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Abstract

:

In this work, multi-pass compressions were performed at various strain rates (0.01 s−1, 0.1 s−1, 1 s−1, 10 s−1), temperatures (950 °C, 1050 °C, 1150 °C), inter-pass holding time (1 s, 10 s, 30 s, 120 s, 600 s), interrupt strains (0.3, 0.4, 0.5, 0.6), and total pass numbers (1, 2, 3, 4). The intriguing finding was that the recrystallized fraction, average dislocation density, and plastic cumulative strain were partly eliminated during inter-pass holding, resulting in the early occurrence of recrystallization in subsequent compression. Therefore, a parameter (Θ) to evaluate the overall softening fraction due to recrystallization was proposed, and it was then used to iteratively rectify the average dislocation density and plastic cumulative strain in flow-stress modeling. The flow-stress model parameters of 300M steel for multi-pass compression were identified using an optimization technique based on non-derivative method integrated in MATLAB software. The average deviation of calculated and experimental flow-stress was 0.88 MPa (1.35%), showing good accuracy of the flow-stress model. The microstructure evolution of 300M steel was analyzed by the change of softening fraction during multi-pass compression, which provided a useful reference for the research of stress–microstructure relationships of high-strength steels.
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1. Introduction


As a kind of medium carbon low-alloyed steel, the 300M steel (namely 4340 M) is used a lot in the manufacture of large structural parts due to good strength (σyield ≥ 1850 MPa), transverse ductility, fracture toughness, and anti-fatigue property. For these parts, material flow controlling in multi-pass hot compression and precise flow-stress modeling are major concerns.



Plenty of work has been carried out to study the influences of process parameter and microstructure evolution on flow-stress evolution of various steels. The effects of strain rate, strain, and temperature on flow-stress were considered, and the flow-stress models of Nb-Ti steel [1] and 5CrNiMoV steel [2] for single-pass compression were constructed based on the Arrhenius model. To reflect the influence of dislocation, segmented flow-stress models of AZ61 magnesium alloy [3] and 34CrNiMo6 steel [4] were established based on the Kocks-Mecking model during hot compression. Moreover, the effect of average grain size was coupled in the flow-stress model of as-cast 42CrMo billet in ring rolling by Guo et al. [5]. The flow-stress models of pure iron [6], 30Si2MnCrMoVE steel [7], and FB2 steel [8] were established considering the evolution of stress parameters. A flow-stress model coupling the effects of dislocation, vacancy, recrystallization, and grain growth was developed by Safara et al. [9] for single-pass compression.



In multi-pass compression, dynamic recovery, dynamic recrystallization, meta-dynamic recrystallization, static recrystallization, and static recovery are the main microstructure evolution processes that cause material softening. From the point of view of dislocation evolution, these microstructure evolution processes all contribute to the annihilation of dislocation, but the time of effect and the degree of contribution are different. Dynamic recovery and dynamic recrystallization occur during deformation, while meta-dynamic recrystallization, static recrystallization, and static recovery occur during holding. Determining the contribution of each microstructure evolution on the flow behaviors of steels is complex, and there are many variables that may affect the flow behavior, for example, strain, strain rate, temperature, interrupt strain, inter-pass holding time, and total pass number. Tang et al. [10] proposed a model to establish the influences of strain, strain rate, and temperature on flow-stress in three-pass compression of 4343/4A60Nb-Ti steel based on the Arrhenius model. A mean field model was proposed by Beltran et al. [11] to predict the flow-stress by assuming that the grain boundary mobilities were the same in dynamic and post-dynamic recrystallizations of 304L steel. The effect of pass number was investigated by Guan et al. [12], and it was found that the flow-stress of a low carbon bainitic steel increased with increasing total pass number. By using the recrystallized dislocation-free portion (X) as an internal state variable, Cho et al. [13] established a model to account for the effects of static recrystallization, dynamic recrystallization, and grain size in multi-pass compressions of various metals. Yield stress, critical stress, saturation stress, and steady-state stress were also used as internal state variables to describe the flow behaviors of steels [14,15,16] in multi-pass compressions. A flow-stress model coupling microstructure evolution of C-Mn steel was established by Lin et al. [17]. For 300M steel, the flow-stress in single-pass compression have been modeled by the authors [18] and Guo et al. [19]. The microstructure evolutions in static recrystallization and meta-dynamic recrystallization was investigated by Zhao et al. [20,21] via double-pass compression, and it was found that the mechanism of static recrystallization was strain-induced boundary migration. The effect of interrupt strain was discussed by Zeng et al. [22], and a model was constructed based on the evolution of stress parameters. However, the existing model of 300M steel does not take into account the average dislocation density evolution, so it is facing difficulty in precise flow-stress prediction in multi-pass compression.



