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The compression deformation of 30Cr2Ni4MoV steel at different temperatures and strain rates is carried out on
Gleeble 1500 thermal mechanical simulation tester. Based on the experimental flow curves, the strain
hardening rate curves ( = d/d versus ) are derived, from which the characteristic stresses and strains
are identified. Meanwhile, the dependences of the characteristic stresses and strains on Zener-Hollomon
parameter are determined and the results show that the value of the critical stress of dynamic recrystallization is
close to the value of the steady stress. With the aid of the experimental flow curves, the Avrami equation is
employed to describe the kinetics of dynamic recrystallization. The time exponent (n) is expressed as a power
law function of Zener-Hollomon parameter and the Avrami constant (k) is determined as a function of half
of the time for the complete dynamic recrystallization (t50). Furthermore, a constitutive model is presented
based on the rule of mixtures when the dynamic recrystallization occurs. Validation of the constitutive model is
implemented and the simulated results agree well with the experimental results.
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1. INTRODUCTION

30Cr2Ni4MoV steel is widely used in ultra-super-critical
power cycle generator production for its good property bal-
ance of strength, toughness and wear resistance. On account
of the strict property requirement in the course of generator
serving, it is necessary to precisely control the microstructure
in the forging process. Limited by the large volume and quality,
it is impossible to detect the microstructure evolution in time,
so a systematic investigation including the stress performance,
dynamic recrystallization (DRX) initiation, DRX kinetics model
and the constitutive model is necessary for the quality control
of the final product.

When the metal is subjected to plastic deformation at high
temperature larger than half melting temperature, 0.5 Tm [1,2],
DRX is the main approach of microstructure control and
property improvement. Depending on the stacking fault energy
(SFE) and deformation temperature [1], DRX is classified into
discontinuous dynamic recrystallization (dDRX) and contin-
uous dynamic recrystallization (cDRX). dDRX generally occurs
during the hot deformation of metals, in which the dynamic
recovery cannot take place with easy, with low to medium SFE
[3-5]. On the other hand, in the high SFE metals, only cDRX

operates when they are deformed at high temperature [6-8].
For the 30Cr2Ni4MoV steel used in this research, dDRX,
which is characterized by a two-step process including nucle-
ation and growth, takes place in the process of compression
deformation at high temperature. Many researches have been
carried out on the characteristic of dDRX in terms of flow
curve appearance, dDRX initiation, microstructure evolution
and recrystallization kinetics model [9-20]. Typical appearance
of flow curves of dDRX is obtained and the effects of tem-
perature, strain rate and grain size on the appearance of the
flow curves are discussed [9-11]. Based on the experimental
flow curve, the work hardening rate curve is derived and the
characteristic points are identified from the work hardening
curve. It has been pointed out that the characteristic stresses
and strains, which include the yield stress (0), the critical
stress (c) and strain (c) of dDRX, the peak stress (p) and
strain (p) of dDRX, the steady stress (s) and the saturation
stress (sat) of DRV, can be expressed as functions of tem-
perature and strain rate [12-16]. Furthermore, the micro-
structure evolution of dDRX that the nuclei initially appear
along the original grain boundaries followed by the nuclei growth
is investigated [1,2,16]. Combining with the flow curves obtained
in the experiment, the Avrami relation which is widely used
in the description of static recrystallization (SRX) is employed
to determine the kinetics model of dDRX. [13,14,16-20]. In
the case of constitutive modeling, the hyperbolic sine-typed
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Arrhenius equation is widely employed in metals and alloys
[13,15].

In recent years, many researchers have investigated the hot
deformation behavior of the 30Cr2Ni4MoV steel. While study-
ing the dDRX and meta-dynamic recrystallization (mDRX),
Chen et al. discussed the effects of strain rate, temperature
and initial grain size [21,22]. Liu studied the microstructure
evolution of 30Cr2Ni4MoV steel during multi-pass hot deforma-
tion [23]. Nevertheless, the dependences of characteristic points
mentioned above on the temperature and strain rate have not
been discussed and no constitutive model is proposed. 

