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In order to reasonably select the process parameters of the rolling process of 30CrMoA steel, the rheological 
characteristics of 30CrMoA steel at high temperature were studied. First, the stress-strain curve of 30CrMoA 
steel in the temperature range of 1 223 K to 1 423 K and the strain rate of 0,01 s-1 to 10 s-1 was obtained through 
thermal simulation experiments. Then an empirical constitutive model was established, and the material con-
stants in the established constitutive model were determined by regression analysis of experimental data. Fi-
nally, the accuracy of the constitutive model of 30CrMoA steel was verified. The results show that the error 
between the calculated value and the experimental value is within 5 %, which indicates that the 30CrMoA 
steel constitutive model has high accuracy.
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INTRODUCTION

30CrMoA steel has good strength and toughness. It is 
often used to manufacture train axles, pressure vessels, 
aircraft structural parts. Using thermal simulation experi-
ments to study the high-temperature rheological proper-
ties of 30CrMoA steel, it not only obtain the influence of 
process parameters such as deformation temperature, de-
formation rate, and deformation amount on rheological 
stress, but also provide a theoretical basis for reasonable 
formulation of metal processing processes at high tem-
peratures [1]. Regarding the research of high temperature 
rheological properties of alloys, Al-Mg alloys are the 
most common [2]. The research on 30CrMoA steel is 
currently focused on heat treatment, surface strengthen-
ing and fatigue characteristics. Qinjian Z. et al. [3] pro-
posed the ultrasonic surface strengthening (USS) meth-
od, and used this method to experimentally study the ba-
sic characteristics of 30CrMoA train axles. Zhang Q. et 
al. [4] studied the effect of ultrasonic vibration extrusion 
strengthening (UVET) technology on the surface 
strengthening of 30CrMoA steel.

In this paper, the stress-strain curve of 30CrMoA steel 
under high temperature compression is obtained through 
thermal simulation experiments, and then an empirical 
flow stress constitutive equation is established. The ma-
terial constants in the constitutive equation are obtained 
by linear regression analysis of the stress-strain data ob-
tained from the thermal simulation experiments. Finally, 
the calculated values of the peak stress are compared 
with the experimental values to verify the accuracy of the 
established constitutive equation.
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EXPERIMENTAL MATERIALS AND METHODS

The chemical composition (in wt.%) of the 30Cr-
MoA steel used in the experiment is 0,3 C - 0,92 Cr - 
0,03 Ni - 0,025 Cu - 0,2 Mo - 0,27 Si - 0,55 Mn - 0,025 
S - 0,025 P. The sample size is 8 × 12 mm. Thermal 
simulation experiments were performed on a Gleeble - 
3500 thermal simulation experiment machine. The ex-
perimental data was recorded by the computer. Accord-
ing to the characteristics of the hot rolling process, the 
temperatures in the experiment were 1 223 K, 1 273 K, 
1 323 K, 1 373 K, and 1 423 K, the strain rates were 
0,01 s-1, 0,1 s-1, 1 s-1, and 10 s-1, and the maximum defor-
mation was 60 %.

RESULTS AND ANALYSIS OF TRUE 

STRESS-STRAIN CURVES

Figure 1 is the true stress-strain curve of 30CrMoA 
steel at different strain rates and different deformation 
temperatures. It can be seen from Figure 1 that the over-
all trend of the stress-strain curve is that the flow stress 
increases rapidly with the increase of the strain at the 
initial stage, and after reaching the peak stress, the flow 
stress decreases with the increase of the strain and then 
stabilizes. At the same strain rate, the higher the tem-
perature, the smaller the flow stress, and the faster the 
flow stress reaches its peak. At the same temperature, 
the greater the strain rate, the greater the flow stress, 
and the greater the strain when the flow stress reaches 
its peak. When the strain rate is 0,01 s-1 and 0,1 s-1, the 
stress peak is obvious, and the stress-strain curve shows 
a clear unimodal shape, which indicates that the mate-
rial undergoes dynamic recrystallization at this strain 
rate. When the strain rate is 1 s-1 and 10 s-1, the stress 
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The stress function in the form of power function is 
mainly suitable for low stress conditions, the stress 
function in the form of exponential function is mainly 
suitable for high stress conditions, and the stress func-
tion in the form of a hyperbolic sine function proposed 
by Sellars et al. is applicable for all stress conditions 
[5]. This paper uniformly uses the peak stress σp to de-
scribe the constitutive relationship. The statistics of the 
peak stress σp at different temperatures and strain rates 
are as Table 1.

Table 1  Peak stress σ
p
 /MPa at different temperatures and 

strain rates

Strain 
rate ε̇ 
/ s-1

Deformation temperature T / K
1 223 1 273 1 323 1 373 1 423

0,01 71,4 57,8 47,7 36,7 31,2
0,1 107,4 89,0 73,5 60,0 50,0
1 154,0 130,9 109,2 92,3 77,6

10 214,8 168,7 150,5 131,5 104,0

In the hot working process of metal, the stress func-
tion in the form of hyperbolic sine function is often used 
to express the plastic strain rate:

  (3)

Under low stress conditions:

  (4)

Under high stress conditions:

  (5)

peak is not obvious, the rising rate of the stress-strain 
curve continues to decrease, and finally stabilizes. The 
peak stress and steady-state stress are the same, which 
indicates that the material has undergone dynamic re-
covery and no dynamic crystallization.