Accordingly, the previously established single-pass flow-stress model [18] was extended to multi-pass compression. The kinetics of recrystallizations during holding were coupled in the flow-stress model. A parameter (Θ) to evaluate the overall softening fraction due to recrystallizations was proposed, and it was further used in flow-stress modeling to iteratively rectify the average dislocation density and plastic cumulative strain. The flow-stress–microstructure relationship was revealed, which was of critical importance for the material flow control of 300M steel forging.




2. Materials and Experiments


2.1. Materials


As forged 300M steel ingot with the diameter of 300 mm was used. The chemical composition was measured to be 93.982Fe-2.562Si-0.896Cr-0.824Ni-0.808Mn-0.435Mo-0.39C-0.086V-0.017S (weight %) [23,24]. Specimens with the diameter of 8 mm and with the height of 12 mm were cut in the circumference direction of the ingot.




2.2. Multi-Pass Compression Experiments


Multi-pass compression tests were performed on Gleeble 3500 (Dynamic Systems Inc., Austin, TX, USA). The experimental procedures are shown in Figure 1a, which is described as follows: (a) the specimen was heated to 1200 °C at the rate of 3.3 °C/s, held there for 240 s, cooled to deformation temperature at the rate of 3.3 °C/s, and held again for 240 s. (b) the specimen was compressed under the temperature of Tc and at the strain rate of      ε c   ˙    to the logarithmic strain of    ε 1   . (c) the specimen was held at the temperature for the time of    t h   . (d) the specimen was compressed to another logarithmic strain of    ε 2   . The experimental parameters of double-pass compressions are in Table 1. The tests are numbered sequentially as T1–T14.



The triple-pass compression (T15) and quadruple-pass compression (T16) were carried out. The heating and holding process of triple-pass and quadruple-pass compression was the same as single-pass compression, but the deformation process was different. In the triple-pass compression, the strain rate, temperature, strain, and inter-pass holding time were set as 0.01 s−1, 1050 °C, 0.31, and 30 s, respectively. In the quadruple-pass compression, the parameters were set as 0.01 s−1, 1050 °C, 0.22, and 30 s, respectively. The experimental procedures are illustrated in Figure 1b,c. The stress–strain curves were smoothed by sampling stress at an interval strain of 0.01.





3. Results


3.1. Influence of Strain Rate


The stress-strain curves in double-pass compressions under different strain rates are shown in Figure 2. The stress increased with the increase of strain rate (T1→T4), because there was not sufficient time for dislocation annihilation at 10 s−1, resulting in work-hardening. The stress–strain curve shapes gradually changed from dynamic recrystallization type to dynamic recovery type, and finally changed to work-hardening type as the strain rate increased owing to the competing effect of work-hardening, dynamic recrystallization softening, and dynamic recovery softening. The stress–strain curve shapes of the two passes were similar, indicating the microstructure evolutions of the two passes were similar. The initial stress of the second pass was slightly higher, showing that the hardening effect of the first pass deformation was partly retained and transferred the second pass. However, the peak stress of the second pass was lower. Moreover, comparing the flow-stress of the two passes in test T1, it could be found that although dynamic recrystallization was completed in the first pass, it occurred again in the second pass. Thus, not only the dislocation densities but also dynamic recrystallization volume fraction (the volume fraction of dynamic recrystallized grains in total grains) and strain were partly eliminated in inter-pass holdings. A flow-stress model neglecting the inter-pass holdings would not accurately predict the flow behavior of 300M steel in multi-pass compression.




