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Abstract

:

High-temperature reduction pretreatment (HTRP) is a process that can significantly improve the core quality of a billet. The existing flow stress data cannot meet the needs of simulation due to lack of high temperature data. To obtain the hot forming process parameters for the high-temperature reduction pretreatment process of 42CrMo steel, a hot compression experiment of 42CrMo steel was conducted on Gleeble-3500 thermal-mechanical at 1200–1350 °C with the rates of deformation 0.001–10 s−1 and the deformation of 60%, and its deformation behavior at elevated temperature was studied. In this study, the effects of flow stress temperature and strain rate on austenite grain were investigated. Moreover, two typical constitutive models were employed to describe the flow stress, namely the Arrhenius constitutive model of strain compensation and back propagation artificial neural network (BP ANN) model. The performance evaluation shows that BP ANN model has high accuracy and stability to predict the curve. The thermal processing maps under strains of 0.1, 0.2, 0.3, and 0.4 were established. Based on the analysis of the thermal processing map, the optimal high reduction process parameter range of 42CrMo is obtained: the temperature range is 1250–1350 °C, and the strain rate range is 0.01–1 s−1.
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1. Introduction


42CrMo steel, a representative low-alloy medium carbon steel, is widely used to fabricate mechanical parts such as axles and gears due to its good balance of high strength, toughness, hardenability, impact strength, and fatigue resistance [1]. The construction of the high-temperature constitutive equation is necessary for the subsequent simulation to explore the internal defects healing evolution mechanism of 42CrMo steel in the HTRP process. The commonly used constitutive equation models are the Arrhenius model [2], the Johnson–Cook model [3], and the back propagation (BP) artificial neural network (ANN) constitutive model [4]. In recent years, the development of ANN models has provided an effective method for predicting the thermal deformation behavior of materials, such as steel [5], titanium alloy [6], and aluminum alloy.



Defects deteriorate products’ service performance and fatigue life [7]. To control internal defects, researchers proposed many processes such as the soft reduction (SR) process [8,9] and heavy reduction (HR) process. Compared with the conventional process, the HR process applies a larger equivalent strain through a small reduction amount, pressuring the billet’s internal shrinkage and porosity [10,11], breaking the dendrite [12], refining the grain, and improving density and segregation [13] based on the temperature gradient rolling. Liu et al. [11,13] found that large deformation, induced by temperature gradient and subsequent dynamic recrystallization, contributed to healing defects in the HR process. According to the rolling position, the HR process could be divided into three types: (1) HR processes before the liquid core solidification, such as the Porosity Control of Casting Slab (PCCS) process [14] or Continuous Forging (CF) process [15]; (2) HR processes after the liquid core solidification, such as the NS Bloom Large Reduction process [16], Hot-core Heavy Reduction Rolling (HHR2) Technology [17], or High-Temperature Reduction Pretreatment (HTRP) process [18]; and (3) HR processes during the solidification process [19].



Recent articles on constitutive equations summarized that the constitutive equations for 42CrMo steel were primarily established under high temperatures (≤1200 °C) and high strain rates (≥0.01 s−1). Lin et al. [20] studied the compressive deformation behavior of 42CrMo at 850 °C to 1150 °C and 0.01 s−1 to 50 s−1 strain rates and fitted it via the Arrhenius model. Ji et al. [21,22] established the functional relationship between the 42CrMo material constant and the Z parameter when temperatures ranged from 800 °C to 1200 °C and stain rates ranged from 0.01 s−1 to 10 s−1. For the HR process, the deformation temperature is so high that the existing flow stress data cannot meet its simulation needs. For example, according to the simulation results of Li et al. [12,18], the central temperature of the billet reached 1350 °C. Therefore, it is significant to study high-temperature deformation behavior of 42CrMo.



The hot deformation behaviors of 42CrMo at elevated temperature were studied by a hot compression test. Two constitutive models, the Arrhenius constitutive model of strain compensation and back propagation artificial neural network (BP ANN) model, were established and compared. A thermal processing map with strains of 0.1, 0.2, 0.3, and 0.4 was established based on the experimental data to further guide the subsequent HR process.




2. Experiment Procedure


The material was derived from the actual industrial production of the 42CrMo rolled bar. The chemical composition of the experimental steel was measured using a spark direct reading spectrometer (ARL4460, Beijing, China), and detailed results were presented in Table 1.



