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Abstract: The hot deformation behavior and microstructure evolution of the SAE8620RH gear
steel were investigated through a single-pass hot compression test at deformation temperatures
between 850 and 1100 °C and strain rates between 0.02 and 8.0 s~ ! by 60% reduction. A novel strain
compensation constitutive model was developed, and the 2D processing maps were established by
Murty’s criterion. Results showed that the relationship between material-related parameters and
strain can be mathematically expressed by a highly reliable 8th-order polynomial. The constructed
strain compensation constitutive model demonstrated remarkable predictive precision, as evidenced
by the correlation coefficient (R) and the absolute values of average relative error (AARE) of 0.978 and
4%, respectively. The flow instability domains considerably expanded towards the high deformation
temperature region as the strain increased. Microstructure analysis confirmed the accuracy of the
processing map constructed by Murty’s criterion. The most noticeable optimum processing windows
for SAE8620RH gear steel at a strain of 0.7 occurred within the temperature range of 1000-1100 °C
and the strain rate range of 0.3-1.0 s71 dueto high 1 values exceeding 0.3 and equiaxial dynamic
recrystallization microstructure.

Keywords: hot deformation; strain compensation constitutive model; power dissipation map; instability
parameter; processing map; Murty’s criterion

1. Introduction

SAES8260RH gear steel is extensively employed in industries characterized by stringent
material performance criteria, such as automotive, maritime, and mechanical engineer-
ing, owing to its remarkable attributes of elevated purity, exceptional hardenability, and
prolonged fatigue endurance [1]. The successful application of SAE8260RH gear steel ne-
cessitates adequate core hardenability, favorable carburizing layer hardenability, a superior
banded structure, and minimal nonmetallic inclusions [2]. Obviously, a significant amount
of investigation has been directed towards the optimization of carburizing and quenching
processes, as well as the control of inclusions [3-5]. In fact, during the manufacturing
process, gear steel undergoes a complex thermal deformation condition to attain a uniform
and refined structure. This structural characteristic is also crucial in achieving exceptional
performance and dimensional stability. Nonetheless, if the thermal deformation parameters
are not appropriately selected, the formation of defects, such as localized deformation,
adiabatic shear bands, and wedge cracks may occur [6,7]. Dynamic recrystallization has
the potential to eliminate deformation-induced defects and decrease the average grain size,
which plays a crucial role in determining the microstructure and mechanical properties [8].
There are fewer studies on the hot deformation behavior of SAE8260RH gear steel at high
temperatures. Therefore, there is a need to study the thermal deformation mechanism and
the microstructural evolution of SAE8620RH gear steeds.
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The hot deformation behavior of metals was affected strongly by deformation parame-
ters, such as deformation temperature, strain rate, and strain, as well as by the characteristics
of secondary phases [9-11]. Chen conducted a study on the thermal deformation behavior
of 17Cr2Ni2MoVNDb and 20Cr2Ni4A gear steels, revealing that both caused dynamic recrys-
tallization at low strain rates and high deformation temperatures [12]. Notably, the presence
of Mo and Nb elements in varying proportions resulted in higher stress and critical stress
deformation activation energy for 17Cr2Ni2MoVND steel compared to 20Cr2Ni4A gear
steels. In addition, the thermal deformation constitutive equation serves as a mathematical
representation for simulating the rheological behavior of materials, enabling the characteri-
zation of the intricate nonlinear correlation between flow stress and thermal deformation
parameters [13]. Nevertheless, the determination of a rational constitutive relationship to
describe flow stress is challenging due to the multitude of factors influencing it [14]. The
most extensively employed is the Arrhenius constitutive mode [15-17].

However, the Arrhenius constitutive mode is only a flow stress equation related to
deformation temperature and strain rate without considering the factor of strain. The
material-dependent constants and activation energy are affected by strains [18]. This is
evident in the notable disparity in flow stress requirements for steel when subjected to 10%
and 80% deformation. Consequently, efforts were made to describe the relationship between
flow stress and strain more comprehensively. With the aim of enhancing the accuracy of the
constitutive equation, the strain parameter is incorporated into the Arrhenius constitutive
model. Wang et al. established six constitutive equations to study the deformation behavior
of powder metallurgy pure tungsten at deformation temperatures from 1523 K to 1823 K
and strain rates from 0.001 to 1.0 s~1 [19]. The findings revealed that the Arrhenius model
with strain compensation exhibited the highest accuracy due to its consideration of the
combined effects of strain, strain rate, and deformation temperature. Correspondingly, the
value of the correlation coefficient (R) was 0.9966, and the value of the average absolute
relative error (AARE) was 1.7103. Similarly, Chen’s investigation into 30Cr4MoNiV UHS
steel also indicated that the flow stress can be reliably estimated through the constitutive
equation with strain-dependent constants in the temperature range of 1173-1373 K and
a strain rate of 0.01-10.0 s~ ! [20]. This conclusion was supported by the high R value of
0.9906, which closely approximated 1.0. Hence, it is necessary to explore the relationship
between strain and material-related constants to establish the relationship between strain
and flow stress.

The thermal processing map serves to delineate the flow instability of metal materials
under diverse thermal processing parameters, thereby facilitating the determination of
appropriate process parameters for practical production. Consequently, controlled rolling
enables the attainment of desirable microstructures and exceptional properties in metal
materials [21]. The dynamic materials model (DMM) is a commonly utilized physical
model in the construction of thermal processing maps [22]. Prasad et al. have employed
the DMM model that enables the prediction of thermal processability, microstructural
evolution mechanisms, and flow stability across various deformation temperatures and
strain rates [23,24]. Within this model, the nonlinearity of the power dissipation efficiency
during thermal deformation is taken into account. Subsequently, numerous scholars have
put forth various models for instability criteria grounded in this theory and have developed
instability maps to forecast flow instability [25-27].