3.2. Influence of Temperature


The stress–strain curves in double-pass compression under different temperatures are shown in Figure 3. Stress decreased with increasing temperatures (T5→T1→T6). This was because the dynamic recovery softening effect was more intense at higher temperatures. Different stress–strain curve shapes of the two passes were found in test T5 and T6. In the test of T6, the deformation was interrupted when dynamic recrystallization was fulfilled for a large proportion. Therefore, in the inter-pass holding, meta-dynamic recrystallization dominated. However, in the test of T5, dynamic recrystallization occurred incompletely, and in the holding, static recrystallization dominated. The meta-dynamic and static recrystallization volume fraction in inter-pass holding was determined by the dynamic recrystallization volume fraction in the first pass. The initial stress of the second pass was slightly higher and the peak stress was lower, which was consistent with the result in Figure 2. An early occurrence of dynamic recrystallization of the second pass of test T6 was facilitated by the deformation stored energy in the first pass.




3.3. Influence of Inter-Pass Holding Time


The stress-strain curves in double-pass compression under different inter-pass holding time are shown in Figure 4. Comparing the second pass flow-stress with the first pass flow-stress of test T7–T10, it was revealed that initial stress decreased, and peak stress increased with increasing inter-pass holding time. The stress–strain curves were crossed at the strain of ~0.57. It could be explained that the longer the inter-pass holding time, a larger proportion of dynamic recrystallization volume fraction, strain, and dislocation density was eliminated. As a result, the material state was close to the initial state. The initial stress was low, and the peak stress was relatively high. On the contrary, when the inter-pass holding time was short, there was no significant change in the dynamic recrystallization volume fraction, strain, and dislocation density. The material state was close to the state before interrupting, and therefore, the initial stress was high, and the peak stress was low.




3.4. Influence of Interrupt Strain


The stress–strain curves in double-pass compression under different interrupt strains are shown in Figure 5. The curve of the first pass was dynamic recrystallization type, and the interrupt strain from T11 to T14 located in the downward section of the stress–strain curve, indicating that the dynamic recrystallization volume fraction from T11 to T14 was gradually increasing before interrupting. As the interrupt strain increased (T11→T14), both the initial stress and the peak stress of the second pass decreased. This was because the larger the interrupt strain, the higher the first pass recrystallization volume fraction, and the more obvious the softening effect on the second pass compression.




3.5. Influence of Total Pass Number


The stress-strain curves of double-pass, triple-pass, and quadruple-pass compression are in Figure 6. In the double-pass compression (T1), the peak stress of the second pass was lower than the first pass. In triple-pass compression (T15), the peak stress also decreased gradually. In quadruple-pass compression (T16), the peak stress ceased to drop at the fourth pass. Therefore, by increasing the total pass number and making good use of recrystallizations in inter-pass holdings, the deformation force could be decreased, which was very useful in actual forging. Moreover, the flow stresses at the strain of 0.9 in test T1, T15, and T16 are proximately the same, suggesting that the softening effect by increasing the total pass number was limited.





4. Discussion


4.1. The Flow-Stress Model


The flow-stress calculation procedure is shown in Figure 7.



