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To obtain the post-recrystallization behaviors of a micro-alloyed forging steel, isothermal interrupted hot compression tests 
were performed on a Gleeble thermo-mechanical simulator. Double hit schedules were used for compression testing in the 
following temperature ranges: 1000 ℃-1150 ℃ for deformation, 0.01 s-1-10 s-1 for strain rate, and 0.5 s-20 s for inter-pass 
duration. To investigate the transition between static and metadynamic recrystallization, three distinct pre-strains (0.32, 0.40, 
and 0.48) were performed in the initial compression. According to experimental results, the post-recrystallization softening 
behaves di�erently depending on the imposed pre-strain and becomes strain-independent as the deformation temperature 
rises, which suggests that the transition and metadynamic recrystallization are included in the post-recrystallization for the 
steel under the deformation conditions above. Then, a model was constituted to predict the kinetics of the transition, while 
accounting for strain-dependence compensation. The assessed outcomes suggest that the proposed constitutive model may 
provide a precise prediction for the kinetics of the transition in the micro-alloyed forging steel.
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Introduction

In hot forming operations, metal can undergo three 
common softening mechanisms: dynamic recrystallization 
(DRX) during deformation, metadynamic recrystallization 
(MDRX), and static recrystallization (SRX) during inter-
pass periods [1-9]. Usually, when the critical strain εc is 
reached, DRX will occur. So, DRX is strain-dependent 
significantly. The critical strain is related to the strain 
for the peak stress in the flow curve, called peak strain 
εp. The deformation temperature and strain rate have 
a significant influence on the peak strain during the 
deformation process. It is well documented that SRX 
acts as the primary post-recrystallization softening 
process in modeling hot working if the pre-strain during 
deformation is smaller than εc. If the pre-strain during 
deformation is greater than εc, MDRX is caused by the 
continuous growth of nuclei generated as a result of DRX 
between deformation passes. The majority of researchers 
approved that strain rate had less of an impact on SRX 
than pre-strain and deformation temperature [10-13]. 
Conversely, strain rate was the main factor influencing 
the kinetics of MDRX, with deformation temperature 
having a minor impact but no bearing on pre-strain [14-
19].

Actually, the post-recrystallization is divided into 

SRX and MDRX within a pre-strain range, εc-εT. At 
pre-strains under εc, the classical SRX performs as the 
post-recrystallization softening mechanism. There is a 
transition where both SRX and MDRX are involved in 
the pre-strain range of εc-εT. Only MDRX takes place 
after εT is applied. These phenomena were observed 
by Bai [20] and Uranga [13] by studying the post-
recrystallization softening mechanism in Nb microalloyed 
steel. Bai obtained a relationship of εT =1.5εp. Uranga 
derived a combined model to predict the kinetics of 
post-recrystallization for the pre-strain range based on 
the contributions of both SRX and MDRX. However, 
a great deal of experiments are needed to investigate 
SRX behaviors. Furthermore, because of significant 
delays between both kinetics [12], the combined model 
is very complicated for employing computer program 
to simulate the behavior of materials. Therefore, it is 
essential to further study the kinetics of the transition and 
constitute a convenient and accurate model to predict the 
kinetics of the transition.

A micro-alloyed forging steel, which is widely used in 
hot forging automotive, is studied in this investigation. 
The softening mechanisms are obvious during the 
hot forming process. So, isothermal interrupted hot 
compression experiments are applied to examine the 
post-recrystallization behaviors of the steel. The effects 
of pre-strain on the kinetics of post-recrystallization were 
discussed. Then, the model was developed to predict 
the kinetics of the transition between SRX and MDRX 
while taking strain dependence into account. Finally, 
an additional evaluation of the proposed constitutive 
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model’s accuracy was conducted.

