2 Work hardening characteristic in hot deformation

In the hot compression process of tested steel,
work hardening behavior occurs accompanied with
dynamic softening behavior such as dynamic recov-
ery and dynamic recrystallization. True stress-true
strain curves are able to show overall trend of stress
changes but limited to reflect the deformation mech-
anism sensitively. Therefore, the change rule of strain
hardening exponent in different stages is analysed by

Ludwik equation''" sl

and Crussard-Jaoul analysis
The Ludwik relation is expressed as:
c=o0,+Ke" (@D)
where, o, is yeild strength; K is material constants
and n is strain hardening exponent. The strain hard-
ening rate §, which is obtained from the differential

form of Eq. (1) with respect to €, is expressed as:

f=do/de=Kne" ' (2
The logarithmic form of Eq. (2) is:
In(de/de) =1nK +Inn+ (n—1)1ne (3)

According to the Hollomon equation and Eq. (3),
curves of n-e (Fig.4) and Crussard-Jaoul analysis
(Fig. 5) are plotted with deformation temperature of
1 423 K and strain rates of 0.1, 1, and 10 s ' based
on the experimental data.

At the beginning of deformation, n value in-
creases with increasing true strain. When deformed

at strain rates of 10, 1 and 0.1 s ', the peak values
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Fig. 5 Curves of C-J (Crussard-Jaoul) analysis at
deformation temperature of 1423 K

in n-e curves are 0. 30, 0. 25 and 0. 26 respectively,
corresponding to the true strains of 0. 0488, 0.0732
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and 0. 0830. However, the peak value corresponds
to less strain and the value is larger when strain rate
is 10 s '. The peak values at strain rates of 0. 1 and
1 s ' are close. It is attributed to the formation of
high density dislocation networks and dislocation
walls, which are caused by strong dislocation multi-
plication and delivery at high strain rate. In addi-
tion, dislocation movements are restrained by lattice
defects, and it will become stronger and stronger

18l consequently, n value

with increasing true strain
will become larger and larger.

Moreover, it will take less time to experience
the same deformation in high strain rate condition
than in low strain rate condition. So, the dynamic
softening behavior such as the combination and rear-
rangement of dislocations and the dynamic recovery,
progresses insufficiently, which makes a higher n
value. When the true strain gets to the critical strain
of DRX of each curve (Fig.5), the DRX will occur
and the n values begin to descend. As the true
strains increase to 0.39, 0.45 and 0.56 at strain
rates of 0.1, 1 and 10 s ' respectively, the effect of
strain hardening and dynamic softening is equivalent
and the n values equal to zero. With increasing the
true strains, the n values corresponding to the val-
ley strains are —0.22, —0.20 and — 0. 15 respec-
tively. After that, n values increase for the second
time. This is attributed to the increase of new dislo-
cations generated in the DRX grains with the in-
crease of true strains.

2.3 Constitutive equation of flow stress for GCrl15-
SiMn steel

It is known that the softening mechanism is
controlled by the thermally activated stored energy
developed during deformation, which induces differ-
ent DRX softening and work-hardening. The activa-
tion energy of DRX determines the critical condi-
tions for DRX initiation. To further investigate the
hot deformation behaviors of GCr15SiMn steel, it is
necessary to study the constitutive characteristics.
The Arrhenius equation is widely used to describe
the relationship between the strain rate, flow stress
and temperature, especially at high temperature. It
can also be formulated by Zener-Hollomon parame-
ter Z in an exponent-type equation as shown in fol-

lowing equation''’"**1,

Z=eexp[Q/(RT)] (4
It can also be expressed as:
_ [Agy’ oB/n,<<0.8 ()

N Bexp(fs,) oB/n,>1.2

where, Z is the temperature compensation strain
rate factor during hot deformation; A, B, f and n,
are material constants; € is strain rate, s '; Q the
activation energy of hot deformation, kJ * mol '; R
is the universal gas constant, 8.314 J » mol ' « K !
and T is the absolute temperature, K. If there is no
peak stress (6,), o, is replaced by o,.