In the thermal compression, if the plastic strain were too low to initiate dynamic recrystallization, only dynamic recovery would occur. The grains underwent dynamic recovery would experience static recovery afterwards in inter-pass holding. A parameter ( Θ ) to evaluate the overall softening fraction was proposed in the present work, and expressed as:


   Θ i  =  X  i − 1   ·  X  x r v    



(1)




where    X  i − 1     was the volume fraction of dynamic recrystallized grains in the prior pass.    X  x r v     was the softening fraction due to static recovery, which was expressed as [22]:


   X  x r v   =    k 4     k  s r v     l n  (  1 +  t τ   )   



(2)




where    k 4    was a model parameter,    k  s r v     and  τ  was expressed as:


   k  s r v   =  A  s r v      (   ε ˙  · e x p  (     Q  s r v     R T    )   )     n  s r v      



(3)






  τ =  A τ     (   ε ˙  · e x p  (     Q τ    R T    )   )     n τ     



(4)




where    A  s r v    ,    Q  s r v    ,    n  s r v    ,    A τ   ,    Q τ   ,    n τ    were all material constants. t was the inter-pass holding time. Otherwise, if the strain exceeded the critical strain, dynamic recrystallization, and dynamic recovery happened. The volume fraction of the dynamic recrystallized grains in total grains (X) was expressed as [18]:


   X  i − 1   = 1 − e x p  (  − 0.693    (    ε −  ε c     ε p     )   n   )   



(5)




where    X  i − 1     was the dynamic recrystallization kinetics in the i−1th iteration, and  ε  was the plastic cumulative strain.    ε c    was the critical strain for initiating dynamic recrystallization, which could be expressed by the Arrhenius equation:


   ε c  =  A c     (   ε ˙  · e x p  (     Q c    R T    )   )     n c     



(6)




where    A c   ,    Q c   , and    n c    were material constants.  R  = 8.314 kJ/(mol K).    ε p    was the peak strain, which could also be expressed as:


   ε p  =  A p     (   ε ˙  · e x p  (     Q p    R T    )   )     n p     



(7)




where    A p   ,    Q p   , and    n p    were material constants.



The dynamic recrystallized grains, whose portion was X, would experience meta-dynamic recrystallization afterwards in inter-pass holding. However, for the rest of the grains, whose portion was 1−X, static recrystallization would occur. In this case, the softening fraction (   Θ i   ) could be calculated by:


   Θ i  =  (  1 −  X  i − 1    )  ·  X s  +  X  i − 1   ·  X m   



(8)




where    X s    was the static recrystallization kinetics, and    X m    was the meta-dynamic recrystallization kinetics. They could be expressed as [22]:


   X s  =  (  1 −  X  i − 1    )   (  1 − e x p  (  − 0.693    (   t   τ  s 50      )     n s     )   )   



(9)






   X m  =  X  i − 1    (  1 − e x p  (  − 0.693    (   t   τ  m 50      )     n m     )   )   



(10)




where t was the inter-pass holding time,    τ  s 50     was the time needed to achieve 50% softening in static recrystallization.    τ  m 50     was the time needed to achieve 50% softening in meta-dynamic recrystallization. They could be expressed as [20,21]:


   τ  s 50   =  A  τ s 50      (   ε ˙  · e x p  (     Q  τ s 50     R T    )   )     n  τ s 50      



(11)






   τ  m 50   =  A  τ m 50      (   ε ˙  · e x p  (     Q  τ m 50     R T    )   )     n  τ m 50      



(12)




where    A  τ s 50    ,    Q  τ s 50    ,    n  τ s 50    ,    A  τ m 50    ,    Q  τ m 50    ,    n  τ m 50     were all material constants. The strain in the model was an important parameter both for calculating the dynamic recrystallization volume fraction, and for determining whether dynamic recrystallization occurred. In multi-pass compression, it was necessary to accurately judge how the strain evolved. On the one hand, the strain increased as deformation went on, and on the other hand, the strain decreased with increasing volume fraction of recrystallized grains. Therefore, in inter-pass holdings, the strain (   ε i   ) was calibrated by:


   ε i  =  ε  i − 1   ·  (  1 −  Θ  i − 1    )   



(13)




where    ε  i − 1     was the interruption strain of the last pass deformation. The evolution of average dislocation density was also considered during multi-pass compressions. The average dislocation density of the initial material (   ρ 0   ) was calculated by:


   ρ 0  =  A 0     (   ε ˙  · e x p  (     Q 0    R T    )   )     n 0     



(14)




where    A 0   ,    Q 0   , and    n 0    were material constants. In dynamic recrystallization, the average dislocation density (   ρ i   ) was calculated by [18]:


   ρ i  =  ρ  i − 1   +  M b   (       ρ  i − 1        k 1    +  1   d 0     )  ∆  ε i  −  k 2   ρ  i − 1   ∆  ε i  −  k 3   X  i − 1   ∆  ε i   



(15)




where    ρ  i − 1     was the average dislocation density in the i−1th iteration. M was the Taylor factor. b was the module of the Burgess vector.    d 0    was the initial grain size (37.7 μm).    k 1   ,    k 2   , and    k 3    were calculated by:


   k i  =  A i     (   ε ˙  ·  e     Q i    R T      )     n i      ( i = 1 , 2 , 3 )  



(16)




where    A i   ,    n i   ,    Q i    were material constants. Then, the flow-stress (   σ i   ) was calculated by the Taylor equation [25]:


   σ i  = α μ M b    ρ i     



(17)




where  α  was a constant,  μ  was the shear modulus. When inter-pass holding finished, the average dislocation density was calculated by:


   ρ i  =  ρ  i − 1   ·  (  1 −  Θ  i − 1    )   



(18)








4.2. Parameter Identification


There were 34 parameters that needed to be determined in the flow-stress model of 300M steel for multi-pass compression. To successfully solve the unknown parameters, a parameter identification program was integrated in MATLAB software. The optimization goal was set as:


  δ = Min   ∑      (  a b s  (     (   σ  e x p   −  σ  c a l    )     σ  e x p     × 100  )  + a b s  (   σ  e x p   −  σ  c a l    )   )   



(19)




where    σ  e x p     were the experimental flow-stress, and    σ  c a l     was the calculated flow-stress. For genetic algorithm, the optimized parameters could be obtained simply by providing the parameter ranges, for example, from   − ∞   to   + ∞  , but the drawback was the optimization speed. For none-derivative method, the optimization could be much quicker, but an initial solution needed to be set. Therefore, to speed up the solving process, the model parameters were first identified by genetic algorithm. Then, the combination of model parameters was set as initial solution for none-derivative method. Twenty-one of the parameters were solved first by the stress–strain curves of test T1–T6, and 13 of the parameters were solved by the stress–strain curve of T7–T14. The optimized model parameters are shown in Table 2.




4.3. Comparison and Validation


The flow-stress calculated by the model parameters in Table 2 is shown as a line in Figure 8. The experimental flow-stress is shown as a symbol for comparison. It can be seen that the calculated stress fitted well with the experimental stress. The average error was 0.88 MPa, and the relative error was 1.35%. Therefore, the established flow-stress model could accurately describe the flow behavior of 300M steel in double-pass compression.



To verify whether the model could accurately predict the flow-stress in multi-pass compression, this model was applied in stress predictions of triple-pass compression and quadruple-pass compression. The calculated and experimental flow stresses of the triple-pass and the quadruple-pass compression are shown in Figure 9. The average error was 0.58 MPa, and the relative error was 0.95%. Therefore, the established flow-stress model was also capable of describing the stress evolution in triple-pass compression and quadruple-pass compression.




4.4. Analysis of the Softening Fraction


The softening fraction ( Θ ) in the present research reflected the recrystallization kinetics during and after hot compressions, and it allowed explanation of the change of flow-stress with microstructure evolution. The softening fraction in double-pass compression was calculated by the model parameters in Table 2, shown in Figure 10. At the same strain, the dynamic recrystallization volume fraction of the first pass decreased with increasing strain rate (T1→T4). After holding at 1050 °C for 30 s, the softening fraction at 0.01 s−1 (T1) was 28%, which was much smaller than the softening fraction at 0.1 s−1 (T2, 89%), 1 s−1 (T3, 80%), and 10 s−1 (T4, 69%). The softening fraction in inter-pass holdings were mainly affected by the meta-dynamic recrystallization and static recrystallization kinetics, and the results showed that the first pass strain rate affected the recrystallization kinetics during holding.