The thermal processing map is an amalgamation of the power dissipation map and the
instability map. The construction of the instability map relies on the strain rate sensitivity
coefficient, denoted as m. Prasad et al. regarded m as a constant in the equation of
power dissipation efficiency [28]. The constancy of the m value is limited to pure metals,
as it fluctuates with changes in temperature and strain rates in complex alloys. Murty
et al. modified the power dissipation efficiency equation and established a more suitable
instability criterion for metal materials [29]. Based on the Prasad criteria, Murty criteria,
and Poletti criteria, Shi et al. constructed thermal processing maps for LZ50 steel at
strains of 0.35 and 0.88, within a temperature range of 870-1170 °C and a strain rate of
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0.01-10 s~! [30]. Their analysis revealed that the processing maps obtained by Murty’s
criterion exhibited greater accuracy and determined the optimal parameters within the
range of medium temperature and medium strain rate, specifically at 1020 °C and 0.5 s~ 1.
Similarly, Zhong et al.’s investigation on the hot deformation characterization of Al-Cu-Li
X2A66 alloy demonstrated that Murty’s criterion displayed the utmost precision, and
the optimized processing parameters were identified as 480-500 °C/0.001-0.1 s~! and
420-480°C/0.1-1 s 1 [31].

Considering the aforementioned findings, it is of great value to investigate the evolu-
tion of microstructure and construct processing maps for the SAE8620RH gear steel during
the thermal working process, with the aim of optimizing the microstructure and enhancing
performance. Consequently, a single-pass hot compression experiment was conducted
to investigate its hot deformation behavior. Furthermore, by analyzing the acquired true
stress-strain curves and accounting for the influence of strain, precise constitutive equations
were formulated to predict the flow stresses. Subsequently, a processing map was devel-
oped using Murty’s criterion. By integrating the processing map with the microstructure
characteristics, potential factors leading to deformation instability were mitigated, and the
optimal range of process parameters was determined.

2. Materials and Methods

The experimental material of SAE8620RH gear steel utilized in this study was a
50-mm-diameter bar from a steel mill. The production process of SAE8620RH gear steel
was as follows: 60t EAF — LF — VD — LF — CC. Then the square billet with a cross-
section of 250 x 280 mm? produced by curved billet continuous casting machines was
rolled into round bars with diameters of 50 mm. The chemical composition of the test steel’s
main elements was determined using the QSN750-IIdirect reading spectrometer (OBLF,
Dortmund, Germany), and the resulting composition is presented in Table 1. Furthermore,
the CS844 infrared carbon sulfur meter (LECO, Saint Joseph, MO, USA) was employed to
determine the chemical compositions of the S and C elements in the SAE8620RH gear steel.

Table 1. Chemical composition of the main elements in SAE8620RH gear steel (wt. %).

C Mn Si Cr Ni Mo Al Ni S P
0.22 0.78 0.19 0.53 0.41 0.17 0.027 0.56 0.023 0011

In order to investigate the hot deformation behavior of SAE8620RH gear steel at high
temperatures and construct the processing map, single-pass hot compression tests were
performed. Cylindrical specimens with dimensions of ¢10 x 15 mm for hot compression
tests were extracted from the @50 mm bar using a wire-cutting machine. The hot com-
pression test was performed using a Gleeble-3800 Thermo-Mechanical Simulator, and the
specific procedure for the single-pass hot compression test is illustrated in Figure 1.

The specimens underwent a heating process to a temperature of 1150 °C at a rate
of 5 °C/s and were maintained for a duration of 3 min in order to achieve complete
solidification of the alloying elements within the austenite. Following this, the specimens
were cooled to the deformation temperature range of 850-1100 °C at 5 °C/s and held for
10 s, subsequently deformed by 60% reduction with strain rates of 0.02-8.0 s~!. Finally,
the deformed specimens were water quenched to room temperature to preserve the prior
austenite microstructures. In order to ensure the reproducibility of the experiments, each
group of experiments was performed three times.

Before the hot compression test, the specimen was first prepared by polishing both
ends with fine sandpaper to ensure a consistent, smooth surface. Additionally, the K-type
thermocouple wire was welded to the axial center of the cylindrical specimen to mon-
itor temperature fluctuations throughout the experimental procedure. Following this,
a molybdenum disulfide high-temperature lubricant was evenly applied to both ends.
Subsequently, circular graphite flakes, with a diameter exceeding that of the cylindrical
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specimen by 2 mm, were affixed to both ends. This application aimed to minimize friction
between the specimen and the indenter and enhance the deformation stability. Finally,
tantalum foils with a thickness of 0.1 mm were placed between the indenters and the ends
of the cylindrical specimen with graphite flakes, respectively, to prevent diffusion of the
specimen during high-temperature deformation and to bind the indenter interface. The
entire compression experiment was conducted in a vacuum state with a vacuum degree of
approximately 1.2 x 10~ torr.

) 1150°C-5 min C :
ompression
:60%
5°C/s Al
10s
? Deformation temperature:
N’
= 59C/s 850, 900, 950,
5 1000, 1050, 1100°C
53
3
ﬁ Strain rate: 0.02, 0.05, 0.1,
1.0,8.0s"
v
water quenched
- -
Time (s)

Figure 1. Schematic diagram of single-pass hot compression scheme for the SAE8620RH gear steel.

