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Abstract: The effect of strain rate and temperature on the thermomechanical behavior and mi-
crostructure of MarBN steel is studied with the strain rates of 5 × 10−3 and 5 × 10−5 s−1 from room
temperature (RT) to 630 ◦C. At high strain rates of 5 × 10−3 s−1, the Holloman and Ludwigson equa-
tions can better predict tensile plastic properties. In contrast, under low strain rates of 5 × 10−5 s−1,
coupling of the Voce and Ludwigson equations appears to predict the flow relationship at RT, 430, and
630 ◦C. However, the deformation microstructures have the same evolution behavior under strain
rates and temperatures. Geometrically necessary dislocations appear along the grain boundaries and
increase the dislocation density, which results in the formation of the low-angle grain boundaries
and a decrease in the number of twinning. The strengthening sources of MarBN steel include grain
boundary strengthening, dislocation interactions, and multiplication. The fitted R2 values of these
models (JC, KHL, PB, VA, ZA) to plastic flow stress at 5 × 10−5 s−1 are greater than 5 × 10−3 s−1 for
MarBN steel. Due to the flexibility and minimum fitting parameters, the phenomenological models
of JC (RT and 430 ◦C) and KHL (630 ◦C) give the best prediction accuracy under both strain rates.

Keywords: MarBN steel; tensile behavior; strain rate; temperature; constitutive models

1. Introduction

To reduce carbon dioxide emissions, the ultra-supercritical (USC) power plant with
increased steam temperatures and pressures can be applied worldwide. MarBN is marten-
sitic 9Cr steel strengthened with boron and nitrides [1], which has been alloy-designed
and subjected to long-term creep and oxidation loading conditions for application to thick
section boiler components in USC power plants above 600 ◦C [2]. In MarBN, the high
strength and oxidation originate from stabilizing lath martensitic embedded in the prior
austenite grain boundaries (PAGBs) [3–7].

Many studies have shown that the microstructure of MarBN steel has a significant
effect on its mechanical properties. The content of pre-eutectic carbides and the size of
austenite grains can significantly affect their yield strength, tensile strength, and plastic
properties [8]. It was also shown that creep in MarBN steels is similarly influenced by
microstructures such as dislocations, precipitates, and structural boundaries [9]. In addition,
the deformation behavior of MarBN steel under various loading conditions has been of
interest to researchers. Fournier et al. [7] studied the soft behavior under cyclic loadings
at high temperatures and proposed a model to describe the deformation microstructure
at the scale of slip systems. Zhang et al. [3] reported the effect of temperatures on fatigue
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properties and damage mechanisms. They pointed out that cyclic softening is associated
with the laths, dynamic recrystallization at room temperature (RT), and grain rotation at
high temperatures. Furthermore, they compared and discussed the fatigue response and
damage mechanisms under stress- and strain-controlled fatigue modes [10]. Xiao et al. [11]
studied the high-temperature tensile behavior and fracture mechanisms of 9% chromium-
tempered martensitic steel and described the tensile deformation using the hyperbolic sine
law. However, to our knowledge, there are few systematic studies of MarBN steel based on
the thermomechanical properties and deformation mechanism using electron backscattered
diffraction (EBSD) techniques and constitutive models regarding the considered effect of
both strain rates and temperatures. Consequently, the effect of strain rates and temperatures
on the microstructure of plastic deformation is still unknown.

Furthermore, constitutive models have been used to simulate and understand the
plastic flow stress behaviors of alloys, including phenomenological and physically based
models. The JC [12] and KHL [13] models are well-known phenomenological models
that can be applied to various materials [14–16]. PB [17–19], VA [20], and ZA [21] form
another group of physically based models that are related to the micromechanics of plastic
deformation. To understand the plastic deformation behavior and simulate the flow stress,
selection and modification within existing constitutive models are necessary and efficient.
Therefore, in this study, it is necessary to compare the predictive capabilities and accuracy
among these constitutive models under different thermomechanical loading conditions for
MarBN steel.

In the current investigation, this paper focuses on three purposes. The first is to study
the thermomechanical properties and deformation mechanism of MarBN steel under vari-
ous temperatures and strain rates. The second is to compare and evaluate the deformation
microstructure with wide temperatures and strain rates. The third is to compare and ana-
lyze the predictive capabilities for different constitutive models under thermomechanical
tensile loading conditions for MarBN steel. Uniaxial tensile tests are conducted over a
wide range in temperature (room temperature (RT), 430, 630 ◦C) and strain rate (5 × 10−3

and 5 × 10−5 s−1). Emphasis is applied to the effect of temperature and strain rate on
the flow stress and work-hardening behavior. Deformation microstructures are observed
and evaluated to understand the plastic evolution and failure mechanisms using electron
backscattered diffraction (EBSD) techniques. Finally, several constitutive models are used
to simulate the flow stress and understand the effect of temperatures and strain rates on
the flow stress.

2. Materials and Methods

The MarBN steel [1] used in the current study was received in the heat treatment
condition, such as 1250 ◦C/2 h + 1300 ◦C/2 h + air cooling (AC), and the aging treatment,
i.e., I: 1150 ◦C/6 h + AC; II: 850 ◦C/20 h + AC. It has the nominal composition (wt. %)
as follows, 0.10 C, 9.16 Cr, 0.06 Si, 0.20 Mn, 0.20 Mo, 0.40 Ni, 0.08 Nb, 2.95 W, 2.82 Co,
0.20 V, and Fe as balance [3]. A uniaxial tensile test was conducted with the constant strain
rates of 5 × 10−3 and 5 × 10−5 s−1 under different temperatures of RT, 430 ◦C, and 630 ◦C,
using a mechanical testing system with a 100 kN load cell equipped resistance furnace
with the temperature fluctuation at ±5 ◦C based on the international standard of tensile
testing [22,23]. Cylindrical specimens 5 mm in diameter and 10 mm in length were used to
test the tensile properties, such as yield and ultimate tensile strength. The extensometer was
used to measure the strain during tensile tests. For high-temperature testing, the specimen
was heated up to a high temperature for 20 min to obtain a uniform and constant temperature.
The test was repeated three times to minimize the error caused by the data scatter.