The softening fractions under various temperatures are shown in Figure 10b. At 950 °C (T5), the dynamic recrystallization volume fractions both in the first and second pass were lower than that at 1050 °C (T1) and 1150 °C (T6). At the end of the first pass of test T6, the dynamic recrystallization was almost completed, while at the temperature of 950 °C (T5), the dynamic recrystallization volume fraction was only 73% at the end of the first pass. During inter-pass holding, the dynamic recrystallization volume fraction dropped from 71% to 31% at 950 °C (T5), resulting in a second round of dynamic recrystallization. The deformation was interrupted when steady-state flow occurred in test T6, and the dynamic recrystallization volume fraction dropped from 100% to 98%.



The influence of inter-pass holding time on the evolution of  Θ  is shown in Figure 10c. The value of  Θ  of the second pass of test T7, T8, and T9 increased with inter-pass holding time, but the softening fraction of test T9 and T10 were identical. It was explained that the meta-dynamic recrystallization was completed after holding for 120 s at 1050 °C, but the static recrystallization has not yet occurred because of the incubation period.



The influence of interrupt strain on the evolution of  Θ  is shown in Figure 10d. The dynamic recrystallization volume fractions of the first pass of T11 (77%), T12 (91%), T13 (98%), and T14 (100%) increased with increasing interrupt strains (0.3, 0.4, 0.5, 0.6). After holding at 1050 °C for 30 s, the dynamic recrystallization volume fraction dropped to 0.54, 0.64, 0.72, and 0.84, respectively. However, the dynamic recrystallization volume fraction increased to 100% when the strain increased to 0.90 in the second pass deformation.



The softening fractions of 300M steel in triple-pass and quadruple-pass compression are shown in Figure 11. In the test of T15, the dynamic recrystallization volume fractions at the strain of 0.31 and 0.62 were 79% and 96%, respectively. However, it decreased to 35% and 69% due to recrystallizations in inter-pass holdings. The dynamic recrystallization volume fraction in the test of T16 also decreased in holdings. The microstructure evolutions of 300 M steel could be revealed by stress-strain curves. In practical production of large forgings, multi-pass compression parameters could be optimized to obtain fully recrystallized grains.





5. Conclusions


The following conclusions were drawn:



(1) The influences of strain rates, temperatures, inter-pass holding time, interrupt strains, and total pass number on flow-stress evolution were investigated. The recrystallized fraction, average dislocation density, and plastic cumulative strain were partly eliminated during inter-pass holdings, resulting in the early occurrence of recrystallization in subsequent compressions.



(2) A parameter ( Θ ) to evaluate the overall softening fraction due to recrystallizations was proposed, and it was then used to iteratively rectify the average dislocation density and plastic strain in flow-stress modeling. The average deviation of calculated and experimental flow-stress was 0.88 MPa (1.35%), showing good accuracy of the model.



(3) The model was verified by the results of triple-pass and quadruple-pass compressions. The average error was 0.58 MPa, and the relative error was 0.95%. Therefore, the established model was accurate in triple-pass and quadruple-pass compression. The established model allowed explanation of the change of flow-stress of 300M steel with microstructure evolution.
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Figure 1. Experimental procedures of (a) double-pass compressions, (b) triple-pass compression, (c) quadruple-pass compression. 
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Figure 2. Stress–strain curves in double-pass compressions under different strain rates (Tc = 1050 °C,    ε 1    =    ε 2    = 0.43,    t h    = 30 s). 
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Figure 3. Stress–strain curves in double-pass compression under different temperatures (     ε c   ˙    = 0.01 s−1,    ε 1    =    ε 2    = 0.43,    t h    = 30 s). 
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Figure 4. Stress–strain curves in double-pass compression under different inter-pass holding time (     ε c   ˙    = 0.01 s−1, Tc = 1050 °C,    ε 1    =    ε 2    = 0.43). 
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Figure 5. Stress–strain curves in double-pass compression under different interrupt strains (     ε c   ˙    = 0.01 s−1, Tc = 1050 °C,    t h    = 30 s). 
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Figure 6. Stress–strain curves in double-pass, triple-pass, and quadruple-pass compressions. (     ε c   ˙    = 0.01 s−1, Tc = 1050 °C,    t h    = 30 s). 
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Figure 7. Calculation procedure of the flow-stress. 
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Figure 8. Comparison of the model predictions and experimental values for the double-pass compression. (a) T1–T4, (b) T1, T5, and T6, (c) T7–T10, (d) T11–T14. 
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Figure 9. Comparison of the calculated and experimental flow stresses for the triple-pass compression and the quadruple-pass compression of 300M steel. 
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Figure 10. Softening fraction in double-pass compressions. (a) T1–T4, (b) T1, T5, and T6, (c) T7–T10, (d) T11–T14. 
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Figure 11. Softening fraction of 300M steel in triple-pass and quadruple-pass compression. 
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Table 1. Experimental parameters of double-pass compressions.






