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Abstract: As a high-strength medium-carbon quenched and tempered steel, 

34CrNi3MoA is used in mining equipment reducer gears primarily due to its ex-

cellent mechanical properties, wear resistance, and impact resistance, meeting 

high-load demands under complex conditions. To develop an accurate constitu-

tive model for predicting its high-temperature flow behavior, thermal compres-

sion tests were conducted on a Gleeble-3800 simulator at (1000–1200) °C and (0.01–

10) s⁻¹ strain rates. A strain-compensated Arrhenius model was established using 

test data, with its predictability analyzed via correlation coefficient (R) and aver-

age absolute relative error (ARRE). Results show the model accurately predicts 

flow behavior under these conditions, with R = 0.9933 and ARRE = 5.244 %. These 

findings provide a reference for initial design and numerical prediction of 

34CrNi3MoA’s high-temperature flow behavior, and are significant for numerical 

simulation and parameter optimization in its hot forming processes. 

Keywords: 34CrNi3MoA steel; high-temperature flow behavior; constitutive 
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1. Introduction 

34CrNi3MoA is ideal for mining reducer gears due to its high strength, heat treatment adaptability, and 

wear resistance, enabling efficient power transmission under harsh conditions. Precise heat treatment and qual-

ity control are critical to fully utilize its potential. Finite element simulation has been applied to metal hot form-

ing, where constitutive models predict material responses under loading, with their accuracy determining sim-

ulation reliability. Thus, a constitutive model for predicting 34CrNi3MoA’s high temperature flow behavior is 

needed for performance analysis, simulation, and process optimization, to reveal its flow characteristics and 

advance engineering applications. Gao et al. [1-3] studied the fatigue crack growth behavior of 34CrNi3Mo 

high-strength steel and developed an innovative in-situ SEM method to determine the fatigue crack growth 

threshold via loading strategy adjustment. The study identified that crack tip orientation differences along var-

ious directions independent of slip system type control crack deflection. Zhang et al. [4,5] analyzed 

34CrNi3MoV steel performance under various heat treatment parameters and optimized quenching/tempering 
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temperatures for better properties. Thus, studying 34CrNi3MoA thermal deformation, analyzing crankshaft 

bending/upsetting forging, and building dynamic recrystallization models are highly valuable for engineering 

[6-8]. The constitutive model is fundamental to describing stress-deformation relationships during thermal de-

formation, with accuracy critical for predicting material deformation laws. The Arrhenius model is widely used 

to characterize the effects of temperature and strain rate on true stress in high-temperature metal deformation. 

Zou et al. [9-11] employed the phenomenological Arrhenius equation to calculate the activation energy of 

34CrNi3MoV steel under varying strain parameters, constructing a kinetic model for predicting dynamic re-

crystallization volume fraction via numerical fitting. Zhu et al. [12-15] integrated the theoretical Arrhenius 

model with finite element analysis to study processing parameter effects on Ti65 alloy mechanical behavior 

during multi-directional forging MDF, determining an optimal initial temperature of 1000 °C and showing that 

increasing forging speed raises temperature and maximum principal stress. 

This paper studies the high – temperature deformation constitutive model of forged 34CrNi3MoA steel. 

Considering the effects of strain rate, temperature, and strain, a strain – compensated Arrhenius constitutive 

model for 34CrNi3MoA steel is established. The accuracy of the model is evaluated based on the linear correla-

tion coefficient and the absolute value of the average relative error, aiming to provide theoretical guidance for 

the thermal deformation process of 34CrNi3MoA steel. 

2. Materials and Methods  

2.1. Hot compression test procedure   

The experimental material used in this study is 34CrNi3MoA steel, and its main chemical composition is 

listed in Table 1. Cylindrical specimens with dimensions of Φ8 mm × 12 mm were machined by wire cutting. 

Single-pass hot compression tests were performed on a Gleeble-3800 thermal simulator. The test temperatures 

were set to 1000 °C, 1100 °C, and 1200 °C, with strain rates of 0.01 s-1, 0.1 s-1, 1 s-1, and 10 s-1, and a total compres-

sion deformation of 60 %. During testing, the specimens were heated to the target temperature at a rate of 100 

°C/min, held for 3 minutes, and then compressed under the preset temperature and strain rate conditions 

[16,17].  