Based on the force and displacement data collected by Gleeble-3800 Thermo-Mechanical
Simulator, the true stresses of the specimen during compression were determined using the
principle of volume invariance. The stress-strain data of SAE8620RH gear steel were pro-
cessed using the Origin8.5 software equipped with the Gleeble-3800 Thermo-Mechanical
Simulator. The data for strain compensation constitutive equation and processing maps
based on Murty’s criterion were processed and calculated using the Matlab 7.0 software.
Detailed calculations, equations, and methods can be found in Sections 3.2 and 3.3. Subse-
quently, these results were imported into the Origin8.5 software for visualization.

The water-quenched specimens were precisely sectioned along the radial direction
at the specimen’s center using a wire-cutting machine. Following rough grinding, fine
grinding, and polishing, the specimens were subjected to corrosion in a saturated picric
acid solution with detergent for approximately 3 min. The temperature of the saturated
picric acid solution was set within the range of 50-75 °C, depending on the different
deformation parameters.

The well-corroded specimens were examined and analyzed using a metallographic
microscope of Leica DM4000M to investigate the microstructure evolution. The average
size of the prior austenite grains was determined using the intercept method with the free
Image]2 software.

3. Results and Discussion
3.1. Flow Stress and Microstructure Evolution

Figure 2 illustrates the true stress-strain curves of the SAE8620RH gear steel subjected
to a 60% reduction at various strain rates and temperatures. Initially, the true stresses
exhibited a substantial increase with increasing strain. However, as the strain continued
to increase, the rate of increase in the true stress gradually diminished. Subsequently, the



Metals 2023, 13, 1832

50f 20

180

160

-
N
o

120

True Stress (MPa)

Y
o

300

"True Stress (MPa)

foa
o

true stress displayed three distinct trends with increasing strain, attributable to variations
in strain rates and deformation temperatures. (I) The flow stress exhibited a peak value
as strain increased at low strain rates and high deformation temperatures (0.05-0.1s7!,
T > 950 °C; 1.0-8.0 s~ 1, T > 1050 °C), followed by a subsequent decrease and eventual
attainment of a relatively stable state. The presence of this peak stress suggested the
occurrence of dynamic recrystallization of austenite during deformation. Consequently, the
deformation mechanism at these parameters can be considered as dynamic recrystallization.
(IT) The stress did not exhibit a decrease but rather maintained a stable level after reaching
its peak (1.0 s~1 T: 900-1000 °C; 8.0 s~1, T: 1050 °C), indicating the establishment of
an equilibrium state between the dynamic softening and work hardening effects, which
corresponded to a partially dynamically recrystallized austenite grain. (III) The flow stress
exhibited a continuous increase with increasing strain without the occurrence of a peak
stress, albeit at a gradually decelerated rate (1.0-8.0 s~!, T < 900 °C). This deceleration in
stress increment was attributed to the dynamic recovery of the deformed austenite. This
type of stress-strain curve is known as the dynamic reversion curve. It should be noted
that the work-hardening effect dominates at low temperatures and high strain rates.
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Figure 2. The true stress-strain curves of SAE8620RH gear steel at different strain rates: (a) 0.05 s7L
()0.1s 1 (c)1.0s71;(d)8.0s 1.

The alteration in flow stress signified the modifications in the microstructure during
thermal deformation, particularly in dislocation density [32]. At an equivalent strain rate,
an increase in deformation temperature facilitated the attainment of peak flow stress and
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reduced the necessary strain. Consequently, dynamic recrystallization of the deformed
austenite was more probable. For instance, when the strain rate was 0.05 s~ the true
strain needed to achieve peak stress decreased from 0.181 to 0.316 as the deformation
temperature rose from 1000 °C to 1100 °C. Furthermore, a lower strain rate resulted in a
diminished strain requirement for the stress peak (Figure 2b,c). However, the occurrence
of dynamic recrystallization of austenite at very slow strain rates was hindered when the
temperature was excessively low (Figure 2¢,d). It was evident that the three deforma-
tion parameters were interconnected and collectively impacted the deformed austenite
dynamic recrystallization.

Figure 3 shows the true stress curves of the SAE8620RH gear steel at varying strains.
The relationship between deformation temperature and flow stress exhibited an inverse pro-
portionality, as the stress diminished with increasing deformation temperature (Figure 3a,c).
During the thermal deformation process, both dynamic recovery and recrystallization were
thermally activated processes that involved atomic diffusion. The increase in deformation
temperature induced thermal activation of the materials, consequently enhancing the driv-
ing force behind the dynamic softening effect. At elevated temperatures, dislocations could
easily overcome the solid solution atomic pinning effect, thereby facilitating dynamic rever-
sion and recrystallization through cross-slip and climbing mechanisms. This ultimately led
to an augmented nucleation and growth rate of dynamic recrystallization. Furthermore,
the influence of deformation temperature on true stress and dynamic recrystallization may
also be related to the carbides of Mo or Cr elements in SAES8620RH gear steel. Previous
studies have demonstrated that deformation at lower temperatures facilitated austenite
strain-induced precipitation, which could hinder dislocation rearrangement and grain
boundary migration, consequently impeding the nucleation and growth of recrystallized
grains [33]. Zheng et al. studied the hot deformation characteristics of a Fe-Cr-W-Mo-V-C
steel, revealing that a decrease in deformation temperature leads to a reduction in the quan-
tity and dimensions of carbides, resulting in a substantial increase in stress and hindering
the process of recrystallization [34].
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Figure 3. The variation curves of the true stress under different strain: (a,d) 0.2; (b,e) 0.4; (c,f) 0.8.