In this article, the characteristic stresses and strains are identi-
fied from the strain hardening curves which are derived from
the experimental flow curves. The dependences of the above
characteristic stresses and strains on temperature and strain
rate are discussed. Besides of that, the kinetics model of DRX
is determined and both the time exponent and the Avrami
constant are expressed as functions of temperature and strain
rate. With the aid of the DRX kinetics model, a new constitutive
modeling method is proposed and the validation of this model is
implemented. It is shown that the simulated results agree
well with the experimental results.

2. EXPERIMENT PROCEDURE

The 30Cr2Ni4MoV steel used in this research was directly
sampled from 600t ingot with a composition of 0.28C-0.02Mn-
0.01Si-0.003P-0.003S-1.72Cr-0.41Mo- 3.63Ni-0.11V- (bal.)
Fe, all values given in wt%. Compression specimens 12 mm
in length and 8 mm in diameter were machined. 

The machined cylinder samples were compressed on Gleeble-
1500 thermal mechanical simulation tester with Ta piece between
sample head and punch head to minimize the friction and
avoid the sticking problem. In order to realize the same initial
grain size and homogeneous microstructure, the specimens
were firstly reheated to 1200 °C for 5 min [24]. The initial

austenite grain size is 196 μm as shown in Fig. 1. After the
structure uniformity, the samples were cooled to the defor-
mation temperature and compressed to a strain of 0.7. The
details of the design of experiment are shown in Table 1. 

3. RESULTS AND DISCUSSION

3.1. Flow curves of hot compression deformation
The experimental flow curves are fitted with a seventh order

polynomial and smoothed from the yield strain (0) which is
identified on the flow curve in terms of a 2% offset (removing
the elastic deformation) in the total strain [20]. The corre-
sponding stress to yield strain is the yield stress (0). Figure 2
shows an example of experimental flow curve together with
its fitted and smoothed curve. 

When the 30Cr2Ni4MoV steel is subjected to compres-
sion deformation at elevated temperature higher than 0.5 Tm,
the DRX is the main softening mechanism once the stress
exceeds the critical stress of DRX [1,2,25], c. Typical experi-
mental flow curves are shown in Fig. 3. It is clearly that the
stress increases with the increasing strain and the work hard-
ening rate gradually decreases, which is caused by the occur-
rence of DRX and DRV, until there is a significant peak, p.
Then the stress decreases with increasing strain until the
steady stress (s), which can be identified as the balance between
work hardening and dynamic softening, is attained. 

The effect of the strain rate on the appearance of the flow

Fig. 1. Austenite microstructure after reheating at 1200 °C and 5 min
soaking.

Table 1. Design of experiment pertaining to the 30Cr2Ni4MoV steel

T (C)  (s-1)
1200, 1150 0.01, 0.1, 0.25, 0.5, 1
1100, 1050 0.01, 0.1, 0.25, 0.5

1000 0.01, 0.1

·

Fig. 2. An example of experimental flow curve together with its fitted
and smoothed curve.
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curves is illustrated in Fig. 3(a) and the influence of the tem-
perature on the flow stress is shown in Fig. 3(b). It is obvi-
ously that the flow stress is affected by both the deformation
temperature and strain rate, which are combined in the
Zener-Hollomon parameter expressed by Eq. (1) [1]. 

(1)

where  is the strain rate, T is the temperature, R is the gas
constant that equals to 8.314 Jmol-1 K-1 in this study and Q
is the activation energy which is calculated with the method
mentioned in Ref [13,15]. The value of Q is equal to 374.92 kJ/
mol.

The behavior of the flow stress appearance can be attributed
to the competition between the strain hardening and dynamic
softening resulted from DRV and DRX. When the steel is
compressed at high temperature and low strain rate, it is easy
for the dislocation climb and cross-slip, as well as the grain

boundary mobility, which makes it more possible for the occur-
rence DRV and DRX. So the flow stress decreases with the
increasing temperature and decreasing strain rate. On the con-
trary, low temperature and high strain rate restrain the growth
of DRX grains and enhance the work hardening effect. Thus,
the flow stress increases accordingly.

