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Abstract: Hot compression tests were carried out on a Gleeble-3800 thermal mechanical simulator
in the temperature range from 700 to 900 ◦C and strain rate range from 0.005 to 10 s−1 to
investigate the hot deformation behavior of B1500HS high-strength steel. Softening mechanisms of
B1500HS high-strength steel under different deformation conditions were analyzed according to the
characteristics of flow stress–strain curves. By analyzing and processing the experimental data, the
values of steady flow stress, saturated stress, dynamic recovery (DRV) softening coefficient, and other
factors were solved and these parameters were expressed as functions of Zener–Hollomon factors.
Based on the dislocation density theory and the kinetic model of dynamic recrystallization (DRX),
constitutive models corresponding to different softening mechanisms were established. The flow
stress–strain curves of B1500HS predicted by a constitutive model are in good agreement with the
experimental results and the correlation coefficient is R = 0.998. The comparison results indicate that
the constitutive models can accurately reflect the deformation behavior of B1500HS high-strength
steel under different conditions.

Keywords: B1500HS high-strength steel; softening mechanism; dislocation density theory; dynamic
recrystallization; constitutive model

1. Introduction

With the development of the automobile industry and the increase in environmental protection
consciousness, high-strength steel is becoming widely used in the production of automobile parts, such
as A-pillar, B-pillar, and roof frame structure [1,2]. B1500HS is a high-strength steel widely used in the
hot stamping process. The microstructure of the test material without heat treatment is composed of
ferrite and pearlite with low strength. After the hot stamping process, the microstructure of the material
is transformed into martensite which can greatly improve the strength of the steel. The improvement
in material strength reduces the use of reinforcing plates in the car body, thus effectively producing
lightweight automobiles.

The relationship between flow stress and strain under hot deformation conditions is the basic
material property of metal, which plays an important role in the research of forming theory, the
establishment of finite element simulation, and the formulation of the hot stamping process. Therefore,
the discussion of deformation behavior under different deformation conditions and the establishment
of the corresponding constitutive model are of great significance to the application of hot stamping
forming technology.
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Bobbili and Madhu [3] established the constitutive model of high-strength armor steel under hot
deformation conditions using the strain-compensated Arrhenius model, and the high-temperature
performance of material was analyzed using the hot processing map. Salari and Naderi [4] revised
Johnson–Cook and Nemat-Nasser phenomenological models and applied them to the prediction of flow
stress–strain curves of a nickel–chromium alloy during non-isothermal compression testing. Mirzadeh
and Parsa [5] explored the effect of initial grain size on the high-temperature mechanical properties of
304L stainless steel and found that the nucleation point density increased with the reduction of initial
grain size, meaning that dynamic recrystallization is more obvious when the grain size is small. Li and
He [6] systematically studied the hot deformation behavior of high-strength boron steel in different
microstructures and established the corresponding constitutive model based on the Arrhenius and
Johnson–Cook equations.

Dynamic recovery (DRV) and dynamic recrystallization (DRX) softening mechanisms occur in
high-strength steel at high temperature and low strain rate [7–9]. The commonly used constitutive
models, such as the Arrhenius model and the Johnson–Cook model, are phenomenological models
that can neither describe the complex changes of flow stress–strain curves nor reflect the influence of
microstructure evolution on macromechanical behavior. Based on this situation, researchers [10,11]
solved the constitutive model under the different softening mechanisms. The constitutive model is
solved using the dislocation density theory when the softening mechanism is DRV. When the softening
mechanism is the combination of DRV and DRX, the kinetic model of dynamic recrystallization
should be introduced into the constitutive model of the DRV softening mechanism. The constitutive
model established by this method can accurately reflect the influence of the softening mechanism on
macroscopic mechanical behavior.

In this study, the flow stress–strain curves of B1500HS high-strength steel at different temperatures
and strain rates were obtained by isothermal compression testing. The constitutive models under
different softening mechanisms were constructed based on the dislocation density theory and kinetic
model dynamic recrystallization. The softening mechanism of the test material under different
deformation conditions was analyzed, and the characteristic parameters of flow stress–strain curves,
such as steady flow stress, saturated stress, and dynamic recovery softening coefficient, were
expressed as functions of Zener–Hollomon factors. Comparisons between the experimental and
predicted results were carried out, and the reliability of the constitutive models was evaluated using a
correlation coefficient.