Before performing EBSD orientation characterization, the samples were mechanically
polished with 400#, 1000#, 2000#, and 3000# SiC water-abrasive paper. Then, the samples
were electropolished to remove the surface deformation layer produced with mechanical
grinding. The polishing solution composition was 7% perchloric acid and 93% ethanol,
and the current density was 450 mA/cm2 for about 1 min. EBSD scans were conducted
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using the FEI Quanta 450F field emission scanning electron microscope (SEM) coupled
with an Oxford HKL system. The acceleration voltage of EBSD was 15 kV, and the scan step
size range was 0.2 µm. Image quality (IQ), grain boundaries (GBs), grain misorientation,
and inverse pole figure (IPF) were directly obtained using AZtecHKL software (Version:
5.12.63.0). To address the plastic strain evolution and dislocation density, the MTEX
toolbox [24] in Matlab is used and solved to obtain the kernel average misorientation
(KAM) [25] and geometrically necessary dislocations (GNDs) [26,27].

To address deformation mechanisms in the macroscopic stress–strain response, two
phenomenological models (JC and KHL) and three physically based models (PB, ZA,
and VA) were used to simulate and represent the plastic behavior considering the strain
rate and temperature during the tensile process for MarBN steel. The experimental data
fitting defines the initial values of the model’s coefficient, which is then optimized with
experimental data.

3. Results and Discussion
3.1. Mechanical Response during Uniaxial Tensile
3.1.1. Effect of Strain Rate and Temperature on the Flow Stress Behavior

The true stress–true strain curves as a function of strain rate and temperature are
presented in Figure 1a,b. At a constant strain rate, the true stress curves divide into three
stages: rise rapidly before the yield strength, the work-hardening period between yield
and ultimate tensile strength, and the rapid descent failure stage above the ultimate tensile
strength. The yield and ultimate tensile strength decrease with increasing temperature.
More details are provided in Table 1. Serrated flows [28] are observed under all temper-
atures at the high strain rate of 5 × 10−3 s−1 and under 430 and 630 ◦C at the low strain
rate of 5 × 10−5 s−1. At a high strain rate of 5 × 10−3 s−1, the serrated flows show a
true stress–true strain curve followed by continuous drops below the general level of true
stress–true strain values, defined as type C serrations [29,30]. However, at a low strain rate
of 5 × 10−5 s−1, the serrated flows are defined as type A+B serrations [29–31]. In contrast,
the type A serrations [32] are characterized as rising rapidly in the true stress–true strain
curve, resulting in discontinuous drops to or below the general level of the true stress–true
strain curve. Type B serrations [33] are oscillated along with the general level of the true
stress–true strain curve. These observations indicate that the serrated flow behavior and
type are related to the strain rate and temperature for MarBN steel. In addition, the true
stress–true plastic strain (from yield strength to ultimate tensile strength) behavior for the
high and low strain rates of 5 × 10−3 s−1 and 5 × 10−5 s−1 at RT, 430, and 630 ◦C are pre-
sented as double logarithmic plots, as shown in Figure 1c,d. The true plastic strain ranges
for both temperatures decrease with increasing temperatures, resulting from the softening
behavior at high temperatures for MarBN steel. The serrated flows can be observed along
with the true plastic strain process, except for the strain rate of 5 × 10−3 s−1 at 630 ◦C. This
result shows that the serrations occur above the ultimate tensile strength for a strain rate of
5 × 10−3 s−1 at 630 ◦C, resulting from the balance in the interaction between dislocation
and solute atoms and softening behavior. At RT, the curves at both strain rates exhibit
curvilinear behavior for all true plastic strains.

Based on the previous reports [33–36], serrated flow results from movement in the
dislocations along with the slip path caused by the interaction between dislocations and
solute atoms. In the current study, the applied strain for the specimen was determined
using the gauge displacement monitored with the extensometer during uniaxial tensile
tests. The time and displacement curves concomitant with the serrations are presented in
Figure 2. Each abrupt rise in the time vs. displacement curves indicates a transient and high
localized deformation behavior. The abrupt rise in the curves under all temperatures at the
high strain rate of 5 × 10−3 s−1 is more evident than that under 430 and 630 ◦C at the low
strain rate of 5 × 10−5 s−1. Therefore, the type C serrations are mainly controlled by the
strain rate, especially at a high strain rate, which causes more intense deformation per unit
time, resulting in the local deformation bands possibly occurring outside the gauge length.
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However, the type A+B serrations are determined by the temperature, especially under
high temperatures at a low strain rate. At a low strain rate of 5 × 10−5 s−1, the number and
velocity of dislocations increase slowly. Thus they do not achieve a critical moving speed
of serration initiation and cannot break away from the atmosphere of solute atoms [37,38].
When the temperature increases, the diffusion of solute atoms increases, improving the
interaction between dislocation and solute atoms. Then, the dislocations can break away
from the atmosphere of solute atoms, resulting in the multiplication of dislocation along
with the slip path and, finally, the formation of type A+B serrations.

Materials 2023, 16, x FOR PEER REVIEW 4 of 28 
 

 

 
Figure 1. Effect of strain rates and temperatures on the true stress–true strain and true stress–true 
plastic strain for MarBN steel: (a,c) at 5 × 10−3 s−1 and (b,d) at 5 × 10−5 s−1. 

Table 1. Detailed tensile properties under different temperatures at strain rates of 5 × 10−3 s−1 and 5 
× 10−5 s−1. 