3.2. Characteristic stresses and strains
3.2.1. Characteristic stresses and strains identification

When the DRV and DRX take place, there are some char-
acteristic points which include the yield stress (0), the criti-
cal stress (c) and strain (c) of DRX, the peak stress (p) and
strain (p) of DRX, the steady stress (s) and the saturation
stress (sat) of DRV. The plot of strain hardening rate with
respect to stress ( = d/d versus ), derived from the fitted
and smoothed flow curve, is employed to determine the above
stresses and strains in this study [15,20,25]. Figure 4 shows
an example of  curve together with the characteristic
points when the strain rate is 0.25 s-1 at 1100 °C. At the initial
stage of the deformation, the work hardening rate decreases
with the increasing stress until the inflection point, which can
be identified as c, is attained. Then the work hardening rate
drops more rapidly, which is resulted from the occurrence of
the DRX, to zero. The corresponding stress represents p.
With further increasing strain, the work hardening rate con-
tinues to drop to the minimum and then increase to zero
again, which implies that the s is attained. Additionally, the
dash line extrapolated from the linear part before c is assumed
as the work hardening rate caused by DRV alone. When the
assumed work hardening rate reaches zero, the sat is attained.
As long as the c and p are determined, the corresponding
strains (c and p) can be identified from the flow curves. 

As outlined above, it is important to accurately identify c

for the determination of sat. Various models have been pro-
posed to predict the initiation of DRX [25-28]. In this research,

Z ·exp Q/RT =

·

Fig. 3. Typical flow curves under different deformation conditions: (a)
the effect of strain rate on the flow stress, T = 1100 °C; (b) the influ-
ence of temperature on the flow stress, = 0.25 s-1.·

Fig. 4. Work hardening rate with respect to stress: determination of c,
p, s and sat.
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the method proposed by Poliak and Jonas in 1996 [25] is used
on account of it’s widely application without the limitation
of strain rate [29] and testing mode, i.e. tension, compression
and torsion [30]. Three steps are involved in the c determi-
nation: firstly measuring the work hardening rate ( = /),
then taking the derivative of  with respect to stress (/)
and finally plotting the negative value of / versus stress.
The inflection in the curve, the local minimum, indicates the
initiation of DRX. Figure 5 shows an example of (/)
diagram when the deformation temperature is 1100 °C with
a strain rate of 0.01 s-1. With the method described above, all

the characteristic stresses and strains are calculated and listed
in Table 2.

3.2.2. Critical strain and peak strain of DRX
With the method described above, typical (/)

plots for the determination of c at different deformation
conditions are shown in Fig. 6. The effects of deformation
temperature and strain rate on c are illustrated in 6(a) and (b),
respectively. It is found that the c increases with the decreasing
temperature and increasing strain rate, i.e. low value of Z. So
it is reasonable that the c, as well as the p, can be described
as a function of Z, [12,31].

Figure 7 shows the plots of the c and p versus Z. By
regression analysis, the dependences of c and p on Z can be
expressed as Eqs. (2) and (3), respectively. 

(2)

(3)

Furthermore, it has been pointed out that the relationship
between c and p can be described as follows [32,33]:

(4)

where C is the constant. By substituting the values of c and
p as listed in Table 2 into Eq. (4) and regression analysis
(Fig. 8), the value of C is calculated to be equal to 0.49. The
value of C is located in the range reported previously for steels
which is between 0.3 to 0.9 [20,33-37]. Therefore, the rela-
tionship between c and p can be expressed as follows: 

(5)

c 1.07*10 3–
*Z0.158=

p 1.38*10 3–
*Z0.173=

c Cp=

c 0.49p=

Fig. 5. An example of the critical stress of DRX identification (T =
1100 °C, = 0.01 s-1).·

Table 2. Values of characteristic strains and stresses at different deformation conditions

T (C)  (s-1) c p 0 (MPa) c (MPa) p (MPa)  s (MPa) sat (MPa)
1200 0.01 0.06 0.11 28 35 38 35 42

0.1 0.1 0.18 36 48 52 40 59
0.25 0.12 0.22 39 56 62 51.2 69
0.5 0.13 0.26 41 62 69 59 75
1 0.15 0.31 41 63 77 65.5 86

1150 0.01 0.065 0.13 32 40 45 40 53
0.1 0.1 0.23 40 55 62 51 72
0.25 0.13 0.27 44 66 74 64 80
0.5 0.15 0.31 45 71 79 69 85
1 0.17 0.34 48 80 86 83 91