2. Materials and Methods

The material used in the investigation was B1500HS cold-rolled high-strength steel produced by
the Baowu Iron and Steel Group (shanghai, China), and the thickness of the test material was 1.2 mm.
Its chemical composition is shown in Table 1. In previous research studies, the flow stress–strain
curves of sheet metals were measured by high-temperature tensile testing with the help of a Gleeble
thermal mechanical simulator (Morrisville, NC, USA). Because of the heat conduction between
specimen and fixture, there is an obvious temperature gradient between the center and the end of the
specimen, which reduces the reliability of experimental results. In addition, the fracture of specimens
under high-temperature tensile tests does not automatically mean the end of DRX, meaning that the
experimental data may not be suitable for kinetic analysis of DRX. Compared with the hot tensile tests
of sheet metal, hot compression tests can heat the specimens more uniformly and produce enough
deformation to ensure the occurrence of full dynamic recrystallization. Therefore, a hot compression
test was used to measure the flow stress–strain curves of B1500HS high-strength steel.

Table 1. Chemical composition of B1500HS steel (wt %).

C Si Mn Cr Ni Mo B Al Ti Cu V S P

0.23 0.25 1.35 0.19 0.028 0.04 0.003 0.04 0.03 0.016 0.004 0.006 0.015
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Following the technology and features of diffusion welding, sheets were welded together. The
diffusion of atoms is improved under the combined action of high temperature and pressure and
diffusion layers are formed on the contact surfaces, which can connect the sheets together. The
preparation process of specimens used in hot compression tests was as follows. The steel was cut
into 50 × 50 mm square plates using wire-cutting equipment, and the surfaces of the sheets were
rubbed with sandpaper. Then, the sheets were washed using an ultrasonic cleaner (Jingfeng ultrasonic
equipment limited company, Yongkang, Zhejiang Province, China) for 1 h to remove the stains on
the surface and dried immediately with a blower (Tianrui heavy industry limited company, Weifang,
Shandong Province, China). Afterward, the sheets were stacked together in the fixture and tightened
with high-strength bolts; the pre-tightening force provided by the bolts could supply the pressure
required for diffusion. The schematic diagram is shown in Figure 1. Finally, the fixture was put into a
vacuum heating furnace (Shenyang vacuum technology institute limited company, Shenyang, Liaoning
Province, China) for 2 h at 900 ◦C, then cooled down to room temperature in the furnace. Cylindrical
specimens that were 12 mm in length and 8 mm in diameter were machined from the billet, as is shown
in Figure 2.
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Figure 2. Appearance of billet and specimen used for the hot compression test.

The heat treatment process during the preparation of cylindrical specimens can lead to grain
growth, influencing the deformation behavior of the material. Tensile specimens were cut from
the cold-rolled B1500HS steel sheet by wire electrical discharge machining and the dimensions of
the specimens are shown in Figure 3. In order to explore the influence of the heating process on
the deformation behavior of B1500HS, the specimens were divided into two groups. One group of
specimens was heated to 900 ◦C and held there for 2 h, whereas the specimens in the other group
were not heat treated. The flow stress–strain curves of the two groups of specimens were measured
using an electronic universal material testing machine and electric heating furnace (Chanxin testing
machine manufacturing limited company, Jinan, Shandong Province, China). The specimens were
heated to 900 ◦C and held there for 5 min to ensure they were completely austenitized. Afterward, hot
tensile tests were carried out with strain rates of 0.01 and 0.1 s−1. In addition, the flow stress–strain
curves of the cylindrical specimens under the same deformation conditions were also measured by
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hot compression tests on a Gleeble-3800 thermal mechanical simulator. The flow stress–strain curves
obtained from the above tests are shown in Figure 4.Metals 2020, 10, x FOR PEER REVIEW 4 of 21 
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Figure 4. Flow stress–strain curves measured by different experiment methods at 900 ◦C.