Consequently, the deformed grains underwent a rapid transformation into isometric,
dense, dynamically recrystallized grains, leading to a reduction in flow stress. Contrary
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(a)

to the temperature effect, the true stress increased with the increase in strain rate. Larger
strain rates increased dislocation growth rates, densities, and nucleation points, leading to
a significant increase in the hindering effect between dislocations.

The prior austenite grains of SAE8620RH gear steel under various deformation tem-
peratures with a strain rate of 0.1 s~! are shown in Figure 4a,c. At 850 °C, the prior
austenite exhibited elongation along the direction of deformation, displaying a pronounced
directional characteristic (Figure 4a). Combined with the flow stress curve in Figure 2b,
the true stress deformed at 850 °C with 0.1 s~! increased continuously with increasing
strain without the peak stress occurrence, showing an obvious work-hardening effect. Ata
temperature of 1000 °C, the elongated austenite grains completely disappeared and were
replaced by equiaxed austenite grains measuring approximately 30.6 um in size. Upon
increasing the deformation temperature to 1100 °C, the equiaxed austenite grains exhibited
an average size of approximately 45.3 pm. Furthermore, some coarse austenite grains were
also observed, indicating that austenite grains had started to coarsen (Figure 4c).

100 pm (& 100pm
RIUCEm fhs o jim |

100 pm

Figure 4. The prior austenite grains of SAE8620RH gear steel under different deformation parameters
(@) 0.1 s71-850 °C; (b) 0.1 s~1-1000 °C; (c) 0.1 s~1-1100 °C; (d) 0.1 s~1-1050 °C; (e) 1.0 s~1-1050 °C;
() 8.0s71-1050 °C.

Figure 4d,f shows the prior austenite grains of SAE8620RH gear steel deformed at
1050 °C with different strain rates. Notably, no elongated, deformed austenite grains were
observed, suggesting the occurrence of dynamic recrystallization of deformed austenite
at 1050 °C within the strain rate range of 0.1-8.0 s~!. At a strain rate of 0.1 s~!, the
average grain size of austenite was approximately 35.1 um, although some grains exhibited
significant growth, reaching a size of 43.5 um. Upon further increasing the strain rate
to 1.0 s71, the equiaxed austenite grains displayed a relatively uniform size distribution,
resulting in an average grain size reduction of 31.2 pm. At a strain rate of 8.0 s~ the
austenite grain size became more uniform, with an average size of 23.3 pm. In summary, the
average grain size of deformed austenite exhibited a decrease as the strain rate increased.
This phenomenon can be explained by the fact that the higher strain rate resulted in a
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greater number of dislocations per unit volume, thereby providing more nucleation points
for dynamic recrystallization. Additionally, the increased strain rate also reduced the time
available for grain growth.

3.2. Establishment of the Strain Compensation Constitutive Model

Analysis of the true stress-strain curves revealed that the true stress was primarily
influenced by three factors: deformation temperature, strain rate, and strain, during the
thermal deformation of SAE8620RH gear steel. The purpose of the constitutive model was
to investigate the relationship between them, which could be expressed as Equation (1)
under high-temperature plastic deformation [35]:

Apo™ exp( ) ao < 0.8)
£ = Azexp(Bo) ( ) ao >1.2) 1)
Alsinh(ao)] exp( )(for all)

where, A1, Ap, A, n,n1 (N), B (mm?), and & (mm?. N~!) are material-related parameters
independent of deformation temperature. x= $/n1. A1, Ay, A are the structural factors; n
n1 are the stress indices. ¢ is the strain rate (s 1), Q is the thermal deformation activation
energy for hot deformation (kJ-mol~1). R is the molar gas constant (8.31 J-(mol-K)~1, Tis the
thermodynamic temperature (K), and o is the stress (MPa). Additionally, the comprehensive
influence of temperature and strain rate on the thermal deformation behavior of metal
can be formulated in terms of the Zener—-Hollomon parameter (Z-parameter) through the
following exponent-type Equation (2) [35]:

Z = gexp <RQT> 2)

The value of the material constants can be obtained separately by associating
Equations (1) and (2) and performing logarithmic derivation. Detailed calculations are
not shown in this paper due to numerous literature reports [9,20].

In Equations (1) and (2), only the effects of strain rate, deformation temperature, and
stress on the flow behavior were considered. However, the effect of strain was ignored. In
fact, the material-related parameters and thermal deformation activation energy have a
strong correlation with strain [18]. To enhance the applicability of the constitutive model
for the SAE8620RH gear steel and provide a more precise depiction of the stress-strain rela-
tionship, the influence of strain was incorporated into the model. The relationship between
strain and stress can be inferred indirectly through an investigation of the variations in
strain and material-related parameters. To ensure the accuracy of the derived constitutive
equation, stress values were recorded at various deformation parameters using a strain
interval of 0.05. By employing Equations (1) and (2) mentioned earlier, the material-related
parameters were determined under different strain states (0.025-8.0 s~ 1) and deformation
temperatures (850-1100 °C) within the range of real strain (0.05-0.8).