1100 0.01 0.09 0.18 31.5 46.5 53 42.5 61
0.1 0.13 0.28 41.5 64 75 63 80
0.25 0.16 0.33 46 74 82 76 89
0.5 0.19 0.38 49 88.5 93 90 97

1050 0.01 0.12 0.21 36 57.5 64 52.5 73
0.1 0.16 0.33 51 81 90 81 97
0.25 0.2 0.38 54 91 99 86 104
0.5 0.2 0.45 61 100 110 102 115

1000 0.01 0.14 0.25 45 70 79 65 87
0.1 0.19 0.42 56 95 106 95 111

·
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3.2.3. Characteristic stresses (0, c, p, s and sat)
Jorge Jr. and Balancin proposed that the mechanical parame-

ters can be described by a simple power-law equation with respect
to Z [38]. Figure 9(a) shows the dependences of 0, c, p and

Fig. 6. Typical determination of c at different deformation condi-
tions: (a) the effect of temperature on c, = 0.1 s-1; (b) the influence
of strain rate on c, T = 1150 °C.

·

Fig. 7. The dependence of c and p on Z.

Fig. 8. Relationship between c and p.

Fig. 9. (a) The dependence of 0, c, p and sat on Z; (b) Dependence
of 0, c, and sat on p.
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sat on Z. By regression analysis, the following equations are
developed:

(6)

(7)

(8)

(9)

For modeling purpose, Jonas et al. studied the depen-
dences of 0, c, s and sat on p, as the latter is more read-
ily measurable. They found that the derived quantities of 0,
c, s and sat can be able to express as ratios of p [20]. As
shown in Fig. 9(b), the values of 0, c, and sat are expressed
as ratios of p and The following equations give a good fit to
the data:

(10)

(11)

(12)

Additionally, the relationship between s and c is dis-
cussed in this study as shown in Fig. 10. By regression anal-
ysis, the relationship can be expressed as follows:

s = 0.99c (13)

It is of interest that the coefficient is close to one. The DRX
begins to occur when the stress reaches c and the DRX is
accomplished when the s is attained. From the relation
between s and c, it can be concluded that the DRX cannot
take place in the recrystallized grains unless the stress is higher
than c. In other words, the c can be considered as the satu-
ration stress of the recrystallized grains.

3.3. DRX kinetics
It has been pointed out that the DRX takes place when the

stress is larger than the c in a sigmoidal manner [1,2], which
include incubation period, acceleration and steady stage. Usu-
ally, the Avrami equation is used to describe the kinetics of
DRX as follows [20,39,40]:

(14)

Here Xdrx is the volume fraction of DRX, k is the Avrami
constant and n is the time exponent. In order to finally
determine the Xdrx, the dependences of k, n and c on tem-
perature and strain rate are necessary. The c has been
expressed as a function of Z as described in Sec. 3.2.2.

Taking the logarithm of both sides of Eq. (14), it leads to:

(15)

As long as the Xdrx can be determined, the values of k and n
can be calculated by regression analysis from Xdrx = 0.1 to
Xdrx = 0.9 as shown in Fig. 11 [20]. The Xdrx can be calculated
by either metallographic measurement or flow curve analysis.
Since the austenite is not stable at room temperature for
30Cr2Ni4MoV steel [24], it is difficult to observe the micro-
structure evolution by metallographic measurement. Therefore,
the Xdrx is obtained from the flow curves analysis in this research.

When the 30Cr2Ni4MoV steel is deformed at high tem-
perature, DRV and DRX take place simultaneously as the
softening mechanism. As pointed out in Ref. [40], the stress
can be expressed using the rule of mixtures when the DRX
occurs:

(16)

Here  is the stress of the deformed steel, wh is the stress
pertaining to the work hardening grains and  is the average

c 1.85*Z0.10=

c 0.78*Z0.15=

p 1.03*Z0.14=

sat 1.84*Z0.12=

0 0.57p=

c 0.90p=

sat 1.08p=

Xdrx 1 exp ktn– – 1 exp k  c– /· – n –= =

1/ 1 Xdrx–  ln ln kln n tln+=

 1 Xdrx– wh rex Xdrx+=

rex

Fig. 10. The relationship between s and c.
Fig. 11. Determination of the value of n and k from the Avrami plot
using the range of Xdrx between Xdrx = 0.1 to Xdrx = 0.9.
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stress of the grains in which DRX has taken place. Therefore,
Xdrx can be calculated by converting Eq. (16) into the fol-
lowing form:

(17)

The wh and  can be expressed as follows [39,40]:

(18)
 

(19)

where r and r' are the work hardening rate pertaining to the
work hardening grains and dynamic recrystallized grains,
respectively. The values of r and r' can be calculated from
the 2 2 plots which are derived from the experimental
flow stress curves. The specific method can be found in X.
Quelennec’s work [40]. All the values of r and r' at different
deformation conditions are determined and listed in Table 3.
Figure 12 schematically illustrates the curves of wh,  and
experimental flow curve (exp) at a certain deformation con-
dition. With the aid of the above three stress curves, the values
of Xdrx at different deformation conditions can be calculated.
By substituting the values of Xdrx into Eq. (15) and linear regres-
sion analysis, we obtain the values of k and n at different
deformation conditions as listed in Table 4. Figure 13 shows a
series of typical -int plots at different
deformation conditions.

The values of n at different deformation conditions with
respect to Z are illustrated in Fig. 14. By power regression,

the n can be expressed as a function of Z.

(20)

In the case of k simulation, it is much more complex in
comparison with n. In this study, the t50, half of time for com-
plete dynamic recrystallization, is employed which can be
expressed as follows [20]:

(21)

Here A is the material constant, d0 is the initial grain size, v

Xdrx wh – / wh rex– =

rex

wh sat sat 0– exp r  0– – –=

rex c c 0– exp r  0– – –=

rex

1/ 1 Xdrx–  ln ln

n 12.026*Z 0.045–=

t50 Ad0
v– exp Qdrx/RT *·

q–=

Table 3. The values of r and r' at different deformation conditions

T (C)  (s-1) r r'
1200 0.01 13.72 19.50

0.1 7.90 11.90
0.25 7.50 11.29
0.5 7.34 10.62
1 6.22 9.15

1150 0.01 8.74 15.31
0.1 6.00 10.32
0.25 6.96 10.42
0.5 6.90 9.82
1 6.48 8.33

1100 0.01 7.84 13.36
0.1 6.08 10.69
0.25 6.36 9.18
0.5 7.16 8.54

1050 0.01 7.08 9.22
0.1 7.28 11.76
0.25 6.20 8.88
0.5 6.26 8.17

1000 0.01 7.38 8.96
0.1 7.66 11.76

·

Fig. 12. Schematic diagram of an experimental stress (exp), work
hardening stress (wh) and average dynamic recrystallization stress
(  evolution with respect to strain. rex

Table 4. The values of n and k at different deformation conditions

T (C)  (s-1) n k
1200 0.01 3.900 0.00018

0.1 3.402 0.26100
0.25 3.131 2.41778
0.5 3.272 9.04634
1 2.971 37.21791

1150 0.01 3.431 0.00015
0.1 3.106 0.08350

0.25 3.316 0.84967
0.5 3.123 5.15244
1 2.807 18.15725

1100 0.01 3.216 0.00011
0.1 2.874 0.06910

0.25 3.037 0.46134
0.5 2.949 1.88859

1050 0.01 2.959 0.00009
0.1 3.006 0.02927

0.25 2.594 0.28383
0.5 2.700 0.95000

1000 0.01 3.043 0.00008
0.1 2.606 0.01625

·
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is the grain size exponent, q is the strain rate exponent and
Q is the activation energy associated with DRX mentioned
above.