By analyzing the flow stress–strain curves measured by hot tensile tests, it was confirmed that
the specimens without heat treatment had a higher strength under the same deformation condition.
However, the effect was not sufficiently distinctive. Under the same strain and deformation condition,
the difference of flow stress measured by different specimens was only a few megapascals. Figure 5a,b
shows the morphology of the austenite grain of B1500HS corroded by saturated picric acid solution.
It is observed that the grain size of austenite has limited growth with the increase in holding time.
The average grain dimensions shown in Figure 5a,b are 9.39 µm and 10.53 µm, respectively. Based on
the analysis above, it is confirmed that heating for 2 h at 900 ◦C has little effect on the deformation
behavior of B1500HS.
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By comparing the flow stress–strain curves obtained by different experimental methods, the
reliability of the data obtained from the hot compression test was analyzed. Before necking occurred in
the hot tensile tests, the difference between the flow stress–strain curves measured by hot tensile tests
and hot compression tests was not significant, especially for the data before peak stress. However,
when the strain rate was 0.01 s−1, the softening effect caused by dynamic recrystallization in the hot
compression test was slightly smaller than that in the hot tensile test. When the strain rate was 0.1 s−1,
the characteristics of dynamic recrystallization could not be observed in the flow stress–strain curves
obtained by the hot tensile tests, but they were obvious in the curve measured by the hot compression
test. Compared with the flow stress–strain curves measured by the hot tensile test, the curve measured
by hot compression tests provided more information, which was of great significance for analyzing the
deformation behavior of the test material. According to the above-mentioned analytical results, it was
confirmed that the heat treatment process during the preparation of the cylindrical specimens had
little effect on the deformation behavior of B1500HS, and the data measured by the hot compression
test were feasible.

Hot compression tests were performed on a Gleeble-3800 thermal mechanical simulator. A K-type
thermocouple was welded in the center of the specimen to monitor the change of temperature during
the tests. A tantalum piece and a graphite lubricant were used between the specimen and pressure
head to reduce the influence of temperature gradient and friction. Figure 6 is the schematic diagram
of the hot compression test. The specimens were heated to 900 ◦C at a heating rate of 10 ◦C/s and
held there for 5 min to ensure the specimens were completely austenitized. Then, the specimens were
cooled to deformation temperature (700 ◦C, 750 ◦C, 800 ◦C, 850 ◦C, 900 ◦C) at a rate of 20 ◦C/s and held
there for 15 s to reduce the temperature gradient. Subsequently, the specimens were compressed at
different strain rates (0.005 s−1, 0.01 s−1, 0.1 s−1, 1 s−1, 10 s−1). The amount of compression was 50% of
the length of the specimen, which is equivalent to the true strain of 0.69. After the compression process,
the specimens were quenched in water immediately to retain the microstructure of the material.
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3. Results and Discussion

3.1. Discussion on Softening Mechanism and Construction Method of the Constitutive Model

Creep behavior at high temperature can affect the mechanical properties of a material. However,
for the typical hot deformation process, deformation is finished in a short time and the deformation
rate is much higher than being relevant for creep deformation. Therefore, the influence of creep
behavior is neglected in the subsequent analysis. There are two softening mechanisms associated with
high-temperature deformation, namely dynamic recovery and dynamic recrystallization. The schematic
diagram is shown in Figure 7. Curve a is the flow stress–strain curve with the dynamic recovery
softening mechanism. In the initial stage of deformation, the effect of work hardening (WH) is
more obvious than the softening effect induced by dynamic recovery. The softening effect increases
gradually with the rise of deformation, which can obstruct the increasing trend of stress with the rise
of deformation. When the softening effect caused by dynamic recovery reaches dynamic equilibrium
with work hardening, the value of flow stress remains generally stable. The asymptotic value is defined
as saturated stress and is represented as σsat.
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Curve b is the flow stress–strain curve with the dynamic recrystallization softening mechanism.
The softening mechanism in this situation is the combination of DRV and DRX. Dynamic recrystallization
occurs when the strain reaches critical condition εc. The softening effect of DRX reduces the deformation
resistance of material significantly, which is more obvious than that of DRV. When the flow stress
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reaches the peak value σp, the softening effect caused by dynamic recrystallization begins to play a
major role and the flow stress decreases with the increase of deformation. The flow stress becomes
steady when the softening mechanism and the work hardening effect are in equilibrium state. The value
of steady stress is denoted by σss.