Material and Experimental Method

This study’s material is a type of forging steel with 
a representative micro-alloy. The material is widely 
employed for hot forging automotive components. The 
primary advantages of this type of steel, aside from its 
excellent strength, hardness, and wear resistance, are 
economical and environmentally friendly production 
methods, for its important strength and toughness 
improvements are mostly obtained by utilizing elements 
like Nb, Ti, V and controlled rolling or forging [21]. 
Table 1 provides the chemical composition of the 
material. Isothermal interrupted hot compression tests 
were performed on cylindrical specimens measuring 8 
mm in diameter and 12 mm in height to examine the 
post-recrystallization behaviors.

Employing a Gleeble thermo-mechanical simulator, 
the isothermal interrupted hot compression experiments 
were carried out. To reduce the level of friction between 
the anvils and the specimens’ end faces, graphite was 
applied to their end faces. A schematic diagram of the 
compression process is displayed in Fig. 1. To ensure 
that all the specimens’ initial grain sizes matched one 
another, the specimens were heated to 1200 °C at a rate 
of 10 °C/s and kept there for 300 seconds before being 
compressed. After that, in order to determine the SRX 
and MDRX under the deformation conditions of the hot 
forming process, the specimens were cooled at a rate 
of 10 °C/s to deformation temperatures (1000 °C, 1050 
°C, 1100 °C, and 1150 °C), and they were kept there 
for 30 seconds to eliminate the temperature gradient. 
Subsequently, the initial compressions were performed 

at four different strain rates (0.01 s-1, 0.1 s-1, 1 s-1 and 
10 s-1). Three different pre-strains (0.32, 0.40, and 0.48), 
which are greater than εc, in the initial compression were 
applied to describe the transition between SRX and 
MDRX. Naturally, the initial deformation is less than 
the steady-state strain (about 1.5εp) and above the critical 
strain for DRX. Following, the specimens were released 
from the load and kept at the deformation temperatures 
for several intervals of durations (0.5, 1, 2, 5, 10, and 20 
seconds) to facilitate post-recrystallization. Subsequently, 
the specimens performed a 0.1 strain application to 
start the second compression. The strain rates and 
deformation temperatures were similar to those of the 
initial compression. Immediately following the second 
compression, the specimens underwent quenching to 
maintain the austenite microstructures’ grain boundaries.

Results

Flow stress-strain curves
Figure 2 illustrates the picked flow stress-strain curves 

that were acquired during the micro-alloyed forging 
steel’s isothermal interrupted hot compression tests at 
various inter-pass durations, deformation temperatures, 
strain rates, and pre-strains. Fig. 2(a) shows that, in 
general, the yield stress in the second compression 
falls as the inter-pass duration increases. This indicates 
that, with increasing inter-pass time, significant post-
recrystallization occurred. The yield stress in the second 
compression equals that of the initial compression as 
the inter-pass duration increases to 10 s, indicating full 
post-recrystallization [18, 22, 23]. Furthermore, as Fig. 
2(b) and (c) demonstrate, the flow stress is found to be 
sensitive to both strain rate and deformation temperature. 
At the other fixed experimental conditions, there is a 
noticeable decrease in the flow stress level with increasing 
deformation temperature or decreasing strain rate. Fig. 
2(d) displays the flow stress-strain curves at different 
pre-strains with a deformation temperature of 1000 ℃. 
It is evident that, under the other set of experimental 
circumstances, the yield stress in the second compression 
normally falls as the pre-strain increases.

Softening curves
The yield stress at high temperature is a sensitive indicator 

of structural alterations, which is the foundation of the 
interrupted deformation approach. The post-recrystallization 
softening fraction was measured in this work using the 
0.2% offset yield strength. The following formula is used 
to calculate the softening fraction X [24-27]:

Table 1. The chemical composition of the material (wt.%).
C Si Mn P S Cr Al Cu Ti V

0.450 0.650 1.400 0.015 0.030 0.200 0.020 0.150 0.015 0.100

Fig. 1. Schematic diagram of the compression process.
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Fig. 2. Flow stress-strain curves for various inter-pass durations (a), deformation temperatures (b), strain rates (c), and pre-strains 
(d) in the isothermal interrupted hot compression tests.