In view of the  and q in Eq. (21) is
constant when the temperature is fixed [20], t50 can be
regarded as a power-law function of . The values of t50 at
different deformation conditions can be obtained from the

-int plots when the Xdrx is equal to 0.5.
Figure 15(a) shows the dependence of t50 on  at different
deformation temperatures. The values of 
and -q can be obtained from the pre-exponential factor and
the exponent, respectively. The dependence of deformation
conditions can be obtained from the  on
temperature is illustrated in Fig. 15(b). Figure 15(c) shows the
dependence of -q on temperature. By linear regression, the
dependences of  and -q on temperature
can be obtained as follows:

= (22)

(23)

Then the k can be expressed as Eq. (24):

Ad0
v– exp Qdrx/RT 

·

1/ 1 Xdrx–  ln ln
·

Ad0
v– exp Qdrx/RT 

Ad0
v– exp Qdrx/RT 

Ad0
v– exp Qdrx/RT 

Ad0
v– exp Qdrx/RT  1.97– *10 3–

*T 2.60+

q– 2.93– *10 4–
*T 0.43–=

Fig. 13. Typical plots of -int  at different defor-
mation conditions.

1/ 1 Xdrx–  ln ln

Fig. 14. Dependence of n on Z of the 30Cr2Ni4MoV steel.

Fig. 15. (a) The dependence of t50 on strain rate at four different
deformation temperatures; (b) Dependence of pre-exponential factor
( ) of t50 on deformation temperature; (c) Depen-
dence of –q on deformation temperature.
Ad0

v– exp Qdrx/RT 
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(24)

In order to verify the accuracy of the simulated values of k,
the comparison between the experimental ks and predicted
ks is illustrated in Fig. 16. It is shown that the predicted val-
ues of k agree well with the experimental values of k. It should
be pointed out that the extrapolated values of k are also shown
in Fig. 16 when the deformation temperature is above Ae3
(810 °C) [24].

Till now, all the parameters needed for the determination
of Xdrx have been expressed as functions of deformation tem-
perature and strain rate. It should be noted that the peak
strain p is absence in Eq. (25). So it is possible to predict the
dynamic recrystallization fraction as long as the strain reaches
the critical strain.

(25)

3.4. Construction of constitutive model
As described by Eq. (16), as long as the wh,  and Xdrx

can be expressed as functions of temperature, strain rate and
strain, the constitutive model of 30Cr2Ni4MoV steel can be
obtained. In Sec. 3.3, the Xdrx has been expressed as a function of
temperature, strain rate and strain (Eq. (25)). The dependences of
sat, 0, c, and c on temperature and strain rate has been
obtained in Sec. 3.2. Provided the r and r' can be described
as functions of temperature and strain rate, the wh and 

can be expressed as functions of temperature, strain rate and
strain. The values of r and r' at different deformation condi-
tions have been determined as shown in Table 4 and all the
values are plotted in Fig. 17 with respect to Z. The data can
be fitted as follows:

(26)

(27)

Till now, all the parameters needed for the determination
of the constitutive model of 30Cr2Ni4MoV has been expressed
as functions of temperature, strain rate and strain. In order to
validate the accuracy of the constitutive model, the compari-
son between the simulated stress and the experimental stress
is implemented as shown in Fig. 18. It can be seen that the
model results agree well with the experimental flow curves. 

k 0.693/t50
n=

Xdrx 1 exp –=

0.693

1.97– *10 3–
*T 2.60+ *· 2.93– *10 4–

*T 0.43– 
-----------------------------------------------------------------------------------------------------------------–





*
 1.07*10 3–

*Z0.158 –
·

--------------------------------------------------- 
 12.026*Z

0.045–





rex

rex

r 6.619 7.4*109
*Z 0.8–+=

r 8.196 3.7*105
*Z 0.4–+=

Fig. 16. Comparison between the values of k obtained from experi-
ment and simulation. 

Fig. 17. The dependence of r and r' on Z.

Fig. 18. Comparison between simulated flow stress and experimental
flow curves.
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4. CONCLUSION

The hot deformation of 30Cr2Ni4MoV steel has been car-
ried out in order to investigate the DRX behavior and construct
the constitutive model. All the characteristic stresses and strains
identified from the work hardening rate curves are expressed
as functions of Z parameter. It is of interest that the values of
s are close to 0. By combining the Avrami equation with
the stress loss resulted from the DRX, the kinetics model of
DRX, in which the p is absence, is determined. Based on the
kinetics model of DRX and the obtained characteristic stresses
and strains, the constitutive model of 30Cr2Ni4MoV steel
during hot deformation is established. It is shown that the
predicted results are in good agreement with the experimen-
tal results.
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