The flow stress–strain curves of B1500HS high-strength steel under different deformation
conditions are shown in Figure 8. It was observed that the temperature and strain rate had significant
effects on the mechanical properties of B1500HS. The increase of temperature and the decrease of strain
rate reduced the deformation resistance of the metal. According to the analysis of the flow stress–strain
curves, both dynamic recovery and dynamic recrystallization characteristics were found under hot
deformation conditions. The flow stress–strain curves conformed to the typical dynamic recovery
characteristics at low temperatures and high strain rates. On the other hand, the flow stress–strain
curves had obvious dynamic recrystallization characteristics when the deformation condition was high
temperature and low strain rate. The softening mechanisms of B1500HS high-strength steel under
different deformation conditions are shown in Table 2.Metals 2020, 10, x FOR PEER REVIEW 7 of 21 
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Table 2. Softening mechanism of the material under different deformation conditions.

Temperature/◦C Strain Rate/s−1 Softening Mechanism

750 0.005–0.01
DRV + DRX800–850 0.005–0.1

900 0.005–1

700 0.005–10

DRV
750 0.1–10

800–850 1–10
900 10

The density of dislocation has significant influence on the mechanical properties of metals.
Dislocation multiplication and annihilation caused by work hardening and dynamic recovery can be
represented by the model proposed by Estrin and Mecking [12]:

dρ
dε

= h− rρ, (1)

where ρ is the density of dislocation, ε represents the plastic strain, and h is the work hardening rate
that reflects the increment of dislocation density caused by work hardening. rρ is used to reflect
the effect of dynamic recovery on the reduction of dislocation density and r is the dynamic recovery
coefficient. By integrating both sides of Equation (1), the following form can be obtained:

ρ =
h
r
−

(
h
r
− ρ0

)
exp(−rε). (2)

In the equation, ρ0 is the initial dislocation density when the plastic strain is 0. The change
of dislocation density is directly reflected in the change of flow stress. Under the condition of
high-temperature plastic deformation, the relationship between flow stress and dislocation density is
usually expressed as the following [13–15]:

σ = αµb
√
ρ, (3)

where α is the material constant, µ is the shear modulus, and b is the Burgers vector. By introducing
Equation (2) into Equation (3) and replacing ρ0 with σ0 = αµb

√
ρ0, the following equation can

be obtained:

σ =

√
σ02 exp(−rε) + (αµb)2 h

r
[(1− exp(−rε) )] (4)

For the flow stress–strain curves with dynamic recovery characteristics, the flow stress tends
to be stable when the effect of work hardening and dynamic recovery reach equilibrium, and the
asymptotic value is σsat. With the increase of strain, the value of exp(−rε) is near zero. The value of
σsat is expressed as σsat = αµb

√
h/r. Hence, Equation (4) can be written in the following form:

σ =
√
σsat2 + (σsat2 − σ02) exp(−rε) (5)

Dynamic recrystallization occurs when deformation reaches the critical value. The kinetics model
of dynamic recrystallization can be expressed by Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetic
equation, as shown in Equation (6) [16–18]:

XDRX = 0 (0 ≤ ε ≤ εc)

XDRX = 1− exp
[
−k

(
ε−εc
ε0.5

)n]
(ε > εc)

ε0.5 = a2
.
ε

m2 exp[Q2/(RT)]
, (6)
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where XDRX is the volume fraction of dynamic recrystallization, a2, m2, k, and n are material constants,
ε0.5 denotes the value of strain when the volume fraction of dynamic recrystallization reaches 50%, εc is
the critical strain of dynamic recrystallization, Q2 is the activation energy of dynamic recrystallization,
T is the deformation temperature, and R is the molar gas constant. As is shown in Figure 7, the volume
fraction of dynamic recrystallization can also be described as the following:

XDRX =
σDRV − σDRX

σsat − σss
, (7)

where σDRV indicates the flow stress with dynamic recovery softening mechanism alone. Substituting
Equation (7) into Equation (6), the flow stress with dynamic recrystallization characteristics can be
expressed as follows:

σDRX = σDRV − (σsat − σss)

{
1− exp

[
−k

(
ε− εc

ε0.5

)n]}
(8)

3.2. Zener–Hollomon Factor

In order to obtain the constitutive models corresponding to different softening mechanisms,
the values of σsat, σss, σ0, ε0.5, εp, and r under different deformation conditions are required.
The Zener–Hollomon factor can be used to represent the combination effects of temperature and strain
rate on deformation behavior at high temperature. Therefore, the characteristic parameters shown
above can be expressed as functions of Zener–Hollomon factors. The mathematical expression of
Zener–Hollomon is described as follows:

Z =
.
ε exp(Q/RT), (9)

where Q is the activation energy of hot deformation,
.
ε is the strain rate, R is the universal gas constant,

and T is the absolute temperature. The correlation between flow stress, temperature, and strain rate
can be expressed by the Arrhenius equation, shown as the following:

.
ε = AF(σ) exp(−Q/RT) (10)

Depending on the stress states of material, Equation (10) can be expressed as follows:

.
ε = A1σp

n1 exp(−Q/RT) ασp < 0.8, (11)

.
ε = A2 exp(βσp) exp(−Q/RT) ασp > 1.2, (12)

.
ε = A[sinh(ασp)]

n2 exp(−Q/RT) for all stress levels, (13)

where σp is the peak stress and A, A1, A2, n1, n2, and α are the material constants. The value of α and β
satisfy the following relationship: α = β/n1. By taking the logarithms on both sides of Equations (11)
and (12), the relational expression of ln σp and ln

.
ε as well as σp and ln

.
ε can be obtained, shown as

Equations (14) and (15):
ln

.
ε = ln A1 + n1 ln σp −Q/RT, (14)

ln
.
ε = ln A2 + βσp −Q/RT. (15)

The relationships between σp and
.
ε are shown in Figure 9a,b. It was concluded from the plots that

a linear relation could be found between ln σp and ln
.
ε as well as between σp and ln

.
ε. Based on the

linear regression results, the values of n1 and βwere obtained from the slopes of the lines in Figure 9a,b
and their average values were 8.44 and 4.56× 10−2, respectively. Relative standard deviation (RSD)
was used to measure the deviation of data from the average value. The RSDs of n1 and β were 6.76%
and 8.97%, respectively, which means that the deviation between the values of slopes obtained under
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different deformation temperatures and the average value was small, so the average values were used
as the calculation results of n1 and β. Thus, the value of α was calculated as 5.41× 10−3.Metals 2020, 10, x FOR PEER REVIEW 10 of 21 
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.
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.
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For all stress levels, Equation (13) can be represented as the following form by taking the logarithm
on both sides of the equation:

ln
.
ε = ln A + n2 ln[sinh(ασp)] − (Q/RT). (16)

The value of activation energy is constant when temperature is a fixed value. By substituting
σp and

.
ε into the equation, the relationship between ln

.
ε and ln[sinh(ασp)] is shown in Figure 10.

The slope of the lines was determined as the value of the material constant n2 at different temperatures.
The RSD of n2 was 3.86%, which shows that the temperature had little influence on the value of n2.
Therefore, the average value 6.294 was determined as the calculation result of n2.
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Figure 10. Relationship between ln
.
ε and ln[sinh(ασp)] at different temperatures.