Fig. 3. Post-recrystallization softening curves under different deformation conditions. 1000 ℃, (b) 1050 ℃, (c) 1100 ℃, (d) 1150 ℃. 
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where the flow stress at the end interruption is 
represented by σm, the 0.2% offset yield flow stress 
in the initial compression is denoted by σ1, and in the 
second, by σ2. Eq. (1) can be utilized to ascertain the 
steel’s post-recrystallization softening fraction by using 
the flow strain-stress data that was acquired. Plotting 
the softening fraction versus the inter-pass duration 
for three distinct pre-strains at a strain rate of 1 s-1 is 
demonstrated in Fig. 3(a-d). According to Fig. 3(a), the 
MDRX softening fraction at the inter-pass duration of 
0.5 s is only 39.3% at the pre-strain of 0.32 and rises 
to 53.5% at the pre-strain of 0.48. The complete post-
recrystallization softening occurs at the inter-pass duration 
of 5s. All the softening curves show that as inter-pass 
duration increases, the rate of softening decreases. With 
the increase of the deformation temperature, the post-
recrystallization softening phenomena are more obvious, 
the softening fractions at the deformation temperature 
can be up to 85%. Evidently, the Avrami equation is 
followed by the softening curves [28]. The softening 
fraction at the pre-strain of 0.48 is much larger than that 
at the pre-strain of 0.40 in Fig. 3(a) when compared to 
the softening curves in Fig. 3(a-d). However, in Fig. 3(b) 
and (c), the softening fraction at the pre-strain of 0.48 
is close to that at the pre-strain of 0.40. The variation 
in softening fraction between the pre-strains is not very 
noticeable at the deformation temperature of 1150 ℃. 
It is clear that the changes in metadynamic softening 
fraction are not very marked for three different pre-
strains, which proposed that there are variations in the 
softening mechanisms based on the imposed pre-strain.

Discussion

Effects of pre-strain on the softening behaviors
As demonstrated in Fig. 4, the determined softening 

fraction is plotted against the pre-strain for four distinct 
deformation temperatures at a 0.5 s inter-pass duration. 
The softening fraction rises with the applied pre-strain 
at the deformation temperature of 1000 °C. However, 
the softening fraction is roughly 0.9 for various pre-
strains at the deformation temperature of 1150 °C, and 
it is unaffected by additional increases in the applied 
pre-strain. As the deformation temperature increases, 
the softening presents two distinct behaviors depending 
on the applied pre-strain and eventually becomes strain-
independent.

Based on the relationship of εT =1.5εp obtained 
by Bai [20], the measured values of εc and εT under 
various deformation circumstances are listed in Table 2. 
According to Fig. 4, the pre-strains are in the pre-strain 
range of εc-εT for the post-recrystallization behaviors at the 
deformation temperature of 1000 ℃, while they are out 
of the pre-strain range for these when the temperature of 

deformation is 1150 ℃, which suggests that the transition 
between SRX and MDRX occurs at the deformation 
temperature of 1000 ℃. The softening fraction exhibits 
the strain-dependent behavior under these deformation 
conditions. On the contrary, the classical strain-
independent MDRX occurred when the temperature of 
deformation is 1150 ℃. Therefore, the transition and 
MDRX are included in the post-recrystallization for the 
steel under the deformation conditions. The values of 
two kinds of softening fractions are given in Table 3.