Strain Rates 
/s−1 

Temperature 
/°C 

Yield Strength 
/MPa 

Tensile Strength 
/MPa Hardening Capacity 

5 × 10−3 
RT 694.85 895.81 0.29 
430 500.22 619.44 0.24 
630 414.17 501.43 0.21 

5 × 10−5 
RT 672.66 864.73 0.29 
430 450.93 625.20 0.39 
630 301.05 357.09 0.19 

Based on the previous reports [33–36], serrated flow results from movement in the 
dislocations along with the slip path caused by the interaction between dislocations and 
solute atoms. In the current study, the applied strain for the specimen was determined 
using the gauge displacement monitored with the extensometer during uniaxial tensile 
tests. The time and displacement curves concomitant with the serrations are presented in 
Figure 2. Each abrupt rise in the time vs. displacement curves indicates a transient and 
high localized deformation behavior. The abrupt rise in the curves under all temperatures 
at the high strain rate of 5 × 10−3 s−1 is more evident than that under 430 and 630 °C at the 
low strain rate of 5 × 10−5 s−1. Therefore, the type C serrations are mainly controlled by the 
strain rate, especially at a high strain rate, which causes more intense deformation per unit 
time, resulting in the local deformation bands possibly occurring outside the gauge length. 
However, the type A+B serrations are determined by the temperature, especially under 
high temperatures at a low strain rate. At a low strain rate of 5 × 10−5 s−1, the number and 
velocity of dislocations increase slowly. Thus they do not achieve a critical moving speed 
of serration initiation and cannot break away from the atmosphere of solute atoms [37,38]. 
When the temperature increases, the diffusion of solute atoms increases, improving the 

Figure 1. Effect of strain rates and temperatures on the true stress–true strain and true stress–true
plastic strain for MarBN steel: (a,c) at 5 × 10−3 s−1 and (b,d) at 5 × 10−5 s−1.

Table 1. Detailed tensile properties under different temperatures at strain rates of 5 × 10−3 s−1 and
5 × 10−5 s−1.

Strain Rates
/s−1

Temperature
/◦C

Yield Strength
/MPa

Tensile Strength
/MPa Hardening Capacity

5 × 10−3

RT 694.85 895.81 0.29

430 500.22 619.44 0.24

630 414.17 501.43 0.21

5 × 10−5

RT 672.66 864.73 0.29

430 450.93 625.20 0.39

630 301.05 357.09 0.19



Materials 2023, 16, 3232 5 of 25

Materials 2023, 16, x FOR PEER REVIEW 5 of 28 
 

 

interaction between dislocation and solute atoms. Then, the dislocations can break away 
from the atmosphere of solute atoms, resulting in the multiplication of dislocation along 
with the slip path and, finally, the formation of type A+B serrations. 

 
Figure 2. True stress–true strain curves and displacement vs. time (purple line) for MarBN steel of 
strain rate of 5 × 10−3 s−1 at (a) RT, (b) 430 °C, (c) 630 °C; and 5 × 10−5 s−1 at (d) 430 °C, (e) 630 °C. 

3.1.2. Work-Hardening Parameters Dependent on the Strain Rate and Temperature 
The work-hardening region starts as the strain increases beyond the yield strength 

point and ends at the ultimate strength point during the uniaxial tensile stress–strain 
curve, which is associated with the dislocation generation, accumulation, and multiplica-
tion along with the grain boundaries. According to Figure 1, the work-hardening rate vs. 
true plastic strain under different temperatures at the strain rates of 5 × 10−3 s−1 and 5 × 10−5 
s−1 are plotted, respectively, as shown in Figure 3. In contrast, the work-hardening rate 
decreases with increasing the true plastic strain up to about 0.06. The serration behavior 
under RT and 430 °C at a strain rate of 5 × 10−3 s−1 is present along with the work-hardening 
rate curves. The same is found under 430 and 630 °C at a strain rate of 5 × 10−5 s−1. These 
phenomena indicate that work hardenability is sensitive to strain rate and temperature. 
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strain rate of 5 × 10−3 s−1 at (a) RT, (b) 430 ◦C, (c) 630 ◦C; and 5 × 10−5 s−1 at (d) 430 ◦C, (e) 630 ◦C.

3.1.2. Work-Hardening Parameters Dependent on the Strain Rate and Temperature

The work-hardening region starts as the strain increases beyond the yield strength
point and ends at the ultimate strength point during the uniaxial tensile stress–strain curve,
which is associated with the dislocation generation, accumulation, and multiplication along
with the grain boundaries. According to Figure 1, the work-hardening rate vs. true plastic
strain under different temperatures at the strain rates of 5 × 10−3 s−1 and 5 × 10−5 s−1 are
plotted, respectively, as shown in Figure 3. In contrast, the work-hardening rate decreases
with increasing the true plastic strain up to about 0.06. The serration behavior under RT
and 430 ◦C at a strain rate of 5 × 10−3 s−1 is present along with the work-hardening rate
curves. The same is found under 430 and 630 ◦C at a strain rate of 5 × 10−5 s−1. These
phenomena indicate that work hardenability is sensitive to strain rate and temperature.
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In order to study the effect of strain rate and temperature on the true stress–true
strain behavior, several flow relationships in the literature can be used, such as Hol-
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lomon (Equation (1)) [39], Ludwik (Equation (2)) [40], Swift (Equation (3)) [41], Ludwigson
(Equation (4)) [42], and Voce (Equation (5)) [43,44], as follows,

σ = K1εn1 (1)

σ = σy + K2εn2 (2)

σ = K3(ε0 + ε)n3 (3)

σ = K4εn4 + exp(K5 + n5ε) (4)

σ = σs − (σs − σ1) exp
[
−(ε − ε1)

εc

]
(5)

where σ is the true stress; ε is the true plastic strain; K1 and n1 are the strain hardening
coefficient and exponent in the Hollomon power-law relationship, respectively; σy is
the yield stress; K2 and n2 are the strain hardening coefficient and exponent in Ludwik
relationship, respectively; ε0 is the addition of pre-strain; K3 and n3 are the strain hardening
coefficient and exponent in the Swift relationship, respectively; K4 and n4 are the same as in
the Holloman relationship (Equation (1)), respectively; K5 and n5 are additional constants
in the Ludwigson relationship, respectively; σs is the saturation stress; εc is a constant; and
σ1 and ε1 are the true stress and true plastic strain in the Voce relationship, respectively.