The samples were heated to the deformation temperature at a rate of 10 °C/s. After holding for 10 s, the samples were isothermally compressed and subsequently quenched by argon, as shown in Figure 1a. The samples were subjected to hot compression deformation with a degree of deformation of 60% (9 mm).



A schematic illustration of the hot compression test is shown in Figure 1b. The size of experimental cylindrical compression samples was Φ10 mm × 15 mm. Both its surfaces and ends were mechanically polished to remove the surface oxidation layer. The hot compression test was conducted on a Gleeble-3500 (Data Science International, St. Paul, America), thermal-mechanical simulator system at five strain rates (0.001 s−1, 0.01 s−1, 0.1 s−1,1 s−1, and 10 s−1) and four temperatures (1200 °C, 1250 °C, 1300 °C, and 1350 °C) in an argon atmosphere. W30Mo70 material with a size of Φ19.3 mm × 7 mm was used as the compression anvil. Tantalum sheet, graphite foil, and nickel-based lubricant were employed to eliminate friction.




3. Experimental Results


3.1. The Flow Characteristics


The stress–strain curve is corrected by friction according to Appendix A, and the results are shown in Figure 2. The stress decreases with increasing temperature and decreasing strain rate. At the same strain rate, the peak-strain decreases with the increase in temperature. At the same temperature, the peak-strain increases with the increase in strain rate.



There are two main characteristics of the curves:



	(1)

	
The flow stress curves are divided into four stages according to the description of flow stress by Lin et al. [20]. In the initial stage (work hardening stage), with the increase in strain, stress increases as the work hardening rate is bigger than the softening rate. In the second stage (transition stage), the softening effect is gradually strengthened, causing a decrease in the stress increase rate, and thus the flow stress reaches its peak. In the third stage (softening stage), the flow softening effect caused by dynamic recovery (DRV) and DRX is greater than that caused by work hardening (WH), resulting in a rapid decrease in flow stress. In the fourth stage (steady stage), when the deformation reaches a specific value, the competition between WH and dynamic softening reaches a dynamic equilibrium. It is worth noting that when the strain rate is greater than 0.1 s−1, the stress has increased after reaching the steady state stage (  ε > 0.5  ), which is caused by friction




	(2)

	
Flow stress curve changed from a single peak to multiple peaks when   ε ˙   changed from 0.01 s−1 to 0.001 s−1.







The curves show a single peak at high strain rates (   ε ˙  ≥ 0.01    s  − 1    ) as the DRX rate is so slow that the first round of DRX is not completed when the second round of DRX has begun.



The curves show multiple peaks at a low strain rate (   ε ˙  < 0.01    s  − 1    ). According to our previous simulation results of the recrystallization process through the multiphase field method [23], the reason is that the second round of DRX takes place after the first round of DRX is completed.



The curve reaches its first peak due to the first round of DRX. The curve reach to its first trough due to growth of each new DRX grain. Then, the deformation is not over, and the dislocation density in the newly formed grains has not reached the critical density of dynamic recrystallization. Therefore, the grains undergo secondary WH, and the second work hardening peak appears. With the increase in dislocation density, the second dynamic recrystallization begins, forming a second trough. Such complex WH and softening of DRX superimposed alternately, and the curve periodically appears multiple peaks until equilibrium [24,25].




3.2. Constitutive Modeling the Flow Stress of 42CrMo


3.2.1. Arrhenius Constitutive Model


The derivation of strain-compensated Arrhenius constitutive equation is divided into two steps. The first step is to solve the Arrhenius constitutive equation under a specific strain to obtain the material parameters. The second step is to conduct polynomial fitting of material parameters under all strains to obtain the final equation.



	(1)

	
Determination of material parameters







According to the Zener and Hollomon [26] research, stress is related to strain, temperature, and strain rate. The Arrhenius model has been widely used to describe the stress–strain relationship. The method of deriving material parameters from Z parameter is shown in Figure 3, and the formula derivation is shown in Appendix B.