The calculated material-related parameters of «, 1, Q, and InA in SAE8620RH gear
steel at different strains are shown in Table 2. It was evident that these parameters were not
constant but exhibited variations with strain. It can be seen that the calculated material-
related parameters at different strains proved to be crucial for the precise formulation of
the constitutive models. For instance, the hot deformation activation energy reached a
peak value of 357 k]-mol ! at a strain of 0.3 and subsequently decreased gradually with
increasing strain, down to 331 kJ-mol~! at a strain of 0.8. It is generally believed that the
number of movable slip systems is small at the beginning of deformation. However, as
dislocations rapidly generate, they hinder crystal slip, resulting in an elevation of the hot
deformation activation energy. As the strain increases, more slip systems begin to engage in
sliding. Furthermore, deformation storage serves as a driving force for dynamic recovery,
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thereby reducing the strain energy and causing a decrease in the activation energy for hot
deformation activation energy.

Table 2. Material-related parameters calculated at different strains.

£ « n (N) Q (kJ-mol—1) InA
0.05 0.01133 6.53 294.96 26.59
0.1 0.00967 6.71 322.07 29.11
0.15 0.00876 6.65 327.54 29.69
0.2 0.00833 6.48 342.23 31.13
0.25 0.00806 6.27 353.75 32.29
0.3 0.00787 6.03 357.25 32.69
0.35 0.00777 5.81 356.60 32.65
0.4 0.00772 5.61 354.44 32.45
0.45 0.00773 5.44 351.90 32.20
0.5 0.00775 5.30 349.88 31.98
0.55 0.00781 5.19 347.40 31.72
0.6 0.00784 5.08 344.22 31.38
0.65 0.00788 5.00 341.38 31.07
0.7 0.00791 4.95 339.06 30.80
0.75 0.00794 4.88 334.95 30.37
0.8 0.00799 4.82 331.28 29.97

The strain was found to have a close relationship with material-related parameters
in the SAE8620RH gear steel, as indicated in Table 2. Therefore, it was imperative to
determine the appropriate material constants, namely «, 1, Q, and InA. Through extensive
comparative studies, it was observed that the 8th-degree polynomial expressed in Equation
(3) provided the most accurate calculation results for capturing the variation relationship
between the material-related parameters and strain.

® = By + Bie + Boe? + Bze® + Bye* + Bse® + Bye® + Bye” + Bge®

n = Co+ Cre + Coe? + C3€3 4 Cye* + BCse® + Ce® + Cre” + Cge®
Q = Dg + Di& + Dye? + D33 + Dye* + Dse® + Dgeb + Dye” + Dge®
InA = Eg + Eqe + Epe? + Ee® + Eze* + Ese® + Ege® + Eye” + Ege

®)

The polynomial coefficients fitted using Equation (3) and the data in Table 2 are
presented in Table 3. The resulting calculated values and the corresponding fitted curves are
depicted in Figure 5. Their linear correlations were all found to be above 0.999, indicating a
high level of reliability for the fitted 8th-degree polynomial.

Table 3. Fitting coefficients of the 8th-order polynomial.

n Q (kJ-mol—1) InA
BO 0.01451 (€(0] 5.88686 DO 86.60001 EO 7.22426
Bl —0.08544 C1 19.72714 D1 8464.95696 E1l 787.75528
B2 0.5128 C2 —167.35935 D2 —125,626.83041 E2 —11,712.98729
B3 —1.77118 C3 674.78087 D3 991,339.23108 E3 92,571.73376
B4 3.51408 C4 —1806.99553 D4 —4530770 E4 —423,127.06613
B5 —3.62587 C5 3276.56793 D5 12,638,900 E5 1,179,530
B6 1.19417 Co6 —3765.56793 Dé 22,949,700 E6 —2039660
B7 0.82028 c7 2437.43677 D7 13,366,400 E7 2,137,290
B8 —0.57123 C8 —672.61027 D8 33,171,100 ES8 1,243,440
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Figure 5. Relationship between material-related parameters under the 8th order polynomial fitting in
SAE8620RH gear steel (a) a; (b) 1; (c) Q; (d) InA.

By substituting the functions of material-related parameters, fitted deformation activa-
tion energy, and Equation (2) into Equation (1), a novel strain-compensated constitutive
equation for stress and thermal deformation parameters was developed in Equation (4):

g GG )

In order to assess the accuracy of the strain-compensated constitutive model (6) estab-
lished for the SAE8620RH gear steel in predicting flow stress, the stress values calculated
using Equation (4) were compared against experimental data, as shown in Figure 6. The
new strain-compensated constitutive model yielded predicted values that were generally
in agreement with experimental data at deformation temperatures ranging from 850 to
1100 °C and strain rates between 0.02 and 8.0 s~1. However, it was important to acknowl-
edge that the predicted values at lower deformation temperatures, specifically at a strain
rate of 8.0 s~!, exceeded the corresponding experimental data. This discrepancy can be
attributed to the significant heat generated during instantaneous deformation at a high
strain rate, which elevated the effective deformation temperature and consequently led to
reduced actual stress levels.
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To conduct a comprehensive evaluation of the prediction accuracy of the strain com-
pensation constitutive model, the R value and the AARE value were used to analyze
and compare the consistency between the predicted results and experimental data. The
expressions for correlation coefficient and AARE are as in Equations (5) and (6):

1 E;—P;
AARE(%) = N f\i”il]:"- ‘| )
1

. LY (B —E)(P—P)

(6)

- _ 2 _ 2
%zﬁil (Ei—E) iy (P~ P)

where, E; is the measured value; P; is the predicted value; N is the number of selected true
stress data.