In the present work, the least-squares method [45] was used to fit the parameters in
Equations (1)–(5), as shown in Table 2. Furthermore, to prove the ability of different flow
relationships for MarBN steel during uniaxial tensile, typically R2, the sum of the square of
the absolute difference between calculated stress values and the experimental values [46]
for various flow relationships (Equations (1)–(5)) under different temperatures at the strain
rates of 5 × 10−3 s−1 and 5 × 10−5 s−1 are computed in Table 2. Generally, the R2 values
fitted with Equations (1)–(5) at the high strain rate of 5 × 10−3 s−1 are higher than at the
low strain rate of 5 × 10−5 s−1. For a strain rate of 5 × 10−3 s−1, all the R2 values fitted
with Equations (1)–(5) decrease with increasing temperatures, resulting from the decrease
in the positive stress deviations under high temperatures [47]. However, the Holloman and
Ludwigson equations calculate higher R2 values under all the temperatures. The difference
between Holloman and Ludwigson is very small. At the strain rate of 5 × 10−5 s−1, the
Voce equation displays the highest R2 values under RT and 430 ◦C. As the temperature
arrives at 630 ◦C, the Ludwigson equation calculates the highest R2 values. Similar results
were reported for other types of steel [36,47–49]. Therefore, combining Voce (RT and 430 ◦C)
and Ludwigson (630 ◦C) can provide the best description of true stress–true plastic strain
behavior. To sum up, these results indicate that Equations (1)–(5) can better fit the flow
relationship at the high strain rate of 5 × 10−3 s−1; especially, the Holloman and Ludwigson
equations provide a useful prediction of tensile plastic properties for MarBN steel. When
the strain rate decreased to 5 × 10−5 s−1, coupling the Voce and Ludwigson equations
appears to predict the flow relationship at RT, 430, and 630 ◦C.

Table 2. Fitted values and error analysis for different flow relationships at the strain rates of
5 × 10−3 s−1 and 5 × 10−5 s−1.

Strain Rates
/s−1

Temp
/◦C n1 n2 n3 n4 n5 Holloman Ludwik Swift Ludwigson Voce

5 × 10−3

RT 0.0839 0.4977 0.09439 0.0839 72,946.0297 96.28% 89.86% 94.79% 96.28% 96.06%

430 0.0874 0.5971 0.1089 0.2409 −22.3257 95.79% 91.34% 94.52% 96.70% 90.84%

630 0.1297 0.9172 0.1925 0.2445 −61.8476 92.56% 83.4% 89.11% 93.50% 67.95%

5 × 10−5

RT 0.0752 0.4495 0.0870 0.0752 69,572.6375 98.16% 91.92% 96.26% 98.16% 98.70%

430 0.0789 0.3177 0.0931 0.2339 −22.0530 89.80% 84.25% 85.85% 94.74% 96.45%

630 0.0303 0.2453 0.0389 0.2421 −45.3192 36.45% 32.84% 31.98% 55.69% 12.64%
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3.2. Microstructural Evaluation under Different Degrees of Deformation

3.2.1. EBSD Maps and Analyses at a Strain Rate of 5 × 10−3 s−1 under RT, 430 ◦C, and 630 ◦C

Figure 4 shows the EBSD maps, including IQs, IPFs, misorientation angles, and inverse
polo figures at the strain rate of 5 × 10−3 s−1 under RT. The deformation microstructure
presents at different positions, such as within part, and closes fracture due to the strain
gradient during the tensile process. The stable PAGBs and martensite laths observed in
Figure 4a,c are the same as the initial microstructure. When the strain gradient increases,
the PAGBs and laths become unstable, forming the small, distorted, and elongated mi-
crostructure, as shown in Figure 4b,d, resulting in the formation of defects, i.e., voids within
and along the grains indicated with the red arrows, shrinkage microstructure defined
with the green arrows, and cracks across the voids and shrinkage marked with the yellow
arrows. The distribution of misorientation angles at different strain gradients is shown in
Figure 4e,f. The angle is a high-angle distribution of 30 and 50–60 degrees within part of the
low-strain gradient. In contrast, with a close fracture for a high-strain gradient, the angle
transforms into a low-angle distribution of 10 degrees. These results are in agreement with
the results in Figure 4a–d because the high-strain gradient leads to distorted and elongated
grains. Essentially, dislocations increase movement along the slip paths under plastic strain
and multiplicate along the barrier [50,51], forming the LAGBs. Furthermore, in Figure 4g,h,
the apparent texture characterization can be observed along the <101> direction. As the
strain increases, the texture becomes more pronounced. At low strain, there is a texture
distribution in both <101>//Z0 and <111>//X0, and as the strain increases, there is only a
clear texture in the <101>//Z0 direction, and the strength of the texture decreased from
4.13 to 3.19. These results indicate that the material orientation becomes uniform after high
plastic strain during the uniaxial tensile process at RT for MarBN.

On the other hand, the GND and twinning maps are presented in Figure 5. From
Figure 5a,b, significant GND accumulations are present along the grain boundaries and
triple junctions, resulting from the abrupt slip paths at the grain boundaries [52,53]. How-
ever, the GND densities are lower within the grain interiors. With increasing plastic defor-
mation, the GND density increases. These results agree with Ashby’s GND model [27,53],
indicating that the strain gradients and GND density are proportional to the applied strain.
The yellow rectangles in Figure 5b are the voids, which are the same as those shown in
Figure 4b, marked with red arrows. In Figure 5c,d, the twinning evolution can be observed,
such as 4.8% within the part and 0.23% close fracture, indicating the HAGBs in the initial
material cause many annealing twinnings. With increasing the plastic strain, the annealing
twinnings disappeared due to the increase in the LAGBs caused by the dislocation densities,
as shown in Figure 4f. Therefore, tensile failure mechanics is mainly controlled by the
dislocation movement along the slip path for MarBN steel at RT.