	(2)

	
Strain compensated constitutive equation







The parameters obtained by the above calculation and fitting process can only predict the flow stress under specific strain. Thus, the influence of strain on the flow stress must be considered. The effect of strain can be indirectly reflected on the material constants. The material constants of constitutive equations under different deformation strains are calculated at intervals of 0.05 in the range of 0.05–0.6. The relationship between strain and material constants (α, n, Q, and A) can be well fitted by a polynomial (Equation (1), m = 8). Figure 4 shows the fitting results, and the fitting coefficients of polynomials are shown in Table 2.


   {      α  ( ε )  =  α 0  +  α 1   ε 1  +  α 2   ε 2  +  α 3   ε 3  + … +  α m   ε m        n  ( ε )  =  n 0  +  n 1   ε 1  +  n 2   ε 2  +  n 3   ε 3  + … +  n m   ε m        Q  ( ε )  =  Q 0  +  Q 1   ε 1  +  Q 2   ε 2  +  Q 3   ε 3  + … +  Q m   ε m        A  ( ε )  =  A 0  +  A 1   ε 1  + A  ε 2  +  A 3   ε 3  + … +  A m   ε m         



(1)







Some research [27,28] shows that the Arrhenius-type constitutive equation has a large error between the predicted and actual values at high temperatures and low strain rates. Therefore, a strain rate correction of Z parameter is carried out, and the equation is as follows [29]:


  Z =   ε ˙   − 1 / 5   exp  (   Q  R T    )       ε ˙  = 0.001    s  − 1    



(2)







Strain compensated Arrhenius constitutive model can be expressed by Equation (3).


  σ =  1  α  ( ε )    l n  {     (   Z  A  ( ε )     )     1  n  ( ε )      +    [     (   Z  A  ( ε )     )     2  n  ( ε )      + 1  ]    1 / 2    }   



(3)








3.2.2. Back Propagation Artificial Neural Network Constitutive Model


The back propagation artificial neural network constitutive (BP ANN) has been an excellent solution for complex nonlinear problems [30]. To better describe the flow stress of 42CrMo, the BP ANN model was employed in this research. A typical ANN consists of three units connected by weight values, namely, input layer, output layer, and hidden layer.



The ANN model with three input neurons, T,   ε ˙  , and  ε , and one output neuron,  σ , is shown in Figure 5. The learning process of the BP ANN model is to continuously adjust the weights of neurons through error back propagation process. Neurons are equivalent to material parameters in conventional fitting methods, and weights are equivalent to parameter coefficients. The hidden layer contains 10 neurons. A logistic sigmoid function was employed as the activation function. The learning is based on the Levenberg–Marquardt algorithm. The learning rate is set as 0.001. The mean square error (MSE) was selected as the training objective function. MSE is expressed as Equation (4). Before training, all data need to be normalized in the [−1, 1] interval according to Equation (5).


  M S E =  1 n    ∑   j = 1  n     (   E i  −  P i   )   2   



(4)




where    E i    and    P i    are experimental and predicted values, respectively.


   X 、  = 0.1 + 0.8  (    X −  X  m i n      X  m a x   −  X  m i n      )   



(5)




where  X  is the original data,    X 、    is the normalized data, and    X  m a x     and    X  m i n     are the maximum and minimum values of X, respectively.




3.2.3. Performance Evaluation of Constitutive Models


In this work, two models, i.e., the Arrhenius model and the BP ANN model, were employed to predict the strain-stress of 42CrMo at elevated temperatures. The comparison of experimental and predicted data from different models is shown in Figure 6 and Figure 7, respectively.



To quantitatively evaluate the performance of the above models, the R-value and average absolute relative error (AARE) value [4] are calculated by Equations (6) and (7), and the results are shown in Figure 8. The closer the R-value is to 1, the stronger the predictive ability is. The smaller the AARE value, the stronger the reliability of the prediction is [31].


  R =    ∑  i = 1  N   (   P i  − P  )   (   E i  − E  )       ∑  i = 1  N     (   P i  − P  )   2       ∑  i = 1  N     (   E i  − E  )   2       



(6)






  A A R E =  1 N    ∑   i = 1  N   |     E i  −  P i    E i    |  × 100 %  



(7)




where    P i    and    E i    are the experimental and predicted data, respectively, and E and P are the mean value.



It can be seen from Figure 6 and Figure 7 that the Arrhenius model has poor fitting results at large strain rates, while the BP ANN model has a better predictive ability. The R-value and AARE value of the BP ANN model are calculated to be 0.9999 and 0.4165%, respectively (Figure 8b), which are both lower than those of the strain-compensated Arrhenius model (Figure 8a), indicating that the BP ANN model has higher prediction accuracy and stability.