It is important to note that the accuracy of the R value is contingent upon the quantity
of experimental data available. The value of AARE effectively characterizes the average
absolute value of the relative error between the experimental data and the predicted
values, thus providing a more precise assessment of the prediction accuracy of the strain
compensation constitutive equation. It is widely accepted that an AARE value within a
5% margin is indicative of high prediction accuracy. The comparison between predicted
values and experimental data is illustrated in Figure 7. The R value and AARE value were
0.978 and 4%, respectively, both falling within the permissible error range. This suggested
that the predicted values derived from the new strain compensation constitutive equation
for SAE8620RH gear steel could be considered reliable within the range of deformation
temperatures (850-1100 °C) and strain rates (0.02-8.0 s71).
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3.3. Research and Construction of a Processing Map

Based on the constitutive laws of materials, the total energy (p) input during deforma-
tion at high temperatures is mainly used for microstructural transformation consumption
and plastic deformation consumption. The corresponding expression is [24]:

£ o
P:Gé:G+]:/adé+/édU %
0 JO

where, 0 is the flow stress (MPa), ¢ is the strain rate, and G is the energy consumed by
the plastic transformation (G content). | is the energy consumed by the microstructural
transformation (J co-content).

When the strain and deformation temperatures are held constant, the ratio of [ and G
is determined by the strain rate sensitivity index, m, (Equation (8)) [36]. Typically, the value
of m falls within the range of 0-1. A value of 1 signifies that the plastic deformation of the
metal material is in an optimal state, resulting in the maximum value of J;y.

df  edo olno
= ——= —— = 8
"G T vde ( Jé )T,s ®)
e
]max - 7 (9)

The power dissipation efficiency, denoted as 7, is defined as the ratio of the energy
consumed for the evolution of the microstructure during thermal deformation to Jmax
(Equation (10)).

"= (10
max
In the context of metals undergoing thermoplastic deformation, it is observed that
a higher value of # corresponds to a more favorable thermoplastic deformation effect.
However, it is important to note that the suitability of thermal process parameters for
thermal processing cannot solely rely on a large value of 7, as the presence of microstructure
defects must also be considered. In certain cases, defective microstructures may coexist
with a high 7 value. Consequently, it becomes necessary to construct an instability map
using the instability criterion in conjunction with the power dissipation map in order to
thoroughly investigate the thermal working process of the SAE8620RH gear steel.
Many scholars have put forth various instability criteria derived from the DMM model
theory. Notably, Prasad’s instability criteria and Murty’s instability criteria have garnered
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significant recognition for their accurate results. Upon analyzing and calculating both of the
two instability criteria, it is evident that Murty’s criterion is better suited for analyzing the
thermal working process of SAE8620RH gear steel. Consequently, the subsequent section
will focus on the analysis using Murty’s instability criterion.

When the deformation temperature and strain are determined, the flow stress and
strain rate satisfy Equation (11) [37]:

o= K" (11)

where K is generally considered to be a constant. Combined with the above equation, an
expression for | can be obtained:

= edo = : 12
J /0 edo 10¢ (12)
Therefore, 1 can be defined as Equation (13) [38]:

2m

= mri (19

i

Murty and Rao et al. have highlighted that the value of m in alloy steel cannot be
considered constant due to the impact of alloying elements [39]. To accurately develop the
processing map for SAE8620RH gear steel, Equation (13) can be modified as Equation (14):

] _P-G _ G\ _ e
S _2(1 P)_2<1 Ué/O Udz-:) (14)

Based on the above theory and equations, Murty proposed a destabilization criterion
suitable for any alloy steel [29]:

£(6) =2m—n <0 (15)

where, &(¢&) represents the instability parameter, which enables the determination of
whether the metal is destabilized or not based on the given thermal deformation pa-
rameters. It is evident that when the thermal deformation parameters meet the conditions
stated in Equation (15), flow instability occurs during the hot working deformation process.
To enhance the accuracy of data representation in the construction of processing maps,
the application of the third-degree polynomial method is employed to nonlinearly fit the
Ino — Iné relationship of metal material, as depicted in the subsequent Equation (16) [40]:

Inc = a+blné + c(Iné)* + d(Iné)° (16)
Taking the derivative of Equation (17) yields:

Ty 4 e + 3d(In¢)* = m 17)
dlne
The functional relationship curve of Inc — Ine for SAE8620RH gear steel is shown in
Figure 8. It is evident that Inc — Ine did not conform to a linear relationship, but rather
exhibited nonlinearity. This observation further signified that the strain rate sensitivity
index was variable and could not be treated as a constant. Then the value of m at different
strains could be obtained by fitting the curves in Figure 8.
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Figure 8. Plot of Inc as a function of In¢ at different strain: (a) 0.1; (b) 0.3; (c) 0.5; (d) 0.7.

By utilizing Equation (14) and integrating the stress-strain data of the SAE8620RH gear
steel across various deformation conditions, the numerical fitting enables the calculation of
the value of 77. Consequently, the power dissipation maps (2D contour maps) of SAE8620RH
gear steel at different strains were plotted, as shown in Figure 9. It is important to note
that, for the purpose of data visualization, the values of 77 presented in Figure 9 have been
multiplied by 100. The power dissipation efficiency in the SAE8620RH gear steel exhibited a
discernible upward trend as the strain increased, while maintaining a constant deformation
temperature and strain rate. While the deformation temperature ranged between 1050 and
1100 °C with a strain rate of 0.02 s 1, the value of 77 exhibited a decrease with increasing
strain. The phenomenon is similar to that reported by Han et al. in their study on stainless
steel. Han et al. attributed this phenomenon to the low energy consumption resulting
from grain boundary migration, which in turn affected dynamic recrystallization at high
temperatures and low strain rates [41]. Furthermore, the deformation temperature was
found to impact the power dissipation efficiency, with an increase in # observed as the
deformation temperature rose, particularly at medium to high strain rates (¢ > 0.3 s71).
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Figure 9. Power dissipation maps (2D contour maps) for SAE8620RH gear steel at different strains
(a) 0.1; (b) 0.3; (c) 0.5; (d) 0.7.