Sellars and Tegart'**! confirm that the function
among stable flow stress, strain rate, and tempera-
ture can be expressed more suitably by the Arrhe-
nius relationship modified by hyperbolic sine function:

Z=¢cexp[Q/(RT)]=C[sinh(as,)]" (6)
where, C, « and n' are constants. The relationship
among a, (§ and n, is a=f/n,. From Egs. (4) and (5),
Eq. (7) can be obtained,

¢exp[Q/(RT)]=Bexp(Ss,) (7

Taking the logarithm of both sides of Eq. (7)
gives

o,=Ine/B+Q/(BRT)—1InB/B (8)

Then, at constant temperature, substituting
the values of the peak stress and corresponding
strain rate into Eq. (8) gives the relationship be-
tween the peak stress and strain rate (Fig. 6(a)). It
shows that the peak stresses can be approximated by
a group of parallel and straight lines in the hot de-
formation conditions. The values of B can be ob-
tained by Eq. (8) from the slope of the lines in the

o,-lne plots. In the same way, at constant strain
rate, the values of Q can be obtained by Eq. (8)
from the slope of the lines in the ¢,-T ' plots. The
mean values of 8 and Q can be computed as 0. 0553
MPa '(Fig. 6 (a)) and 304.056 k] « mol ' (Fig.6
(b)), respectively. Substitute 8 and Q into Eq. (8),
then B can be computed as 2. 304X 10°.

Substituting the value of Q into Eq. (4), Zener-
Hollomon parameter for GCr15SiMn steel can be re-
presented as follows:

Z =eexp[304056/(RT)]=C[sinh(as,)]" (9

Combining Eqgs. (4) and (5) gives

eexp[Q/(RT)]=Asw (10)

Taking the logarithm of both sides of Eq. (10)
gives

lnop=lné/no*1nA/noJrQ/(nORT) (1)

In the same way, the value of n, can be obtained

from the slope of the lines in the Ino,-Ire plots. As the
slope of the lines is approximately the same, the
value of n, can be obtained for different deformation
temperatures by linear fitting method, and a mean
value of n, can be computed as 6. 550 (Fig. 7). Then
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Fig. 6 Relationships between peak stress and deformation parameters

A can be fitted by Eq. (10) and is approximately
0.070. So a=f/n,=0. 00844 MPa ',

Taking the logarithm of both sides of Eq. (6)
gives

Ine :lnCJrn/ln[sinh(aap)]*Q/(RT) (12)

A mean value of n’ and C fitted from Eq. (12)
are 4. 700 and 1. 008X 10" respectively (Fig. 8).

Finally, substituting the values of @ s #n”» C and
Q into Eq. (9), the peak stress constitutive equation
of hot deformation for GCr15SiMn steel can be ex-

pressed as follows:

e =1.008X10"[sinh(0. 008 44¢5,) ]*" X

exp[ —304056/(RT)] (13)
5.4
1223 K
50
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S 4
e 1423
=
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Fig. 8 Relationships between Inz and In[sinh(es, )]

Also, Zener-Hollomon parameter for GCr15SiMn

steel can be represented as follows:

Z=cexp[304056/(RT)J=1.008X10'2 X
[sinh(0. 008 445,)]"" (14)
In the study of Yue et al. " and Yin et al. "'’ about
the flow behavior of GCrl5 steel, the hot deformation
activation energies are 351 and 439 kJ/mol, respective-
ly, while the Q value is 304. 056 kJ/mol in this study.
Compared with GCrl5 steel in Ref. [ 6] and
GCr15SiMn steel in this study, the mass percents of
Si and Mn are 0.24% and 0.55%, 0.36% and
1. 07% respectively. Li et al. ') have studied the in-
fluence of Mn content on dynamic recrystallization
of ferrite in low carbon steels. It shows that the in-
crease of Mn content in low carbon steel is unfavor-
able for the progress of dynamic recrystallization of
ferrite. However, under the deformation condition
that the progress of dynamic recrystallization of fer-
rite can occur completely, the increase of Mn con-
tent can promote the progress of dynamic recrystal-
lization. In this study, the increase of Si and Mn
contents in high-carbon chromium steel reduces the
hot deformation activation energy and promotes the
progress of dynamic recrystallization, which is prob-
ably due to that Si and Mn can accelerate the nuclea-
tion of dynamic recrystallization.

2.4 DRX Kkinetic model

From the critical strain, at which DRX is initia-
ted to steady state strain, new grains are formed at
deformation bands and grain boundaries of original aus-
tenite grains. During the following deformation, the dis-
locations multiplication caused by deformation and the
dislocations disappearance caused by DRX are con-
comitant. When the effects of strain hardening and
dynamic softening are dynamically balanced, flow
stress keeps constant with the increase of strain,
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and the DRX grains have equiaxed shape and keep
constant size®?' %1 The kinetics of DRX can be de-
scribed in terms of normal S-curves which can be ex-
pressed as a function of time. In constant strain
rates, time can be replaced by strain and the recrys-
tallized fraction can be described by Avrami equa-

[24,25

tion I. Thus, the evolution of microstructure af-
ter DRX can be predicted by the following equation:

Xorx=1—exp{—[(e—e)/e" "} (15)
where, Xprx 1s the volume fraction of dynamically
recrystallized grain; m is the Avrami's constant; e.
is critical strain and €* is the strain for maximum

softening. The expression is modified from the Avra-

mi's equation. It indicates that X prx depends on the
strain and other deformation conditions.