3.3. Hot Processing Maps


3.3.1. Hot Processing Maps Principles


To further clarify the DRX, DRV, and flow instability behavior of 42CrMo, the hot processing map was drawn according to the dynamic materials model (DMM) [32,33]. DMM defines that the total power of the input system, P, consists of two parts, namely the dissipation coordination J, and the dissipation G. Their relationship is Equation (8).


  P = σ  ε ˙  = G + J =  ∫ 0  ε ˙   σ d  ε ˙  +  ∫ 0 σ   ε ˙  d σ    



(8)







G and J represent the energy consumed by plastic deformation and by microstructure evolution, respectively. Strain rate sensitivity coefficient m decided their percent of P and can be expressed as.


  m =   d J   d G   =   d  (  l n σ  )    d  (  l n  ε ˙   )     



(9)







J takes the maximum value Jmax when m = 1 under the ideal linear dissipation process. The energy consumption efficiency factor  η  is defined as the ratio of the dissipation coefficient J to the ideal dissipation coefficient Jmax [34]. In general, the larger the η value is, the larger the energy proportion consumed by structural transformation is, and the better the working performance is. When drawing the thermal processing map, the instability region should also be avoided. Based on the maximum rate of entropy principle, the Prasad criterion was used to describe the flow instabilities (see Equation (11)).


  η =  J   J  m a x     =   2 m   m + 1    



(10)






  ξ  (  ε ˙  )  =   ∂ ln  (   m  m + 1    )    ∂ l n  ε ˙    + m < 0  



(11)








3.3.2. Hot Processing Maps of 42CrMo


Figure 9 shows the processing maps of 42CrMo under different true strains. The contour lines represent the value of   η ,   and the blue regions denote the flow instability. It is reported that a high value of  η  indicates that the microstructure consumes more energy, and DRV, DRX, or phase transition may occur [35]. The regions of high  η  values, which facilitate hot working, are marked with red lines. These regions are mainly distributed in the range of strain rate 0.01–1 s−1 and temperature greater than 1250 °C. Liu et al. [23] studied the dynamic recrystallization of the HR process by the multi-phase field method and found that a low strain rate promoted dynamic recrystallization, which could explain the areas where high  η  values occur.





3.4. Dynamic Recrystallization Grain Analysis


3.4.1. Temperature Effect


The samples were eroded in a supersaturated picric acid solution for an optical microscope (OM) observation to study the prior austenite grain boundaries. Deformation temperature affects recrystallized grains size. Figure 10 shows the prior austenite microstructure results at different temperatures under strain rate 0.01 s−1. The statistical results of Figure 10a–d are ~72 μm, ~112 μm, ~224 μm, and ~295 μm, respectively. High deformation temperature promotes grain boundary migration and increases grain size. The original grain was compressed along the deformation direction and elongated along the radial direction. Moreover, the deformed large grains are surrounded by newly generated DRX small grains, and the microstructure presents the characteristics of coexistence of original grains and recrystallization grains.




3.4.2. Strain Rate Effect


The strain rate also affects the recrystallized grains. Figure 11 shows the prior austenite microstructure results at different strain rates under 1350 °C. The statistical results of Figure 11a–d are ~60 μm, ~83 μm, ~183 μm, and ~295 μm, respectively. A large strain rate means large dislocation density and high deformation energy, which drives recrystallization. At the same time, a large strain rate means short recrystallization time, which hinders the subsequent recrystallization grain growth.




3.4.3. Grain Size Prediction Model


The average grain sizes of austenite at different strain rates were counted and shown in Figure 12a. The grain size decreases with the increase in strain rate at a specific temperature. Additionally, the grain size decreases with the decrease in temperature at a specific strain rate. The empirical equation can fit the relationship between austenite grain size and Z parameter    d 0  =  C 1   Z   C 2     . The fitting equation is shown in Equation (12), and the fitting curve is shown in Figure 12b.


   d 0  = 78254.4 ×  Z  − 0.269    



(12)










4. Conclusions


	
The flow stress of 42CrMo steel during hot compression deformation is mainly characterized by WH and a high temperature softening mechanism. The flow stress decreases with increasing temperatures and decreasing strain rates.