Figure 6 shows the EBSD maps for the strain rate of 5 × 10−3 s−1 at 430 ◦C. The
deformation microstructure presented at different positions is the same as the RT pre-
sented in Figure 4. However, the stable microstructure embedded in small voids along the
grain boundaries is presented within the part in Figure 6a,c. In contrast, the deformation
microstructure becomes unstable, and finally, the formation of the small, distorted, and
elongated microstructure occurs, as shown in Figure 6b,d, resulting in the formation of the
defects, i.e., voids indicated with the red arrows, shrinkage microstructure defined with
the green arrows, and cracks through the voids and shrinkage marked with the yellow
arrows. Figure 6e,f presents the distribution of misorientation angles at different strain
gradients, in which the angle is a high-angle distribution of 50–60 degrees within part for a
low strain gradient. In contrast, with a close fracture for a high strain gradient, the angle
transforms into a low-angle distribution of 30–60 degrees. These results are different from
the results in Figure 4e,f, where the misorientation angles are sensitive to the tempera-
ture. Certainly, the dislocation density decreases with increasing temperature [3,5,50,52], thus
decreasing the number of LAGBs. However, the material orientation becomes uniform, as
shown in Figure 6g,h, after high plastic strain during the uniaxial tensile process at 430 ◦C for
MarBN.Same result as in RT, where there is significant texture in the high-strain region only
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in the <101>//Z0 direction. With increasing strain, the texture strength decreases from 9.47 to
2.46. This indicates that the plastic strain mainly controls the deformation orientation.
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Figure 7 shows the EBSD maps for the strain rate of 5 × 10−3 s−1 at 630 ◦C. The
deformation microstructure presented at different positions is the same as that for RT and
430 ◦C, as presented in Figures 5 and 6. However, the stable microstructure embedded in
larger voids along the grain boundaries is observed within the part in Figure 7a,c due to
the softening behavior at high temperatures. In contrast, the deformation microstructure
becomes unstable, and finally, the formation of the small, distorted, and elongated mi-
crostructure occurs, as shown in Figure 7b,d, resulting in the formation of defects, i.e., voids
indicated with the red arrows, shrinkage microstructure defined with the green arrows,
and cracks through the voids and shrinkage marked with the yellow arrows. Figure 7e,f
presents the distribution of misorientation angles at different strain gradients, which are
the same as the results for 430 ◦C. These results also prove a critical temperature (CT) for
the misorientation angles. For MarBN steel, before the CT, the misorientation angles are
sensitive to temperature, as shown in Figure 6e,f. When exceeding the CT, the misorien-
tation angles are insensitive to temperature and determined by the plastic strain. These
results come from the balance between the dislocation decrease caused by the temperature
and dislocation multiplication caused by the tensile plastic strain. However, the material
orientation becomes uniform, as shown in Figure 7g,h, after high plastic strain during the
uniaxial tensile process at 630 ◦C for MarBN, which is the same as the results for RT and
430 ◦C. Different from the other two temperatures, the texture strength did not decrease
after larger strains but increased from 4.44 to 5.94. This is due to the softening in the
material under tensile stress, where more grains aggregate to form stronger textures [54].
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Furthermore, the GND and twinning maps at 430 and 630 ◦C are shown in Figure 8.
The GND densities, as shown in Figure 8a–d, are the temperature and strain gradient
balance. Furthermore, the results are the same as the results at RT, indicating that the effect
of the strain gradient on the GND densities is more critical than the temperature during
tensile loading conditions. In Figure 8e–h, the twinning evolution is presented as 6.45%
and 5.98% at 430 and 630 ◦C, respectively, within the part, and 0.279% and 0.209% at 430
and 630 ◦C, respectively, close fracture, indicating that with increasing strain, the twinnings
decrease. The higher the temperature, the lower the number of twinning. This means the
number of twinning is related to the temperature and strain.
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To sum up, at a strain rate of 5 × 10−3 s−1 under all temperatures, from the macro-
perspective, with an increasing strain, the microstructure becomes unstable and then
constitutes the deformed and elongated grain boundaries, resulting in the formation of
the three defects defined as void, shrinkage, and crack. From the micro-perspective, GND
appears along the GBs and increases the dislocation density. These result in the formation of
the LAGBs and decrease the number of twinning. After significant strain, only <101>//Z0
texture exists at all three temperatures. This is because during the deformation process, the
grains deform and rotate to balance larger stresses, resulting in irreversible deformation [55].
However, the texture strength at RT and 430 ◦C decreases compared to low strain, while it
increases at 630 ◦C. This is usually related to the softening behavior of materials at high
temperatures [3]. Therefore, the failure mechanics for MarBN steel are the result of the
interaction between the macro- and micro-behavior.

3.2.2. EBSD Maps and Analyses at a Strain Rate of 5 × 10−5 s−1 under RT, 430 ◦C, and 630 ◦C

Similar results can be observed at a strain rate of 5 × 10−5 s−1 under RT, 430 ◦C,
and 630 ◦C, as shown in Figure 9. The stable PAGBs and martensite laths are observed
in Figure 9a,c. In contrast, the PAGBs and laths become unstable close fractures due to
the severe plastic strain, and finally, the formation of the small, distorted, and elongated
microstructure occurs, as shown in Figure 9b,d, leading to the formation of internal de-
fects, i.e., voids indicated with the red arrows, shrinkage microstructure defined with the
green arrows, and cracks across the voids and shrinkage marked with the yellow arrows.
The misorientation angle is a high-angle distribution of 50–60 degrees within part for a
low strain gradient. In contrast, with close fracture for a high strain gradient, the angle
transforms into a 30–60 degree distribution, which is different from the angle distribution
at the strain rate of 5 × 10−3 s−1 under RT. This indicates that the effect of the strain rate
on the misorientation angle is crucial during tensile loading conditions for MarBN steel.
Essentially, according to Orowan’s relationship [56], the strain rate and dislocation density
are proportional as