The data of true stress-true strain curve after
the peak stress point were used to calculate DRX
softening rate (§ = do/de versus o) plots (Fig. 9).
The maximum softening rate corresponds to the
negative peak of such plot. The critical strain and
the strain for maximum softening rate could be con-
sidered with a function of dimensionless parameter
Z/A (Fig.10). The function expressions linearly
fitted by the method of least squares are |e* | =
0.77168(Z/C)*"" and |e.| =0.34561(Z/C)* %%,

m is identified with a hypothesis X prx =1. It means

150 ® ©
100 | 1323 . 323\ 1173 . 1323 14173
1423K\ \ "1 993\ \1173\1123 1423K 1123 1423K )
sol ‘ I 1223 I 1223 11123
£=0.410 . .
S 5l 0.664 £=0.718 0.855 0,874 £=0.869 2,
50 0.737 0.776 0.898 0.815 083 oot
ol 0.791 I 0.897
~150 . . . . , , , ‘ 0.857
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o/MPa
(a) 0.1s 1 (b) 1s 1 (¢) 10 s 1.

Fig. 9 Plots of @ (do/de) versus & after the peak points of the true stress-true strain curves at

different deformation temperatures and strain rates
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Fig. 10 Relationship between the dimensionless parameters

that the flow stress reaches a steady state, and the
complete DRX grains have equiaxed shape and keep
constant size. From the true compressive stress-true
strain curves (Fig. 1) and 8 versus ¢ plots (Fig. 9),
such deformation conditions can be identified as
shown in Table 1. Substituting these deformation
conditions corresponding to Xprx =1 into Eq. (14),
the mean value of m can be obtained as 8.13913.
Thus, the kinetic model of DRX calculated from
true compressive stress-strain curves can be ex-
pressed as Table 2.

Table 1 Deformation strain corresponding to X prx =1
€ T/K ¢/s !
0.94—1.00 1223 0.1
0.83—1.00 1323 0.1
0.64—1.00 1423 0.1
0.89—1.00 1323 1
0.71—1.00 1423 1

Table 2 Kinetic model of DRX calculated from true
compressive stress-strain curves

Volume fraction of dynamically
. . Exponent
recrystallized grain

le* | =0.77168(Z/C)0 0774
le.|=0.34561(Z/C)°- 05702

Xprx=1—exp{ —[(e—e)/e" "} Z=¢exp[304056/(RT)]
C=1.008%10'
m=8.3194

The effect of deformation conditions on the volume
fraction of DRX according to the calculation results
of this model is shown in Fig. 11. It shows that with
the increase of true strain, the volume fraction of
DRX increases and reaches a constant value of
100% , which means the completion of DRX process.
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The DRX is thermally activated so that the X pgx in-
creased with temperature for a specific strain rate.
However, for a fixed temperature, the Xprx decreased
with strain rate. This effect can be attributed to de-

creased mobility of grain boundaries (growth kinetics)
with increasing strain rate and decreasing tempera-
ture'®. Thus, higher strain rates and lower tempera-
tures delay the occurrence of DRX as metal deforming.

100 ()

80

60

Xprx/%

40

20

© o 7
L 1423 K [1323 123
r 1123

(a) 0.1 Sfl;
Fig. 11

3 Conclusions

(1) In the present deformation conditions of
GCr15SiMn steel, the curves of strain hardening ex-
ponent and the true strain at deformation tempera-
ture of 1423 K have single peak and single valley at
strain rates of 0.1, 1 and 10 s '. During the work-
hardening process, dislocation strengthening is the
major work-hardening mechanisms of the tested steel.

(2) By means of least square method, the ex-
perimental data are regressed by using linear method. Q
and n' are obtained to be 304. 056 kJ/mol and 4. 700,

respectively, and Z =cexp[ 304056/ (RT)]=1.008 X
10 [sinh (0. 008445,)]"". The peak stress constitutive

equation of hot deformation for GCr15SiMn steel is e =
1. 008 X 10" [ sinh (0.008440,)]"" exp [ — 304056/
(RT)Y].

(3) The increase of Si and Mn contents in
high-carbon chromium steel reduces the hot deform-
ation activation energy and promotes the progress of
dynamic recrystallization.

(4) The strain for maximum softening rate
and the critical strain were described by the func-
tions of dimensionless parameter, Z/A. The evolu-
tion of DRX volume fraction was characterized by
the modified Avrami type equation including the pa-
rameters Q, Z/A, e.and e”.
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