For the constant strain rate conditions, by differentiating Equation (16), the value of Q can be
expressed as follows:

Q = Rn
[
∂ ln[sinh(ασp)]

∂1/T

]
.
ε

. (17)

The linear relationship between ln[sinh(ασp)] and 1/T at different strain rates can be achieved by
linear regression analysis, as is shown in Figure 11. The RSD of the slopes under different strain rates was
4.91%. Therefore, the average value of linear slopes was regarded as the value of ∂ ln[sinh(ασp)]/∂1/T,
which was 4.69× 103. Afterward, the value of Q was calculated as 245.43 KJ/mol.
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Figure 11. Relationship between ln[sinh(ασp)] and 1/T.

By substituting deformation activation energy, deformation temperatures, and strain rates into
Equation (9), Zener–Hollomon factors under different deformation conditions were solved. By taking
the logarithm on the calculated results, the values of ln Z were obtained.

3.3. Constitutive Model of Dynamic Recovery

The work hardening rate (θ = dσ/dε) reflects the trend of change of flow stress during the hot
deformation process. The values of characteristic parameters such as σsat, σss, and dynamic recovery
coefficient r were determined by analyzing and processing the θ− σ curves. These parameters were
used to establish a constitutive model with a dynamic recovery softening mechanism. By fitting the
flow stress–strain curves after plastic deformation with a nine-order polynomial, the work hardening
rate curves under different deformation conditions were obtained by calculating the first derivative of
the polynomial. Figure 12 shows the work hardening rate curves with various strain rates at 800 ◦C.
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Figure 12. Work hardening rate curves of different strain rates at 800 ◦C.

According to the previous analysis, it was concluded that the flow stress–strain curves had obvious
DRV characteristics when the deformation temperature was 800 ◦C and the strain rates were 1–10 s−1.
With the increment of deformation, the softening effect caused by DRV became gradually obvious,
which was reflected in the decrease of the work hardening rate, as is shown in Figure 12. When the
softening effect of dynamic recovery is balanced with work hardening, the flow stress approaches a
constant value and the amount of θ is equal to zero.

When the strain rate was 0.005–0.1 s−1, the softening effect of material was considered to be the
combined result of DRV and DRX. In this situation, the value of σsat could not be directly obtained
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from flow stress–strain curves. To overcome this problem, the critical stress of DRX must be solved
first. The value of σc can be obtained by the stress corresponding to the peak value of the dθ/dσ− σ
curves, as is shown by the arrows in Figure 13.
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Figure 13. Curves of dθ/dσ− σ under different deformation conditions.

After a tangent line is drawn at the position corresponding to the critical stress on the θ − σ
curve, the intersection of the tangent line and θ = 0 is the amount of σsat, indicated in Figure 12 by a
dotted line.

The method proposed by Jonas, Quelennec and Jiang [19] was used in this research to obtain the
dynamic recovery coefficient r. By taking derivatives on both sides of Equation (5), it can be written
as follows:

dσ
dε

=
1
2

r(σ2
sat − σ

2
0) exp(−rε)√

σ2
s + (σ2

0 − σ
2
sat) exp(−rε)

=
1
2

r(σ2
sat − σ

2
0) exp(−rε)

σ
. (18)

Equation (5) can be transformed into the following form by shifting terms:(
σ2

sat − σ
2
0

)
exp(−rε) = σ2

sat − σ
2. (19)

By substituting (σ2
sat − σ

2
0) exp(−rε) with σ2

sat − σ
2, Equation (18) can be represented as the

following form:
σθ = 0.5rσsat

2
− 0.5rσ2. (20)

According to the equation, the dynamic recovery coefficient r is represented as an equation related
to the slope of the θσ− σ2 curve, with a slope of 0.5r. Figure 14 provides an example of the solution of
r. The value of the slope was obtained by linear regression of the data before dynamic recrystallization
occurred, shown as a dotted line in the figure.
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Figure 14. Relationship between θσ and σ2.

The yield stress σ0 was obtained from the flow stress–strain curves. Since the yield point in flow
stress–strain curve was not obvious, the flow stress corresponding to the strain of 0.02 was defined as
the value of yield stress [19].