.
εp ∝ ρm [57], in which the strain rate decreases and the dislocation

density decreases, resulting in complex information about the LAGBs. Additionally, from
Figure 9g,h, the material orientation becomes uniform after high plastic strain during the
uniaxial tensile process under RT for MarBN, which is the same as the results at the strain
rate of 5 × 10−3 s−1 under RT. Similarly, only the <101>//Z0 direction has significant
texture, and the rest of the directions have no significant texture. However, when the strain
rate is 5 × 10−5 s−1, the texture strength increases with the increase in plastic strain. On the
other hand, the KAM, GND, and twinning maps are presented in Figure 10. In Figure 10a,b,
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significant GND accumulations are present along the grain boundaries and triple junctions,
resulting from the abrupt slip paths at the grain boundaries [52,53]. However, the GND
densities are lower within the grain interiors. The results are the same at the strain rate of
5 × 10−3 s−1 under RT, as shown in Figure 5a,b. The yellow rectangles in Figure 10b are the
voids, the same as those shown in Figure 9b, marked with the red arrows. In Figure 10c,d,
the twinning are presented as 5.85% within the part and 0.197% close fracture, similar to the
strain rate of 5 × 10−3 s−1 under RT, as shown in Figure 5c,d. Therefore, at the low strain
rate of 5 × 10−5 s−1, the tensile failure mechanics is mainly controlled by the dislocation
movement along the slip path for MarBN steel under RT.
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Figure 11 shows the EBSD results at a strain rate of 5 × 10−5 s−1 under 430 ◦C. The
stable and unstable PAGBs and martensite laths are observed within part and close fracture,
respectively, as shown in Figure 11a–d. The internal defects, i.e., voids indicated with the
red arrows, shrinkage microstructure defined with the green arrows, and cracks across the
voids and shrinkage marked with the yellow arrows, are observed along with the distorted
and elongated microstructure. The misorientation angles presented in Figure 11e,f are the
same as the results under RT. However, it should be emphasized that this results from the
combined influence of temperature and strain rate. In Figure 11g,h, the material orientation
becomes uniform after high plastic strain during the uniaxial tensile process under 430 ◦C
for MarBN. After high plastic strain, the texture is also present only in the <101>//Z0
direction, and the strength of the texture is enhanced compared to the low strain state.
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Figure 12 shows the EBSD results at a strain rate of 5 × 10−5 s−1 under 630 ◦C. The
results are the same as the results under RT and 430 ◦C. However, the apparent fine voids
within the part appear along the grain boundaries due to the softening behavior under
high temperatures [29,58,59]. On the other hand, the KAM, GND, and twinning maps are
presented in Figure 13. The GND densities, as shown in Figure 13a–d, are the temperature
and strain gradient balance. Moreover, the results are the same as the results under RT,
indicating that the effect of the strain gradient on the GND densities is more critical than
the temperature during tensile loading conditions. In Figure 13e–h, the twinning evolution
is presented as 5.81% and 7.06% at 430 and 630 ◦C within the part, respectively, and 0.296%
and 0.223% at 430 and 630 ◦C close fracture, respectively, indicating that with increasing
strain, the twinnings decrease. The higher the temperature, the lower the number of
twinnings, indicating that the number is related to the temperature and strain. Similar to
room temperature and 430 ◦ C, only the <101>//Z0 direction texture exhibits significant
texture with increasing strain, and the texture strength is significantly enhanced compared
to low strain. To sum up, at a strain rate of 5 × 10−5 s−1 under all temperatures, from the
macro-perspective, with an increasing strain, the microstructure becomes unstable and
then constitutes the deformed and elongated grain boundaries, resulting in the formation
of the three defects defined as void, shrinkage, and crack. From the micro-perspective,
GND appears along the GBs and increases the dislocation density. These result in the
formation of the LAGBs and decrease the number of twinnings. Under all strain rates and
temperatures in this article, obvious textures are formed in the <101>//Z0 direction after
significant plastic deformation. In addition, with the increase of plastic strain, the texture
strength of almost all specimens increased significantly. This indicates that the changes in
microstructure during the stretching process are dominated by plastic strain. However,
at a strain rate of 5 × 10−3 s−1, the texture strength first weakens and then strengthens
with the increase in temperature, which is strongest at 630 ◦C. However, when the strain
rate is 5 × 10−5 s−1, the texture strength weakens with increasing temperature, and the
texture is most obvious at RT. According to the stress–strain curves in Figure 1a,b, the
plasticity of the material significantly improves with the decrease in strain rate under all
three temperatures. This indicates that at the same temperature, the strain rate dominates
plastic deformation, leading to different microstructural evolution. The strengthening
sources of MarBN steel include grain boundary strengthening, dislocation interactions,
and multiplication. Therefore, the failure mechanism for MarBN steel at both strain rates
(5 × 10−3 s−1 and 5 × 10−5 s−1) under RT, 430, and 630 ◦C results from the interaction
between the macro- and micro-behavior. The schematic figure is presented in Figure 14.
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Figure 12. EBSD maps under different strain gradients at the strain rate of 5 × 10−5 s−1 under 630 ◦C
(Red arrows indicate voids within the grain and along the line, green arrows indicate shrinking
microstructures, and yellow arrows point to voids and shrinking cracks). (a,b) IQs; (c,d) IPFs;
(e,f) misorientation angles; and (g,h) inverse polo figures.
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Figure 14. Schematic figure showing the failure mechanics at both strain rates under all temperatures.

4. Constitutive Models

According to previous results, the plastic behavior of MarBN steel is associated with
strain rate, temperature, and plastic strain evolution. Therefore, the constitutive models
considering the strain rate, temperature, and work hardening should be addressed to
describe and predict the true stress–true plastic strain accurately. In the present study,
several constitutive models, including phenomenological (JC and KHL) and three physically
based (PB, ZA, and VA) models, are compared systematically in flow stress during plastic
deformation. The experimental results give the initial values of the model constants. After
that, the model parameters can be fitted using the least square method. The R2 values are
used to evaluate the errors between the experimental and predictive results.