	
Based on the strain compensation Arrhenius constitutive equation, the constitutive equation of 42CrMo steel at 1200–1350 °C and 0.01–10 s−1 was established. The mathematical form is







   σ =  1  α  ( ε )    l n  {     (   Z  A  ( ε )     )     1  n  ( ε )      +    [     (   Z  A  ( ε )     )     2  n  ( ε )      + 1  ]    1 / 2    }      









	3.

	
A single hidden layer BP ANN model with 10 hidden neurons was established to predict the flow behavior of 42CrMo, and the results showed that the BP ANN model has higher accuracy and stability to predict the curve than the Arrhenius model.




	4.

	
Based on the analysis of the thermal processing map, the optimal high reduction process parameter range of 42CrMo is obtained: the temperature range is 1250–1350 °C, and the strain rate range is 0.01–1 s−1.
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Appendix A. Friction Correction


In the metal forming process, friction affects a tools’ life cycle, the formability of workpiece material, and product quality. Friction increases the uneven deformation, resulting in fluctuations in the curve in hot compression process. Researchers reduce the harmful effects of friction by employing nickel-based lubricants and graphite sheets in hot compression experiments. However, the influence of friction increased with the increase in strain, and the phenomenon of ‘bulging’ would appear. Li et al. [36] analyzed friction coefficient evolution under large strain in the hot forging process and found that the friction coefficient was constant at low strain levels and exponential at high strain levels. Therefore, the measured flow stress needs to be corrected by the friction correction method proposed in previous research [37,38,39].



A simple representation of hot compression test is presented in Figure A1. The parameters, including initial radius R0, maximum radius RM, initial height h0, and final height h, can be directly measured, as shown in Figure A1c. The transformation from the measured stress to the corrected stress can be obtained from the following equation [36]:


   σ c  =    σ m   C 2    2  [   e C  − C − 1  ]     



(A1)




where    σ c    and    σ m    are the corrected and measured flow stress, respectively, and  C  is the correction coefficient, which could be evaluated by Equation (A2).



[image: Metals 11 01614 g0a1 550] 





Figure A1. Diagram of samples shape before (a) and after (b) hot compression, and (c) relevant parameters in friction correction. 






Figure A1. Diagram of samples shape before (a) and after (b) hot compression, and (c) relevant parameters in friction correction.
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  C =   2 m R  h   



(A2)




where R is the theoretical radius, which can be evaluated by Equation (A3) and m is the average friction coefficient of the entire working process varying from 0 (perfect sliding) to 1 (sticking), which can be evaluated by Equation (A4) [39].


  R =  R 0     h 0  / h    



(A3)






  m =    (  R / h  )  b    (  4 /  3   )  −  (  2 b / 3  3   )     



(A4)




where b is the barreling factor, which can be evaluated by Equation (A5).


  b =   4 ∆ R · h   R · ∆ h    



(A5)




where   ∆ R   is the difference between the maximum radius RM and the top radius RT of the sample, respectively, which can be evaluated by Equations (A6) and (A7), respectively, and   ∆ h   is the height difference before and after sample compression, which can be evaluated by Equation (A8).


  ∆ R =  R M  −  R T   



(A6)






   R T  =   3    h 0   h   R 0 2  − 2  R M 2     



(A7)






  ∆ h =  h 0  − h  



(A8)








Appendix B. Derivation of Arrhenius Constitutive Equation


Under different stress states, Z parameter can be expressed as Equations (A9) and (A10) [21,40].


  Z =  ε ˙  exp  (   Q  R T    )   



(A9)




where Z is strain rate compensation factor;   ε ˙   is strain rate; Q is deformation activation energy; R is gas constant; and T is deformation temperature.


  Z =  {      B  σ   n 1                                                          α σ < 0.8       C e x p  (  β σ  )                                      α σ > 1.2       A      [  sinh  (  α σ  )   ]   n                      for   all   σ        



(A10)




where A, B, C, α, β, n1, and n are material constants.



The following formula can be obtained by taking logarithms on both sides of Equations (A9) and (A10), respectively.