The values of σsat, σ0, and r change with deformation conditions. The Zener–Hollomon factor
reflects the combination effect of temperature and strain rate. Therefore, these parameters were
expressed as a function of the Zener–Hollomon factor. By taking the natural logarithms on both sides
of Equations (11) and (12), the equations were converted into the following form:

ln A + n ln σ = ln Z, (21)

ln A + n ln[sinh(ασ)] = ln Z (22)

The relationships between ln σ0 − ln Z and ln[sinh(ασsat)] − ln Z are shown in Figure 15a,b,
respectively. Linear regression was used in the analysis of the data, and the expressions of σsat and σ0

can be written as follows:
σ0 = 12.003Z0.077, (23)

σsat = 184.973sinh−1
(
0.027Z0.077

)
(24)
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Figure 16 shows the relationship between the dynamic recovery coefficient and the
Zener–Hollomon parameter. It was concluded that the dynamic recovery coefficient increased with
the increase of the Zener–Hollomon parameter, and the relationship between them was approximately
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linear. The values of r can be represented as a function of the Zener–Hollomon parameter, which can
be expressed as follows:

r = 14.318Z−0.022 (25)
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According to the analysis above, the constitutive model of B1500HS with dynamic recovery
characteristics can be written as the following equations:

σ =
√
σsat2 + (σsat2 − σ02) exp(−rε)

σsat = 184.973sinh−1
(
0.027Z0.077

)
σ0 = 12.003Z0.077

r = 14.318Z−0.022

Z =
.
ε exp

(
245.427×103

RT

) (26)

Figure 17 shows the comparisons between the experimental data obtained from the hot compression
tests and the results predicted by the constitutive model under different strain rates at 800 ◦C.
The constitutive model (Equation (26)) shows a high reliability in the prediction of flow stress–strain
curves with dynamic recovery characteristics. However, under the condition of low strain rate, the
predicted results could not reflect the softening effect caused by dynamic recrystallization.
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800 ◦C.

3.4. Constitutive Model of Dynamic Recrystallization

Dynamic recrystallization occurs when strain reaches a critical value. In order to solve the kinetic
model of DRX, the values of εc and ε0.5 must be obtained. There is a linear relationship between critical
strain and peak strain, as is shown in Equation (27):

εc = α1εp (27)

In previous studies [20,21], the value of α1 was defined as 0.47–0.83, and it was defined as 0.83
in this research. The values of peak strain were obtained from flow stress–strain curves and the
relationship between ln εp and ln Z was analyzed using the linear regression method, as is shown in
Figure 18. The mathematical expression of peak stress under different deformation conditions can be
represented as follows:

εp = 4.517× 10−3Z0.178 (28)
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Figure 18. Relationship between ln εp and ln Z.

At the end of DRX, the flow stress tends to be constant and the work hardening rate is equal to
zero. As is shown in Figure 12, the flow stress corresponding to the second intersection of the work
hardening rate curve and the θ = 0 curve is the value of steady state stress. Figure 19 shows the
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relationship between ln σss and ln Z. By analyzing these data with the linear regression method, the
mathematical expression of σss can be represented as the following equation:

σss = 5.007Z0.138. (29)
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The values of ε0.5 were solved by Equation (7). The values of σDRV were calculated using the
established constitutive model of dynamic recovery, shown in Equation (26). By substituting the
relevant parameters into Equation (7), the amount of strain corresponding to 50% recrystallization was
obtained. By taking the natural logarithm of the expression of ε0.5 in Equation (7), the follow equation
was obtained:

ln ε0.5 = ln a2 + m2 ln
.
ε+ Q2/(RT) (30)

The relationships between ln ε0.5 and 1/T at different strain rates were fitted as shown in Figure 20a
and the value of the activation energy of dynamic recrystallization was calculated as 4.62× 104 J/mol.
Similarly, the relationship between ln ε0.5 and ln

.
ε under various deformation temperatures was

analyzed. As shown in Figure 20b, the average values of the slopes and the intercepts were the amounts
of m2 and ln a2 + Q2/(RT), and the values of m2 and a2 were 0.163 and 4.195× 10−3, respectively.
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Therefore, the expression of ε0.5 can be written as Equation (31):