4.1. Phenomenological Models for JC and KHL

The plastic stress is given in the JC model [12] as follows,

σ = (A + Bεn)
(

1 + C ln
.
ε
∗)

(1 − T∗m) (6)

T∗ =
T − Tr

Tm − Tr
(7)

where σ is the plastic stress, ε is the plastic strain;
.
ε
∗ is the ratio of the strain rate and initial

strain rate of 1 s−1; T∗ is the homologous temperature, which is determined by the applied
temperature (T), reference (Tr), and melting temperatures (Tm); and A, B, C, m and n are
the material constants. The fitting and error values of the JC model are given in Table 3.
Under both strain rates and all temperatures, the descriptive errors of the JC model are
very low. However, the predicted values at the strain rate of 5 × 10−5 s−1 are better than
that at the high strain rate of 5 × 10−3 s−1.

Table 3. Fitted values of the JC model under different temperatures at strain rates of 5 × 10−3 s−1

and 5 × 10−5 s−1.

Strain Rates/s−1 Temp/◦C A B C n m R2

5 × 10−3

RT −1108.67 1581.09 −0.26 0.0201 79,943.93 96.94%

430 −1452.34 1789.27 −0.28 0.0122 53.30 96.12%

630 −2325.49 2563.60 −0.46 0.0073 312,616.49 93.68%
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Table 3. Cont.

Strain Rates/s−1 Temp/◦C A B C n m R2

5 × 10−5

RT −1105.53 1175.84 −1.42 0.0035 217.50 98.83%

430 −900.05 1173.33 −0.20 0.0145 56.48 91.11%

630 −503.54 775.43 −0.05 0.0097 34.53 36.79%

Another phenomenological model of KHL [13,15,16] is used in the current work, in
which the flow stress is expressed as follows,

σ =

[
A + B

(
1 − ln

.
ε

ln D0

)n1

εn0

]( .
ε
.
ε
∗

)C( Tm − T
Tm − Tr

)m
(8)

where
.
ε
∗ is the reference strain rate; D0 is the upper bound strain rate (106 s−1); A, B, C, n1,

n0, and m are the material constants; and the others are the same as in the JC model. The
fitting and error values of the KHL model are presented in Table 4. For both the strain rates,
the R2 values at 630 ◦C are lower than those at RT and 430 ◦C. Thus, the KHL model is
sensitive to temperature. Furthermore, the R2 values at the high strain rate of 5 × 10−3 s−1

are higher than that at the low strain rate of 5 × 10−5 s−1, which indicates the KHL model
can better predict the flow stress at the strain rate of 5 × 10−3 s−1. The model depends on
the strain rate and temperature.

Table 4. Fitted values of the KHL model under different temperatures at strain rates of 5 × 10−3 s−1

and 5 × 10−5 s−1.

Strain Rates/s−1 Temp/◦C A B C n1 n0 m R2

5 × 10−3

RT −1152.67 748.90 −1240.53 1.39 0.0013 −550.50 97.12%

430 −791.34 552.89 −12.82 1.56 0.0088 −5.56 96.14%

630 −760.07 523.31 56.57 1.34 0.0044 −5.20 93.70%

5 × 10−5

RT −1188.74 500.97 −33,793.68 1.69 0.0027 −413.46 98.82%

430 −888.30 353.00 −479.67 1.73 7.44×10−4 −12.42 90.03%

630 −446.72 233.92 30.43 1.76 0.0076 −1.46 41.18%

4.2. Physically Based Models of PB, ZA, and VA

The PB model [17–19,60], used to evaluate the flow stress in the current study, is
defined as follows,

σ = σa + σ∗ = aεn + σ̂

[
1 −

(
− kT

G0
ln

.
ε
.
ε0

)1/q]1/p

(9)

where σa and σ∗ are the athermal and thermally active parts of the flow stress;
.
ε0 is reference

strain rate, defined as 2.0 × 1010 s−1 [61]; p and q are material constants, defined as 0.5 and
1.5 [61], respectively; a, n, and k/G0 are the material constants; σ̂ is the threshold stress;

.
ε

is the strain rate; and ε is the plastic strain. The final fitting and error values are solved in
Table 5. Compared with RT and 430 ◦C, the R2 values at 630 ◦C are relatively low at both
strain rates. In addition, the R2 values at the high strain rate of 5 × 10−3 s−1 are higher
than that at the low strain rate of 5 × 10−5 s−1, which means the PB model can describe the
flow stress at the strain rate of 5 × 10−3 s−1. This model is dependent on the strain rate
and temperature.
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Table 5. Fitted values of the PB model under different temperatures at the strain rates of 5 × 10−3 s−1

and 5 × 10−5 s−1.

Strain Rates/s−1 Temp/◦C a n ^
σ k/G0 R2

5 × 10−3

RT 3469.88 0.0219 −2988.45 3 × 10−4 96.93%

430 3064.59 0.0181 −92332.69 6.09 × 10−5 96.10%

630 2339.51 0.0315 −27848.31 2.57 × 10−5 93.70%

5 × 10−5

RT 3824.87 0.0164 −4207.28 2.43 × 10−4 98.70%

430 5016.21 0.0094 −36506.49 6.56 × 10−5 89.85%

630 422.32 0.0304 −1453.91 3.91 × 10−5 40.82%

The second physically based model is the ZA model [21], in which the flow stress is
expressed as follows,

σ = C0 + C1 exp
(
−C3T + C4T ln

.
ε
)
+ C5εn (10)

where C0, C1, C3, C4, and C5 are the material constants; T is the applied temperature; and
.
ε

and ε are the strain rate and plastic strain, respectively. The final fitting and error values are
presented in Table 6. At the same time, the R2 values at the high strain rate of 5 × 10−3 s−1

are higher than that at the low strain rate of 5 × 10−5 s−1. In addition, the R2 values under
high temperatures are lower for both the strain rates than those under RT, especially at the
strain rate of 5 × 10−3 s−1 under 430 and 630 ◦C. Therefore, the ZA model is more sensitive
to the temperature and can better predict the flow stress at the strain rate of 5 × 10−3 s−1.

Table 6. Fitted values of the ZA model under different temperatures at the strain rates of 5 × 10−3 s−1

and 5 × 10−5 s−1.