Table 1. Chemical composition of 34CrNi3MoA steel / wt. %  

C Si Mn S P Cr Ni Mo Cu 

0.30–0.40 0.30–0.50 0.60–0.90 ≤ 0.025 ≤ 0.025 0.70–1.10 2.75–3.25 0.25–0.40 ≤ 0.25 

 

 

Figure 1. The true stress-strain curves of 34CrNi3MoA steel under different strain rates. 

（a）0.01 s-1；（b）0.1 s-1；（c）1 s-1；（d）10 s-1 
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Figure 1 shows the true stress-true strain curves of 34CrNi3MoA steel under different deformation condi-

tions. Analysis indicates temperature strongly affects flow stress: strain hardening occurs across the strain range, 

with hardening intensity decreasing as strain increases, suggesting work hardening dominates. However, rising 

temperature induces softening that overrides hardening and controls stress flow, evident as flow stress declin-

ing or stabilizing after peaking with increasing strain. The material also displays significant strain rate sensitiv-

ity under tested conditions, with sensitivity varying notably across temperatures. 

2.2. Constitutive model 

Plastic deformation in metals involves complex interactions of multiple factors. Existing research shows 

that the relationship between flow stress and deformation parameters during metal plastic deformation can be 

described by the Arrhenius model, expressed as [18-20]. 
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In the equation, 𝜀̇ is the strain rate, T is the deformation temperature, Q is the thermal deformation activation 

energy J/mol, R is the molar gas constant (8.314 J / mol · K), A, , , m and n are material constants. 

At a constant deformation temperature, equations (1) and (2) were combined and differentiated to obtain:  
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Extract peak stress data corresponding to different deformation parameters from the stress-strain curve 

shown in Figure 1. Using Origin software, linear fitting was performed on 𝑙n𝜀̇−𝑙𝑛̇ 𝜎𝑝 and 𝑙n𝜀̇ − 𝜎𝑝 separately, 

and the fitting results are shown in Figure 2(a) and Figure 2(b). As shown in the figure, the slopes of the fitted 

lines are roughly similar. After calculation, taking the average of these slopes, m is obtained as 6.34. Using this 

method, by analyzing the fitted data in Figure 2(b), β  was found to be 0.086, and then   was calculated to 

be 0.0132 based on = / m  . Similarly, when the strain rate F remains constant, draw a fitted line for 𝑙n𝜀̇ −

𝑙𝑛[sinh(𝛼𝜎𝑝)], and the result is shown in Figure 2(c). Calculate the mean slope of the fitted line under different 

deformation conditions, with n = 4.66. Plot and fit with 1 / T  as the x-axis and ln[sinh( )]
p

  as y-axis, and 

take the average slope of the fitted line to obtain 
act 1

/Q Rn = 8446.36. Substitute the values of R and n obtained 

above into 
act 1

/Q Rn = 8446.36 and finally calculate the deformation activation energy 
act

Q = 327157.63 J/mol. 

(1) 

(2) 

(3) 
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Figure 2. Fitting diagram（a）𝑙n𝜀̇−𝑙𝑛𝜎̇ ；（b）𝑙n𝜀̇−𝜎̇；（c）𝑙n𝜀̇−𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)]̇ ；（d） ln[sinh( )] 1 /
p

T   

The Zener Hollomon parameter, commonly referred to as the Z-parameter, is mainly used to characterize 
the intrinsic relationship between the deformation temperature, strain rate, and flow stress of materials. Its 
expression is as follows [21]. 

exp( / )Z Q RT   
 

By combining equation (2) with the above equation and modifying it, we can obtain: 

 

ln ln ln[sinh( )]Z A n    

For different deformation conditions, scatter plots of lnZ versus ln[sinh( )]p were plotted and subjected to 

linear fitting. Analysis indicates that the intercept of the fitted line corresponds to the value of lnA, and calcu-

lation yields A = 6.2794×10¹¹. 

Systematically organize and summarize all parameters involved in the previous research process, and substi-
tute them into equations. After this step, the Arrhenius peak stress constitutive model suitable for 34CrNi3MoA 
steel was successfully constructed as follows: 
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3. Results 

3.1. Strain compensation Arrhenius constitutive model 

To validate the Arrhenius model's accuracy, a strain compensation mechanism for flow stress was intro-
duced to develop a more precise strain-coupled constitutive model. Following the above procedure, material 
constants Q, n, a, and lnA in the Arrhenius equation were solved and calculated. After obtaining these values, 
fitting was performed, with results shown in Figure 3. 