Modeling the kinetics of the transition
The softening kinetics in the strain range of εc-εT 

involve SRX and MDRX. It can be inferred that the 
characteristics of the transition are similar to those of 
SRX and MDRX. Typically, the Avrami equation has 
the following form to characterize the softening kinetics 
of both static and metadynamic softening [15-19]:

( )/ 0.51 exp 0.693 / n
mdrx srxX t t = − −   (2)

where n is the material dependent constant, t0.5 is the 
time for 50% static or metadynamic recrystallization, and 
Xmdrx/srx is the static or metadynamic softening fraction. 
t0.5 is commonly expressed as follows for a particular 
initial grain size:

/
0.5 expp q mdrx srxQt A

RT
ε ε  =  

 
  (3)

where ε  is the strain rate, T is the absolute temperature, 

Fig. 4. Pre-strain effects on the softening fraction.

Table 2. Values of εc and εT in various temperatures at the 
strain rate of 1 s-1.

Strain rate (s-1) Temperature (℃) εc εT

1 1000 0.27 0.5
1 1050 0.24 0.43
1 1100 0.22 0.39
1 1150 0.19 0.34
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Qmdrx/srx is the apparent activation energy for static or 
metadynamic recrystallizatin, R is the gas constant, A, p 
and q are material dependent constants. q is equal to 0 
for strain-independent MDRX. It can be found that the 
expression of SRX kinetics is similar to that of MDRX 
kinetics in many respects. Therefore, the kinetics of the 
transition can be described as the similar expression 
above. The softening kinetics of the transition can be 
described by the modified equation in the following 
form:

( )0.5/1 exp 0.693 / k
tran tranX t t = − −   (4)

where Xtran is the softening fraction in the pre-strain range, 
t0.5/tran is the corresponding time for 50% recrystallizatin, 

k is the material dependent constant.
Determination of k
When both sides of Eq. (4) are logarithmically taken 

twice, the following results are obtained:

 
0.5/

1ln ln ln 0.693 ln ln
1 tran

tran

k t k t
X

  
= + −   −  

  (5)

The values of the softening fraction Xtran and the 
associated inter-pass duration are then substituted into 
Eq. (5), as Table 3 illustrates. Fig. 5 displays the graphs 
of ln(ln(1/(1-Xtran))) vs lnt. The linear slope yields the 
values of k, and its average value is 1.13.

Determination of the expression of t0.5/tran

Table 3. Softening fraction values for various deformation conditions.
Statin rate 

(s-1)
Temperature 

(℃) Pre-strain Inter-pass duration  
(s) Softening fraction

Transition 1

1000

0.32
0.5 0.393
2 0.898
5 0.999

0.4
0.5 0.542
1 0.975
2 0.680

0.48
0.5 0.749
2 0.957

1050

0.32
0.5 0.560
2 0.973

0.4
0.5 0.997
1 0.810
2 0.999

0.48
0.5 0.643
2 0.902

1100 0.32 0.5 0.740

Classical  
MDRX

1

1100
0.4

0.5 0.900
1 0.992

0.48
0.5 0.992
2 0.800

1150

0.32 0.5 0.880

0.4
0.5 0.465
2 1.000

0.48
0.5 0.964
1 0.900

0.1
1050

0.4 2

0.821
1100 0.891
1150 0.962

0.01
1050 0.334
1100 0.444
1150 0.564
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Plots of ln(ln(1/(1-Xmdrx))) vs lnt for the classical MDRX 
of the steel are displayed in Fig. 6 after the logarithm of 
both sides of Eq. (2) is taken twice and the values of the 
MDRX softening fraction Xmdrx and associated inter-pass 
duration are substituted. The linear slope gives the values 
of n, and its average value is 1.10. Accordingly, the 
average value of k is approximately to that of n, which 
suggests that MDRX is the dominant in the transition 

where SRX and MDRX are involved. Therefore, in order 
to simplify the expression of t0.5/train, it is supposed that 
the transition is regarded as strain-dependent MDRX, 
and the value of the apparent activation energy for the 
transition Qtran is approximately to that of MDRX. In 
addition, according to the experimental findings, pre-
strain, strain rate, and deformation temperature all affect 
the transition’s kinetics. Thus, the expression for t0.5/tran 
is as follows.