{     l n  ε ˙  =  n 1  l n σ + l n B −  Q  R T         l n  ε ˙  = β σ + l n C −  Q  R T         l n  ε ˙  = n ln  [  sinh  (  α σ  )   ]  + l n A −  Q  R T         R n l n  [  sinh  (  α σ  )   ]  =  Q T  + R  (  l n  ε ˙  − l n A  )        l n Z = n ln  [  sinh  (  α σ  )   ]  + l n A     



(A11)







The following parameters can be obtained by linear fitting from Equation (A11). Additionally, lnA was determined from the intercept of the lnZ-ln [sinh(ασ)] line.


   {       n 1  =       ∂  (  l n  ε ˙   )    ∂  (  l n σ  )     |   T        β =       ∂  (  l n  ε ˙   )    ∂  ( σ )     |   T        α =  β   n 1          n =       ∂  (  l n  ε ˙   )    ∂  (  ln  [  sinh  (  α σ  )   ]   )     |   T        Q =       ∂  (  R n ln  [  sinh  (  α σ  )   ]   )    ∂  (  1 / T  )     |    ε ˙          



(A12)
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Figure 1. (a) Hot compression experiment procedure diagram and (b) schematic illustration of the hot compression test. 
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Figure 2. True−stress/true−strain curve of 42CrMo steel after friction correction under different deformation conditions: (a) 0.001 s−1; (b) 0.01 s−1; (c) 0.1 s−1; (d) 1 s−1; and (e) 10 s−1. 
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Figure 3. Flow chart of Arrhenius constitutive model parameters solving. 
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Figure 4. Linear fitting schematic between strain and material constants α (a), n (b), Q (c), and A (d). 
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Figure 5. Schematic of the BP ANN with a single hidden layer. 
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Figure 6. Predicted and experimental data of flow stress from Arrhenius model at various strain rates and temperatures: (a) 1200 °C; (b) 1250 °C; (c) 1300 °C; (d) 1350 °C. 
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Figure 7. Predicted and experimental data of flow stress from BP ANN model at various strain rates and temperatures: (a) 1200 °C; (b) 1250 °C; (c) 1300 °C; (d) 1350 °C. 
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Figure 8. Comparison of predicted and experimental flow stress by (a) strain-compensated Arrhenius model and (b) BP ANN model. 
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Figure 9. Hot processing maps under different true strains: (a)   ε   = 0.1; (b)   ε    = 0.2; (c)   ε    = 0.3; and (d)   ε    = 0.4. 
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Figure 10. Austenite grain under strain rate 0.01 s−1 of (a) 1200 °C; (b) 1250 °C; (c) 1300 °C; and (d) 1350 °C. 
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Figure 11. Austenite grain under temperature 1350 °C of (a) 10 s−1; (b) 1 s−1; (c) 0.1 s−1; and (d) 0.01 s−1. 






Figure 11. Austenite grain under temperature 1350 °C of (a) 10 s−1; (b) 1 s−1; (c) 0.1 s−1; and (d) 0.01 s−1.



[image: Metals 11 01614 g011]







[image: Metals 11 01614 g012 550] 





Figure 12. The relationship between d0 and Z parameters (a) statistical results of dynamic recrystallization grain size; (b) ln    d 0   -lnZ. 
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Table 1. Chemical composition of experimental 42CrMo steels (wt.%).
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	C
	Mn
	Si
	P
	S
	Ni
	Cr
	Mo
	Ti
	Fe





	0.39
	0.72
	0.24
	0.014
	0.005
	0.009
	1.12
	0.189
	0.0039
	Balance
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Table 2. Coefficients of the polynomial for material constants α, n, Q, and A.
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	Coefficient
	α
	n
	A
	Q





	0
	0.03744
	1.38678
	5.99 × 1011
	314,383.9372



	1
	−0.57203
	111.8692
	9.93 × 1013
	3,500,920



	2
	8.36659
	−1919.02
	−2.37 × 1015
	−64,276,000



	3
	−64.3572
	15,697.7
	2.30 × 1016
	558,432,000



	4
	285.862
	−72,404.1
	−1.19 × 1017
	−2,752,800,000



	5
	−756.918
	198,419
	3.54 × 1017
	8,058,170,000



	6
	1180.568
	−320,115
	−6.08 × 1017
	−13,772,100,000



	7
	−1002.47
	280,571.3
	5.59 × 1017
	12,636,300,000



	8
	357.8014
	−102,991
	−2.12 × 1017
	−4,797,100,000
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