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Abstract: Single hit compression tests were performed at 1 223−1 473 K and strain rate of 0.1−10 s−1 to study hot deformation 
behavior and flow stress model of F40MnV steel. The dependence of the peak stress, initial stress, saturation stress, steady state 
stress and peak stain on Zener-Hollomon parameter were obtained. The mathematical models of dynamic recrystallization fraction 
and grain size were also obtained. Based on the tested data, the flow stress model of F40MnV steel was established in dynamic 
recovery region and dynamic recrystallization region, respectively. The results show that the activation energy for dynamic 
recrystallization is 278.6 kJ/mol by regression analysis. The flow stress model of F40MnV steel is proved to approximate the tested 
data and suitable for numerical simulation of hot forging. 
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1 Introduction 
 

During hot working, several metallurgical pheno- 
mena such as work-hardening (WH), dynamic recovery 
(DRV), and dynamic recrystallization (DRX) occur 
simultaneously[1]. Flow stress of steels affected observably 
by microstructure has a significant effect on the forming 
load and material flow during hot forming. Many DRX 
models and flow stress models of C-Mn steels and low 
carbon microalloyed steels have been developed to 
support research and production of hot rolling[2−6], but 
less attention was paid to hot forging process, especially 
for microalloyed forging steels. 

Microalloyed forging steels are widely being used 
for machinery structural parts because they result in 
dramatic energy saving by omitting heat treatment[7−9]. 
F40MnV steel is one of the representative microalloyed 
forging steels, which is used for structure parts of 
automobile[10]. The hot deformation behavior of F40MnV 
steel was studied. Also, the flow stress model of the steel 
was obtained for subsequent applications such as 
numerical simulation. First, the characteristic parameters 
of hot deformation, such as the peak strain (εp), peak 
stress (σp), initial stress (σ0), saturation stress (σs) and 
steady state stress(σss), were obtained using compression 
tests and described as functions of Zener-Hollomon 
parameter. Then, equations for dynamic recrystallization 
fraction and grain size were obtained. Finally, the flow 
stress model of F40MnV steel was determined in 
dynamic recovery region and dynamic recrystallization 
region, respectively. The validity of the model was 
demonstrated by comparing the tested data to with the 

calculated results. 
 
2 Experimental 
 

F40MnV steel with an initial grain size of about 95 
µm was used as the specimens for hot compression test. 
The steel with the nominal composition (mass fraction) 
of C 0.39%, Mn 1.4%, Si 0.4%, V 0.08%, Cr 0.07%, Ni 
0.07%, N 0.012%, was chosen to be tested in this study. 
The hot compression specimens with 15 mm in length 
and 10 mm in radius were machined. Single compression 
tests were performed on a GLEEBLE 1500 
thermomechanical simulator at 1 223−1 473 K and strain 
rate of 0.1−10 s−1. Argon was used to protect the 
specimens from surface oxidation, and graphite was used 
between the specimens and the compress anvils to reduce 
the friction. The specimens were quenched after tests 
immediately. Then, they were sectioned longitudinally 
for microstructural observations. Sections were polished 
and then etched in an abluent solution of saturated picric 
acid for about 7 min. Grain sizes were measured by the 
linear intercept method according to ASTM standards. 
 
3 Results and discussion  
 
3.1 Analysis of flow stress curves 

Fig.1 shows the flow stress cures for F40MnV steel 
at different temperatures and strain rates. Each curve 
exhibits a peak and softening to an extensive steady state, 
which indicates dynamic recrystallization behavior. 
Dynamic recrystallization occurs only after a critical 
strain (εc) has been exceeded. The critical strain (εc) of 
steels was reported to be lower than the peak strain (εp).  
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Fig.1 Flow stress curves of F40MnV steel at different strain 

rates 
 (a) ε& =0.1 s−1;  (b) ε& =1 s−1;  (c) ε& =10 s−1 

 
KIM et al[3, 5−6, 11] estimated the critical strain using the 
relationship as εc=(0.65−0.95)εp. Followed the report of 
SELLARS et al[12], εc=0.83εp was employed in this study. 
Each flow stress curve can be divided into two regions, 
which are the dynamic recovery region and the dynamic 
recrystallization region. The dynamic recovery region is 
the region before the critical strain where dynamic 
recovery is the predominant softening mechanism. 
Otherwise, the dynamic recrystallization region is the 
region after the critical strain where dynamic recovery 
and dynamic recrystallization act together. 

3.2 Analysis of dynamic recrystallization 
3.2.1 Activation energy and Zener-Hollomon parameter  

The prominent dependence of the flow stress on 
temperature and strain rate shows that the hot defor- 
mation process is controlled by thermally activated 
process. The relationship among these parameters can be 
expressed by the creep equation[1]: 

)())/(exp( σε fRTQZ == &        (1) 
where  Z is the Zener-Hollomon parameter, Q is the 
activation energy, R is the gas constant, T is the 
thermodynamic temperature, and f(σ) is the stress 
function which can be expressed by the following 
equation: 
 

f(σ)=A[sinh(ασ)]n                       (2)   
where   A, α, n are the material constants[13]. 