ESTABLISHMENT OF EMPIRICAL 

CONSTITUTIVE MODEL

The flow stress during hot working of metal depends 
on the strain rate and deformation temperature. The Ar-
rhenius equation describes the relationship among flow 
stress, deformation temperature and strain rate is:

  (1)

Where ε̇ is the strain rate /s-1; A is a material constant, 
f(σ) is a stress function, Q is the deformation activation 
energy /J·mol-1; R is the gas constant (8,314J·mol-1·K-1), 
and T is the temperature /K;

The stress function generally has three forms: power 
function type, exponential function type and hyperbolic 
sine function type, and their expressions are as follows:

  (2)

Where n0, β, α and n are the material constants to be 
solved, α = β/n0.

Figure 1  True stress-strain curve of 30CrMoA steel 
(a) ε̇ = 0,01s-1; (b) ε̇ = 0,1s-1; (c) ε̇ = 1s-1; (d) ε̇ = 10s-1
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Performing a logarithmic operation on both sides of 
equation (8) and (9):

  (6)

  (7)

The relationship between lnε̇ and lnσp can be ob-
tained from Table 1, and curves between lnε̇ and σp are 
shown in Figure 2. Obviously, the relationship curve 
between them is a straight line. From equations (6) and 
(7), It can be concluded that the inverse of the slope of 
straight line is n0 and β, and the average value n0 is 5,929 
and β is 0,066MPa-1. Then α = β/n0 = 0,011 MPa-1.

Performing a logarithmic operation on both sides of 
equation (3):

  (8)

Substituting α = 0,011 MPa-1 into equation (8) can 
obtain the relationship curve between lnε̇ and 
ln[sinh(ασp)], as shown in Figure 3. From equation (8), 
it can be seen that the inverse of the slope of straight 
line in Figure 3 is n, and its average value n is 4,403.

When the strain rate ε̇ is a constant value, the partial 
differential equation for 1/T in Equation (9) is:

 
 (9)

The relationship curve between 1/T and ln[sinh(ασp)] 
are shown in Figure 4. From equation (9) that the slope 
of straight line in Figure 4 is Q/nR. substituting the val-

Figure 2  Relationship between strain rate and peak stress at 
different temperatures (a) lnε̇ – lnσp; (b) lnε̇ – σp

Figure 3  Relationship between lnε̇ and ln[sinh(ασp)] at 
different temperatures

Figure 4 Relationship between 1/T and ln[sinh(ασp)]

ues of n and R into the slope calculation formula can 
obtain the average deformation activation energy Q = 
261,85kJ·mol-1.

It can be known from the equation (8) that the inter-
cept of straight line in Figure 3 is Q/(nRT)-(lnA)/n, and 
substituting Q, n, R and T for A= 3,67 × 109s-1. Substi-
tuting the material constants A, α, Q and n into equation 
(3) to obtain an empirical constitutive equation for 
30CrMoA steel:

COMPARISON OF CALCULATED AND 

EXPERIMENTAL VALUES OF PEAK STRESS

In order to verify the accuracy of the constitutive 
model of the 30CrMoA steel, the calculated value of the 
stress peak was compared with the experimental value. 
The results are shown in Table 2.

It can be known from Table 2 that the calculated 
value of the stress peak is very close to the experimental 
value, and the maximum error is 4,4 %. Therefore, the 
30CrMoA steel constitutive model established in this 
paper has high accuracy and can provide a theoretical 
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basis for the formulation of 30CrMoA steel hot forming 
processing technology.

CONCLUSIONS

The flow stress constitutive equation of 30CrMoA 
steel is:

The error of the peak stress between the calculated 
value and the experimental value is within 5 %, and the 
established constitutive equation has high accuracy.

Acknowledgments

This research was supported by the National Natural 
Science Foundation of China [No. 51975301], and The 
Natural Science Foundation of Zhejiang [No. 
LZ17E050001].

REFERENCES

[1] Lin Y.C., Chen M.S., Zhong J.. Flow stress behaviors of 
42CrMo steel during hot compression. J. of Cent. South 
Univ. (Science and Technology) 39(2008)3, 549-553.

[2] Wang Z.H., Xu J., Bao G.D., Zhang J., Fang X., Liu T., 
Fabrication of high-power diesel engine crankshafts by 
electro-slag casting process. J. Mater. Process Technol. 
182(2007)1, 588-592. 

[3] Qinjian Z., Jianguo C., Huiying W., Ultrasonic Surface 
Strengthening of Train Axle Material 30CrMoA, Procedia 
CIRP 42(2016) pp.853-857.

[4] Zhang Q., Wang H., Liu Y., Cao J., The research of 30Cr-
MoA axle material by ultrasonic surface extrusion streng-
thening processing, J. of Basic Sci. and Engineering 
23(2015), 178-184.

[5] Sellars C.M., Tegart W., On the mechanism of hot defor-
mation, Acta Metallurgica 14(1996)9, 1136-1138.

Note:  The responsible translator for English language is S. Zhang, 
Ningbo, China

Table 2  Comparison of calculated and experimental values 

of peak stress

Strain 
rate ε̇ 
/ s-1

Deformation temperature: 1 273 K
Experimental value

/ MPa
Calculated value

/ MPa
Error / %

0,01 57,83 55,67 3,7
0,1 89,04 86,32 3,0
1 130,92 125,11 4,4

10 168,74 168,90 0,1
Strain 
rate ε̇ 
/ s-1

Deformation temperature: 1 323 K
Experimental value

/ MPa
Calculated value

/ MPa
Error / %

0,01 47,72 45,91 3,8
0,1 73,53 72,76 1,0
1 109,24 108,56 0,6

10 150,47 150,72 0,2
Strain 
rate ε̇ 
/ s-1

Deformation temperature: 1 373 K
Experimental value

/ MPa
Calculated value

/ MPa
Error / %

0,01 36,68 38,19 4,1
0,1 60,01 61,53 2,5
1 92,25 94,16 2,1

10 131,53 134,32 2,1