Table 1. Experimental parameters of double-pass compressions.





	No.
	Tc (°C)
	       ε c   ˙    (  s  − 1   )    
	     ε 1    ( 1 )    
	     t h    ( s )    
	    ε 2     (1)





	T1
	1050
	0.01
	0.43
	30
	0.43



	T2
	1050
	0.1
	0.43
	30
	0.43



	T3
	1050
	1
	0.43
	30
	0.43



	T4
	1050
	10
	0.43
	30
	0.43



	T5
	950
	0.01
	0.43
	30
	0.43



	T6
	1150
	0.01
	0.43
	30
	0.43



	T7
	1050
	0.01
	0.43
	1
	0.43



	T8
	1050
	0.01
	0.43
	10
	0.43



	T9
	1050
	0.01
	0.43
	120
	0.43



	T10
	1050
	0.01
	0.43
	600
	0.43



	T11
	1050
	0.01
	0.3
	30
	0.6



	T12
	1050
	0.01
	0.4
	30
	0.5



	T13
	1050
	0.01
	0.5
	30
	0.4



	T14
	1050
	0.01
	0.6
	30
	0.3
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Table 2. Flow-stress model parameters of 300M steel.
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	    A  s r v     
	   1.12 ×   10   28     
	    n  s r v     
	57.3
	    Q  s r v     
	   − 9.09 ×   10  5    



	    A τ    
	   5.63 ×   10  3    
	    n τ    
	19.3
	    Q τ    
	   − 5.85 ×   10  8    



	    A  τ s 50     
	   − 8.24 ×   10   − 4     
	    n   τ s  50     
	7.79
	    Q  τ s 50     
	   6.98 ×   10  4    



	    A  τ m 50     
	2.31
	    n   τ m  50     
	   − 16.2   
	    Q  τ m 50     
	   4.87 ×   10  4    



	    n s    
	   − 2.07 ×   10  5    
	    n m    
	0.172
	    A c    
	   4.26 ×   10  7    



	    n c    
	   − 4.73 ×   10   − 1     
	    Q c    
	   5.71 ×   10  5    
	    A p    
	   4.99 ×   10   − 4     



	    n p    
	   7.06 ×   10   − 2     
	    Q p    
	   9.83 ×   10  5    
	n
	1.95



	    A 1    
	   5.55 ×   10  3    
	    n 1    
	   − 0.127   
	    Q 1    
	   3.98 ×   10  5    



	    A 2    
	   1.49 ×   10  1    
	    n 2    
	   − 3.21 ×   10   − 3     
	    Q 2    
	   − 1.10 ×   10  6    



	    A 3    
	   9.62 ×   10  5    
	    n 3    
	   − 2.62   
	    Q 3    
	   − 2.77 ×   10  4    



	    A 0    
	1.21
	    n 0    
	0.132
	    Q 0    
	   3.40 ×   10  5    



	    k 4    
	   − 8.35 ×   10   31     
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