Combined with the evolution of austenite grains in Figure 4 and the variation of
power dissipation efficiency at different deformation parameters in Figure 9, it can be found
that the power dissipation efficiency was closely related to the microstructure. Previous
research has indicated that a value of # greater than 0.3 typically signifies the occurrence of
dynamic recrystallization, while a value between 0.2 and 0.3 suggests dynamic recovery.
Consequently, it is advisable to prioritize the deformation parameters with higher values.
When the deformation parameters are at a high value of # conditions and fall outside the
flow instability domain, it is plausible to consider that a more favorable microstructure can
be achieved in the SAE8620RH gear steel. Conversely, when the values of # are low, it is
not advisable to engage in thermal deformation at this specific parameter, regardless of
whether the SAE8620RH gear steel experiences flow instability or not.

As shown in Figure 9a, there were two peak efficiency domains at a strain of 0.1 s~
Both peak values of 1 surpassed 0.3, suggesting that favorable microstructure can be
achieved when SAE8620RH gear steel deforms under the peak efficiency conditions. In
the vicinity of the peak 1 domain, the alteration in # value in response to variations in
thermal deformation parameters was minimal, indicating a nearly unchanged deformation
mechanism in SAE8620RH gear steel. Consequently, it can be considered as a preferred
choice for the practical production of SAE8620RH gear steel, provided no flow instabilities
occur. At a strain of 0.3 (Figure 9b), the domain of peak # value decreased by one, indicating
a reduction in the appropriate hot working region for SAE8620RH gear steel. With further
increases in strain (Figure 9c), the domain with # values greater than 0.3 expanded. At a
strain of 0.7 (Figure 9d), the values of 17 were predominantly greater than 0.3 for strain rates
below 0.1 s~! and within a deformation temperature range of 850 to 1100 °C. However,
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when the deformation temperature was below 900 °C and the strain rate exceeded 0.3 s~
the calculated values of # were lower than 0.3. It suggested that the SAE8620RH gear steel
primarily underwent dynamic recovery. Based on the analysis of power dissipation effi-
ciency, it can be inferred that the optimal thermal processing parameters for the SAE8620RH
gear steel, with a strain of 0.7, are a strain rate ranging from 0.02 to 1.0 s~1 for deformation
at temperatures between 1000 and 1100 °C and a strain rate ranging from 0.02 to 0.1 s~ for
deformation at temperatures between 850 and 900 °C.

The magnitude of the # value is a criterion, albeit not the sole factor, for evaluating
the hot workability of metals. In instances where thermal processing parameters obtain
high # values, it is imperative to examine the associated microstructure and ascertain the
presence of flow instability. This analysis aids in identifying the optimal deformation
parameters. By utilizing Equation (15) and incorporating the previously calculated values
of m and 7, the instability parameter was determined. Subsequently, the instability maps of
the SAE8620RH gear steel were graphed. Afterwards, the instability maps were overlaid
onto the power dissipation maps, resulting in the acquisition of processing maps for the
SAE8620RH gear steel at temperatures ranging from 850 to 1100 °C and strain rates ranging
from 0.02 to 8.0 s71, as depicted in Figure 10. The shaded area within the maps denotes the
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Figure 10. The thermal processing maps of SAE8620RH gear steel based on Murty’s instability
criterion under different strains (a) 0.1; (b) 0.3; (c) 0.5; (d) 0.7.

An observable alteration in the flow instability region within the processing map oc-
curred with an increase in strain. At a strain 0.1, flow instability occurred in the respective
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ranges of the strain rates and the temperatures of 0.1-3 s~ 1 and 850-1000 °C, as well as
0.1-0.05 s~ ! and 1050~1100 °C. Notably, the flow instability region at a deformation temper-
ature of 1050~1100 °C and a strain rate of 0.1-0.05 s~ was found to be in a peak efficiency
domain. This finding supported the previous assertion that higher values of 7 resulted in
increased energy consumption for microstructure evolution. Dynamic recrystallization may
occur, while flow instability may also form due to microstructure defects such as uneven
deformation during thermal deformation.

At a strain of 0.3, the flow instability domain was expanded within the strain rate
range of 0.1 to 3.0 s~ 1. Furthermore, the flow instability domain also occurred at high
temperatures with high strain rates, as depicted by the limited area indicated by the red
arrow in the upper right corner of Figure 10b. When the strain reached 0.5, flow instability
region I decreased, while flow instability region II in the upper right corner expanded
comparatively, and a new flow instability region III (SAE8620RH gear steel deformed at
high temperatures with low strain rates) emerged. The findings suggested there might
be a critical strain for flow-instable microstructure formed during the strain range of
0.3-0.5 in SAE8620RH gear steel. Additionally, both flow instability regions II and III were
observed at a high temperature of 1100 °C. Therefore, careful attention should be given to
controlling the strain rate during the rough rolling process at high temperatures. Based on
the power dissipation efficiency and the instability map, it is recommended to conduct hot
deformation processing at 950 °C with low strain rates of approximately 0.1-0.025 s~ ! for a
set strain of 0.5 in SAE8620RH gear steel.