To Eqn.(2), the σ value is often substituted by σp. 
Combining Eqn.(1) and Eqn.(2), there is: 
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When the deformed temperature is constant, the 
following equation can be gotten by transforming 
Eqn.(3): 
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When strain rate is constant, the following equation 
can be gotten from Eqn.(3): 
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According to Eqns.(4) and (5), n is determined from 

the relationship between stress term and strain rate in 
Fig.2, and Q is then calculated from the relationship 
between stress and temperature in Fig.3. In this study, the 
n and Q are determined as 3.98 and 278.6 kJ/mol, 
respectively. 
3.2.2 Dependence of characteristic parameters on Z 

parameter 
The characteristic parameters, such as the peak 

stress (σp), initial stress (σ0), saturation stress (σs), steady 
state stress (σss) and peak strain (εp), are determined from 
flow curves by the method that MCQUEEN et al[11, 14] 
employed. The relationship curves between strain hard 
rate(θ=dσ/dε) and stress are used for determining σp, σs 
and σss, and the εθ &−  curves are employed to 
determine εp. 

The dependences of σp and εp on Z parameter are 
fitted from the relationship between Z and σp in Fig.4, 
and εp in Fig.5. The same method is used to determine 
the dependence of other characteristic parameters on Z 
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Fig.2 Relationship between peak stress and strain rate   
 

 
 

Fig.3 Relationship between peak stress and temperature 
 

 

Fig.4 Relationship between Z and peak stress 
 

parameter.  
The dependence of those characteristic parameters 

on Z parameter are determined as following equations: 
 

σp=83.33sinh−1(0.002 9Z0.25)          (6) 
 

εp=0.017Z0.123                     (7) 
 

εs=83.33sinh−1(0.004 1Z0.24)       (8) 

 

 
Fig.5 Relationship between Z and peak strain 

 
 

σss=83.33sinh−1(0.001 2Z0.28)      (9) 
 

σ0=0.96Z0.15                  (10) 
 
3.2.3 Dynamic recrystallization fraction 

Dynamic recrystallization fraction can be cxpressed 
as follows with modified JMAK equation[12]: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −
−−= d)(exp1

p

c
dd

nkX
ε

εε
  (ε≥εc)   (11) 

where  Xd is dynamic recrystallization fraction, kd  and 
nd are dynamic recrystallization parameters depending on 
chemical composition and hot deformation conditions. 

To determine the progress of dynamic recrystalli- 
zation fraction Xd, the following expression is 
employed[15]: 

sss

WH
d σσ

σσ
−

−
=X    (ε≥εc)        (12) 

where  σWH denotes the flow stress if dynamic recovery 
is the only softening mechanism and is determined by 
relationships between strain hardening rate (θ) and  
stress (σ). 

From Eqn.(12), the amount of DRX is determined 
by means of the flow stress curves under different 
deformation conditions. Combining Eqn.(11) and 
Eqn.(12), kd and nd are determined. Fig.6 shows the 
dependence of kd on the Z parameter, from which, 
Eqn.(13) is determined. nd for the tested steel seems to 
approach a constant and equals to 1.7. 

 
kd=2.8×10−4Z0.29                  (13) 

 
3.2.4 Dynamic recrystallization grain size 

The dynamic recrystallization grain size depends on 
the deformation temperature and strain rate, which is a 
function of Z parameter alone and independent of the 
initial grain size[12]. Fig.7 shows that the dynamic 
recrystallization grain size (Ddyn) decreases with 
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increasing strain rate and decreasing temperature. The 
dependence of Ddyn on Z parameter is determined as the 
following equation from Fig.8: 

 
Ddyn=3 771Z−0.2                 (14) 

                

 
 

Fig.6 Relationship between Z and kd 
 

 
 

Fig.7 Dynamic recrystallization grains after compression tests 
(a) T=1 473 K, ε& =0.1 s−1;  (b) T=1 473 K, ε& =10 s−1;  

(c) T=1 273 K, ε& =10 s−1 
 

 
 

Fig.8 Relationship between dynamic recrystallization 
grain size and Z 

 
 
3.3 Flow stress model 

ESTRIN et al[16] derived the variation of dislocation 
density during deformation according to work hardening 
and dynamic recovery as the following equation[2]: 

 ρ
ε

ΩUp −=
d
d             (15) 

where  U denotes the work hardening and Ω accounts 
for dynamic recovery during deformation. 

Assuming U and Ω are independent of strain and 
using the classic relationship between stress and 
dislocation density[17], σWH=αGbρ0.5, Eqn.(15) can be 
solved. The resulting relation can be expressed by the 
following equation: 
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2
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where  Ω is determined as the following equation by the 
method of Laasraoui[1]. 
 

 )466 10exp(88.20 086.0

RT
−= −εΩ &     (17) 

To model softening due to dynamic recrystallization, 
Eqns.(11) and (12) are combined and rewritten as 
following to obtain the flow stress model in the dynamic 
recrystallization region(ε≥εc): 
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Fig.9 shows comparison of flow stress curves 
predicted by the model and experimentally measured 
data at isothermal condition and constant strain. It shows 
good agreement between two sets of data. 
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Fig.9 Calculated and experimental flow stress curves  

(a) ε&＝0.1 s−1; (b) ε&＝1 s−1 
 

4 Conclusions 
 

1) The activation energy of F40MnV steel is 278.6 
kJ/mol. The relationships between the characteristic 
parameters, such as peak stress(σp), initial stress(σ0), 
saturation stress (σs), steady state stress(σss) and peak 
stain (εp), and Z parameter are determined. 

2) The dynamic recrystallization fraction (Xd) and 
grain size (Ddyn) of F40MnV steel can be expressed as: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −
×−−= − 7.1

p

p39.04
d )

83.0
(108.2exp1

ε
εε

ZX and 

Ddyn=3 771Z−0.2, respectively. 
3) The flow stress model of F40MnV steel is 

obtained in the dynamic recovery region and the 

dynamic recrystallization region, respectively, which is 
proved to predict experimental data well. 
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