 

 

(4) 

(5) 

(6) 
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Figure 3. Fitting diagram（a）Q  ；（b） ln A  ；（c） n  ；（d）   

The relationship between the material constants and strain was fitted using a polynomial (equation 7).  

2 3 4 5

0 1 2 3 4 5G k k k k k k            

After evaluating polynomial orders from 1~9 via iterative calculations, a sixth-order polynomial was selected 
as optimal. Coefficients are listed in Table 2. 

 

Table 2. Fitting equation for material related constants of 34CrNi3MoA steel 

Coefficient n    LnA  Q 

0
k  2.861 0.017 12.390 150768 

1
k  110.304 0.0017 614.872 7.45E+06 

2
k  -1300.220 -0.395 -6871.89 -8.29E+07 

3
k  6636.005 2.927 35047.28 4.22E+08 

4
k  -17851.228 -9.581 -95176.9 -1.15E+09 

5
k  26397.500 16.183 142193.1 1.72E+09 

6
k  -20288.844 -13.713 -110203 -1.34E+09 

7
k  6333.352 4.610 34606.12 4.21E+08 

 

The constitutive equation of 34CrNi3MoA steel under the introduction of strain factor is: 

1
1 2 2

1
ln 1

n nZ Z

A A




 
             
      

  

 

3.2. Verification Model 

To test the predictive ability of the Arrhenius constitutive model for strain compensation mechanism, the 
flow stress data obtained from actual hot compression experiments were compared and analyzed with the flow 

(8) 

(7) 
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stress values predicted by the constitutive equation. Based on the above data, a comparison chart was drawn, 
as shown in Figure 4. 

 
Figure 4. Comparison between predicted values and experimental values 

From Figure 4, it can be seen that the experimental data is highly consistent with the predicted values of 
the constitutive model, which fully indicates that the strain compensated Arrhenius constitutive equation has 
a high model prediction accuracy. To more accurately analyze the accuracy of the equation's prediction results, 
standard statistical parameters are used to analyze and calculate the correlation coefficient R and the average 
absolute error AARE (%). The specific calculation equation is as follows: 
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In the equation: N - total number of data; Ei 、
E - experimental values and the average of experimental 

values, MPa； Pi 、
Pi - the predicted value and the average of the predicted values, MPa。 

A larger correlation coefficient R indicates stronger correlation, while a smaller average absolute relative 

error AARE percentage signifies closer agreement between predicted and experimental values. Calculations 

show R is 0.9933 and AARE is 5.244 percent, demonstrating that the 34CrNi3MoA steel constitutive model 

developed herein exhibits high accuracy and provides reliable basic data for subsequent crankshaft forming 

numerical simulations. 

To check whether the grain size of the forging material has been refined, metallographic experiments were 

conducted on the material sample. Figure 5 shows a schematic diagram of the microstructure of the material 

sample. 

 

Figure 5. Microstructure analysis of 34CrNi3MoA material at different positions 

(9) 

(10) 
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4. Discussion 

This study focuses on 34CrNi3MoA steel used for mining equipment reducers, based on isothermal com-

pression experiments. A systematic investigation of its hot deformation and dynamic recrystallization behavior 

was conducted to establish a theoretical and experimental foundation for the forging process of 34CrNi3MoA 

and to support its application in high-strength components such as crankshafts and gun barrels.  

The stress–strain curves of 34CrNi3MoA steel under different deformation conditions were successfully 

obtained through isothermal compression tests. Based on the experimental data, a strain-compensated Arrhe-

nius constitutive equation was developed. This model can predict and analyze the stress evolution of metal 

materials during the bending and upsetting stages of crankshaft and crankcase forming. The model’s predictive 

performance was evaluated using the correlation coefficient (R) and the average absolute relative error (AARE), 

confirming that the established model provides high accuracy and reliable predictive capability.  

Microstructure analysis was also performed to examine the material at different positions after defor-

mation. 

5. Conclusion 

The flow stress of 34CrNi3MoA steel increases with decreasing temperature and increasing strain rate. 

Based on experimental data and the Arrhenius constitutive relationship, a strain-compensated constitutive 

equation for forged 34CrNi3MoA steel was established. The correlation coefficient (R = 0.9933) and the average 

absolute relative error (AARE = 5.244 %) demonstrate that the developed model achieves high predictive accu-

racy and can provide theoretical guidance for the development and optimization of the hot forming process of 

this steel.  
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