( )0.5/ expp mdrx
tran

Qt A f
RT

ε ε  =  
 

  (6)

where f (ε) is the strain-dependent compensating factor 
for SRX.

The logarithm of each side in Eq. (6) is as follows.

( )0.5/ln ln ln ln mdrx
tran

Qt A p f
RT

ε ε= + + +    (7)

The values of t0.5/tran under various deformation 
conditions can be obtained from the relationships 
between Xtran and the associated inter-pass duration. 
Then, the relationships between lnt0.5/tran (lnt0.5/mdrx) and 

Fig. 5. Relationships between ln(ln(-(1-Xtran))) and lnt.

Fig. 6. Relationships between ln(ln(-(1-Xmdrx))) and lnt.

Fig. 7. Relationships between lnt0.5/tran (lnt0.5/mdrx) and 1/T.

Fig. 8. Relationship between lnt0.5/tran and lnε.
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1/T can be obtained as shown in Fig. 7. It can be 
found that the apparent activation energy for MDRX is 
smaller than that for the transition. The reason is that the 
activation energy for SRX is considerable higher than 
for MDRX [12]. The apparent activation energy Qmdrx 
is also obtained as 95.15 kJ/mol.

Then, the relationship between lnt0.5/tran and lnε can 
be obtained as shown in Fig. 8. A quadratic polynomial 
is used to fit the relationship. Therefore, the strain-
dependent compensating factor f (ε) can be described as 
follows,

 
( ) ( ) ( )2exp 1.029 ln 0.917 ln 0.681f ε ε ε = + −   (8)

The correlations between lnt0.5/mdrx and lnε  can be 
calculated using the experimental data for the classical 
MDRX, as illustrated in Fig. 9. The value of the material 
dependent constant p is easily determined to be -0.493, 
and the value of A is derived from Eq. (7) to be 1.1210-4.

Subsequently, the subsequent equations can be used to 
express the kinetics of the transition in steel:

( )1.13
0.5/1 exp 0.693 /tran tranX t t = − − 

 (9)

( )4 0.493
0.5/

951501.12 10 exptrant f
RT

ε ε− −  = ×  
 



 
(10)

( ) ( ) ( )2exp 1.029 ln 0.917 ln 0.681f ε ε ε = + − 

 
(11)

Model verifications
As illustrated in Fig. 10, comparisons between the 

predicted and experimental values were performed to 
confirm the availability of the proposed constitutive 
model. The experimental values which used to verify 
the availability of the proposed constitutive model are 
not used for the establishing model. It is evident that the 
experimental values of Xtran and t0.5/tran are rather close to 
the predictions made by the proposed constitutive model, 
indicating that the model may be able to provide a 
reliable estimate of the kinetics of the transition in steel.

Conclusions

Isothermal interrupted hot compression tests were 
used to examine the post-recrystallization behaviors of 
the micro-alloyed forging steel. The study focused on 
the dynamics of the change from SRX to MDRX. From 
the findings of this study, the following deductions have 
been made.

(1) The post-recrystallization softening exhibits two 
different behaviors in relation to the applied pre-strain, 
and it changes strain-dependent to strain-independent as 
the deformation temperature increases, which suggests 
that the transition and MDRX are included in the post-
recrystallization for the steel in conditions of deformation.

(2) By regression analysis of the experimental 
data, a model was constituted to predict the kinetics 
of the transition by the modified Avrami equation, 
while accounting for strain-dependence compensation. 
The apparent activation energy for the transition was 
determined to be 95.15 kJ/mol.

(3) The predicted values made by the proposed 
constitutive model are rather close to the experimental 
ones, which shows that the proposed constitutive model 
may be able to predict the kinetics of the transition in 
the micro-alloyed forging steel with reasonable accuracy.
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Fig. 9. Relationships between lnt0.5/mdrx and lnε .

Fig. 10. Correlations between the predicted and experimental 
values for (a) t0.5/tran and (b) Xtran.
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