Strain Rates/s−1 Temp/◦C C0 C1 C3 C4 C5 n R2

5 × 10−3

RT −563.03 −1444.74 8.76×10−4 −5.27 × 10−4 4241.46 0.0176 96.97%

430 −65.09 −20,311.58 0.0056 2.98 × 10−4 2163.56 0.0267 96.06%

630 −5086.28 −2.31 × 1011 −9.35 × 1013 1.45 × 1018 5912.99 0.0111 93.64%

5 × 10−5

RT −16,031.26 −1.55 × 109 −7.57 × 1013 1.78 × 1017 17,080.82 0.0035 98.81%

430 −351.19 −427,663.99 0.005 2.50 × 10−4 3387.56 0.0142 89.75%

630 107.55 −4778.18 0.0026 7.74 × 10−6 722.97 0.0166 41.04%

The third physically based model used in the present study is the VA model [20,62].
The flow stress is expressed as follows,

σ = Ŷ
[
1 −

(
β1T − β2T ln

.
ε
)1/q

]1/p
+ Bεn + Ya (11)

where Ŷ is the threshold yield stress and β1, β2, B, Ya, q, and p are the material parameters
fitted with the initial values of the experimental values. The final fitting and error values
are presented in Table 7. The values under 630 ◦C at a strain rate of 5 × 10−5 s−1 cannot be
fitted using the VA model. However, the R2 values at the high strain rate of 5 × 10−3 s−1

are higher than those at the low strain rate of 5 × 10−5 s−1. Therefore, the VA model is only
valid for the strain rate of 5 × 10−3 s−1.
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Table 7. Fitted values of the VA model under different temperatures at the strain rates of 5 × 10−3 s−1

and 5 × 10−5 s−1.

Strain Rates/s−1 Temp/◦C ^
Y β1 β2 p q B n Ya R2

5 × 10−3

RT 9.94 0.0019 2.84 × 10−4 0.2595 5.4996 1099.04 0.0909 65.12 96.19%

430 6.95 9.74 × 10−4 8.22 × 10−5 0.3374 4.9660 673.83 0.2633 387.73 94.68%

630 −1201.93 8.20 × 10−4 5.40 × 10−5 2.4681 0.6895 1137.98 0.3260 364.67 90.62%

5 × 10−5

RT −19.35 0.0018 1.50 × 10−4 0.2680 5.0418 773.03 0.1278 347.37 97.52%

430 25.82 8.63×10−4 5.62 × 10−5 0.3757 4.1880 534.08 0.2259 394.04 85.15%

630 -

4.3. Verification and Comparison of Models

For comparison, the R2 values for the different constitutive models between experi-
mental and predicted results are plotted in Figure 15. At the high strain rate of 5 × 10−3 s−1,
all the constitutive models present excellent error accuracy, as shown in Figure 15a. How-
ever, the error accuracy decreases with increasing temperature. It is noteworthy that only
the VA model under all temperatures gives relatively low error accuracy. When the strain
rate arrives at 5 × 10−5 s−1, the phenomenological models of JC and KHL present good
accuracy under all temperatures compared to the other models. Under RT, all the models
give good error accuracy. The error accuracy of the physically based models decrease with
increasing temperatures, especially at 630 ◦C. Therefore, it is clear that all the constitutive
models can predict the flow stress for both strain rates at RT. The predictive ability and
error accuracy of these models (JC, KHL, PB, VA, ZA) at the low strain rate of 5 × 10−5 s−1

is better than that at the high strain rate of 5 × 10−3 s−1. However, for MarBN steel, the
phenomenological models of JC (RT and 430 ◦C) and KHL (630 ◦C) give the best error accuracy
in prediction under both strain rates due to the flexibility and minimum fitting parameters.
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Furthermore, according to the previous results and analysis, Figure 16 shows the
predicted true stress–true plastic strain curve based on the JC and KHL models at both
strain rates under RT, 430, and 630 ◦C. Both models can descript the work-hardening
behavior under RT and predict a softening effect of the strain rate and temperature on
flow stress under 430 and 630 ◦C. However, the deviation in the simulated curves of these
models from the experimental results is observed and associated with the serration behavior
caused by the interaction between solute atoms and dislocations. The JC and KHL models
only consider slip and twinning as the active deformation mechanisms during the plastic
tensile process. Similar deviations have been reported for other alloys [63,64].
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5. Conclusions

In the current paper, the thermomechanical behavior, microstructure, and constitutive
models for MarBN steel are investigated at the strain rates of 5 × 10−3 s−1 and 5 × 10−5 s−1

under temperatures ranging from RT to 630 ◦C. Several conclusions can be obtained as follows:

1. Serrated flows are observed under all temperatures at the high strain rate of 5 × 10−3 s−1

(type C serrations) and under 430 and 630 ◦C at the low strain rate of 5 × 10−5 s−1

(type A+B serrations). This behavior is related to the strain rate and temperature for
MarBN steel.

2. Work-hardenability is sensitive to the strain rate and temperature. At high strain rates
of 5 × 10−3 s−1, the Holloman and Ludwigson equations provide a better prediction
of tensile plastic properties. In contrast, at low strain rates of 5 × 10−5 s−1, coupling
the Voce and Ludwigson equations appears to predict the flow relationship under RT,
430, and 630 ◦C.

3. At both strain rates, the microstructure results have the same evolutionary behavior
based on the EBSD maps and analysis. From the micro-perspective, GND appears
along the GBs and increases the dislocation density. These result in the formation
of the LAGBs and decrease the number of twinning. The strengthening sources of
MarBN steel include grain boundary strengthening, dislocation interactions, and
multiplication. The failure mechanics are associated with void, shrinkage, and crack.

4. Several constitutive models (JC, KHL, PB, ZA, and VA) simulate the plastic flow stress
under tensile experimental conditions. According to the experimental and simulation
results, the predictive ability and error accuracy of these models (JC, KHL, PB, VA,
ZA) at the low strain rate of 5 × 10−5 s−1 is better than that at the high strain rate of
5 × 10−3 s−1. For MarBN steel, the phenomenological models of JC (RT and 430 ◦C)
and KHL (630 ◦C) give the best error accuracy in prediction under both strain rates
due to the flexibility and minimum fitting parameters.
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