ε0.5 = 4.195× 10−3 .
ε

0.163 exp[4.62× 104/(RT)] (31)
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By taking the logarithm on both sides of the kinetic equation of dynamic recrystallization, the
relationship between ln[− ln(1− ln XDRX)] and ln[(ε− εc)/ε0.5] can be given as Equation (32):

ln[− ln(1− ln XDRX)] = ln k + n ln
(
ε− εc

ε0.5

)
. (32)

The relationship between ln[− ln(1 − ln XDRX)] and ln[(ε − εc)/ε0.5] at different deformation
conditions is shown in Figure 21. The slopes and intercepts obtained from the linear regression results
represent the values of n and ln k under different deformation conditions, respectively. Here, the
average values of 1.432 and 0.855 were calculated to be the values of n and ln k, respectively.
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Figure 21. Relationship between ln[− ln(1− ln XDRX)] and ln[(ε− εc)/ε0.5].

Based on the derived kinetic equation of DRX, the volume fractions of DRX under different
deformation conditions are shown in Figure 22a,b. It is obvious that the DRX process is promoted
with decreasing strain rate and increasing temperature. In order to verify the accuracy of the dynamic
equation, the comparisons between predicted and experimental results are presented. A good
correlation is observed between the predicted and the experimental values, which indicates that the
kinetic equation can describe the DRX process accurately.
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temperature of 900 ◦C and (b) at the strain rate of 0.01 s−1.
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According to the analysis and method above, the constitutive model for flow stress–strain curves
with DRX can be written as the following equations:

σDRX = σDRV − (σsat − σss)

{
1− exp

[
−2.351

(
ε−0.83εp
ε0.5

)1.432
]}

ε0.5 = 0.004195
.
ε

0.1633 exp[46204.8745/(RT)]
εp = 4.517× 10−3Z0.178

σss = 5.007Z0.138

. (33)

3.5. Verification of the Constitutive Model

According to the constitutive model of B1500HS under different softening mechanisms, the
flow stress–strain curves of the material under different deformation conditions were predicted and
compared with the experimental data, as is shown in Figure 23.
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It can be seen from the diagram that the flow stress–strain curves predicted by the constitutive
model are in good agreement with the experimental ones. In addition, the accuracy of the constitutive
model was further verified by calculating the correlation coefficient between the predicted values and
the experimental values. The expression of correlation coefficient is shown in Equation (34):

R =

∑N
i=1 (Ei − E)(Pi − P)√∑N

i=1 (Ei − E)
2∑N

i=1 (Pi − P)
2

. (34)

In the equation, Pi and Ei are values predicted by the constitutive model and obtained through
experiments carried out at different strains (0.1, 0.3, and 0.5), P and E are the average values of Pi
and Ei, and N is the number of data. The relationship between predicted values and experimental
values is shown in Figure 24, and the value of the correlation coefficient was calculated as 0.998, which
means that the constitutive model could accurately predict the flow stress–strain curves of B1500HS
high-strength steel under different deformation conditions.
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4. Conclusions

(1) The flow stress–strain curves of B1500HS high-strength steel under a temperature range of
700–900 ◦C and a strain rate range of 0.005–10 s−1 were measured using hot compression tests.
According to the flow stress–strain curves, the softening mechanisms of material under different
deformation conditions were analyzed.

(2) By analyzing the curves of θ− σ and σθ− σ2, parameters used in the solving of the constitutive
model such asσsat, σss, r, εc and ε0.5 were obtained, and the mathematical expressions between these
parameters and the Zener–Hollomon factor were also established. Based on dislocation density
theory and the dynamic recrystallization kinetics equation, constitutive models corresponding to
different softening mechanisms were constructed.

(3) The flow stress–strain curves of B1500HS high-strength steel predicted by the established
constitutive models were compared with the experimental results. In addition, the correlation
coefficient between the predicted value and the experimental value was solved. It can be
concluded that the constitutive models are reliable to reflect the hot deformation process of
B1500HS high-strength steel.
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