By further increasing the strain to 0.7, the amplification of the flow instability region
was to be significant. This observation serves as evidence for an increased propensity
for instability resulting from deformation at high temperatures. The processing map
analysis revealed the existence of two optimal ranges of thermal processing parameters for
SAE8620RH gear steel: deformation at 900-950 °C with strain rates of 0.02-0.05 s~ !, and
deformation at 1000~1100 °C with an astrain rate of 0.3-1.0 s~ 1. It is important to note that
low strain rates are not suitable for industrial production. In order to enhance efficiency,
the more optimized process parameter range is deformation at 1000-1100 °C with strain
rates ranging from 0.3-1.0 s~ 1.

In the processing map, peak values of 77 indicate distinctive microstructural evolution.
However, the presence of defects such as wedge cracks often results in high 1 values as
well. To further substantiate the reliability of the processing maps obtained for SAE8620RH
gear steel, an analysis of the microstructure is necessary.

Figure 11 displays the boundaries of prior austenite grains at a strain of 0.7 under the
corresponding parameters of different regions of the SAE8620RH gear steel. Deformed at
900 °C with 0.1 s~! (Figure 11a), the 7 value approached 0.3, accompanied by an increased
presence of dynamically recrystallized grains. The congruence between the microstructure
and the # value was notable. However, the presence of large, deformed grains suggested
the possibility of localized inhomogeneous deformation. Incomplete dynamic recrystalliza-
tion and uneven grain size distribution rendered the SAE8620RH gear steel unsuitable for
hot working under the conditions. Upon increasing the strain rate to 1.0 s~! (Figure 11b),
the calculated 7 value decreased to approximately 0.14, indicating minimal consumption of
deformation storage energy for microstructure evolution. Correspondingly, the quantity of
dynamic recrystallization grains exhibited a decrease and was substituted by a substan-
tial number of deformed elongated grains and deformation bands. Consequently, this
thermal process parameter was deemed unsuitable. Deformed at 950 °C with 0.05 s~!
(Figure 11c), the prior austenite grains were characterized by a dense and uniform distri-
bution. However, as the temperature escalated to 1100 °C with a strain rate of 0.05 s~ !
(Figure 11d), the average grain size experienced a significant increase with an uneven
distribution of grains. Additionally, the presence of abnormally coarse grains resulted in
suboptimal mechanical properties. Hence, it became imperative to prevent the occurrence
of heterogeneous microstructures.
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Figure 11. The microstructure of gear steel under different deformation conditions with strain of 0.7:
(@) 900 °C-0.1 s~ %; (b) 900 °C-1.0 s~ 1; () 950 °C-0.05 s~ 1; (d) 1100 °C-0.05 s~ 1.

In relation to the power dissipation map, the value of 77 exhibited a decline from 0.44
at 950 °C to 0.32 at 1100 °C. The trend in power dissipation efficiency aligned with the
results of the microstructure evolution. Furthermore, the specimen subjected to a strain
of 0.7 at 1050 °C with a rate of 1.0 s~! demonstrated the attainment of relatively fine and
homogeneous equiaxed austenite grains, as depicted in Figure 4e. The corresponding value
of 7 was approximately 0.35. This combination of thermal processing parameters proved
to be optimal in terms of both microstructure and power dissipation efficiency.

It was evident from the unsuitable thermal process parameters identified that they
were situated within the instability regionlbased on the microstructure and power dis-
sipation map. Conversely, the parameters conducive to thermal processing were found
within the stability region. Consequently, it can be posited that the thermal processing map
derived using Murty’s criterion was reasonably precise, thereby offering valuable guidance
in the optimization of process parameters for SAE8620RH gear steel.

4. Conclusions

The hot deformation behavior of the SAE8620RH gear steels was investigated by a
single-pass hot compression test in this paper. Furthermore, a newly developed strain
compensation constitutive model and processing maps in accordance with Murty’s criterion
were developed using the acquired experimental data. Finally, the optimum hot working
process for SAE8620RH gear steel was obtained. The main conclusions are as follows:

(1) The material-related parameters were variable with strain, and their relationship was
mathematically expressed as a highly reliable 8th-order polynomial. The new strain
compensation constitutive model, considering the coupling effects of strain, strain
rate, and deformation temperature, was established. The obtained R value of 0.978
and the ARRE value of approximately 4% demonstrate high accuracy.
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(2) The power dissipation efficiency determined by Murty’s criterion exhibited a pos-
itive correlation with strain. The thermal process parameters with high values of
7 may be within the flow instability domain due to microstructure defects, such as
uneven deformation.

(3) As strain increased, the flow instability domain considerably expanded towards the
high deformation temperature region. Notably, at a strain of 0.7, it became imperative
to avoid three distinct flow instability domains. Among these, one was situated within
the low deformation temperature range, accompanied by medium strain rates, while
the remaining two were located within deformation temperatures surpassing 1000 °C.

(4) Microstructure analysis further demonstrated the accuracy of the thermal process-
ing map constructed by Murty’s criterion. The optimum hot working parameters
for SAE8620RH gear steel at a strain of 0.7 were within the temperature range of
1000-1100 °C and the strain rate range of 0.3-1.0 s 1, due to high 7 values exceeding
0.3 and equiaxial dynamic recrystallization microstructure.
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