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Abstract: Hot stamping process is widely used in the manufacture of the high strength automotive
steel, mainly including the stamping and quenching process of the hot-formed steel. In the hot
stamping process, the steel is heated above the critical austenitizing temperature, and then it is rapidly
stamped in the mold and the quenching phase transition occurs at the same time. The quenching
operation in the hot stamping process has a significant influence on the phase transition and mechanical
properties of the hot-stamping steel. A proper quenching technique is quite important to control the
microstructure and properties of an ultra-high strength hot-stamping steel. In this paper, considering
the factors of the austenitizing temperature, the austenitizing time and the cooling rate, a coupled
model on the thermal homogenization and phase transition from austenite to martensite in quenching
process was established for production of ultra-high strength hot-stamping steel. The temperature
variation, the austenite decomposition and martensite formation during quenching process was
simulated. At the same time, the microstructure and the properties of the ultra-high strength
hot-stamping steel after quenching at different austenitizing temperature were experimental studied.
The results show that under the conditions of low cooling rate, the final quenching microstructure of
the ultra-high strength hot-stamping steel includes martensite, residual austenite, bainite and ferrite.
With the increase of the cooling rate, bainite and ferrite gradually disappear. While austenitizing
at 930 ◦C, the tensile strength, yield strength, elongation and strength-ductility product of the
hot-stamping steel are 1770.1 MPa, 1128.2 MPa, 6.72% and 11.9 GPa%, respectively.

Keywords: phase transition; mechanical properties; quenching; ultra-high strength steel

1. Introduction

With the rapid development of the lightweight technology in the automobile industry,
high-strength automobile steel gradually replaces the original low-strength automobile steel [1,2].
Due to the difficulty of the cold forming technology, hot stamping technology has become the main
technology of producing the high-strength automobile steel, which mainly includes the process of
austenitizing, quenching and plastic forming [3]. In the hot stamping process, in order to reduce the
deformation resistance of the hot-stamped steel at high temperature, it is heated above the critical
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austenitizing temperature [4]. After the rapid stamping in the mold, it is quenched at a higher cooling
rate, and finally martensite microstructure is obtained, which greatly improves the strength of the
hot-formed steel [5]. However, although the whole martensite steel that was obtained after the hot
stamping process has a high strength, its toughness is not high, which greatly restricts the application
of the hot-stamped steel in automobile field [6]. The toughness and plasticity of the ultra-high
strength steel are closely related to the quenching parameters in the hot stamping process, and the
appropriate hot stamping process is the basis of the production of the high-quality automobile steel
with ultra-high strength [7]. In order to improve the strength and plasticity of the hot stamping steel, it
is of great significance to study the phase transition in the quenching process and its influence on the
mechanical properties.

Mu et al. [8] studied the influence of the austenitizing temperature, deformation rate and other
factors on the temperature variation and mechanical properties of 22MnB5 in quenching process. It was
found that the peak stress of hot-stamping steel during deformation increased with the increase of the
austenite volume fraction. N. Vu-Bac et al. [9] studied the numerical analysis process of industrial data,
and the model can accurately reflect the experimental data in practical application, providing method
guidance for the numerical simulation process in industrial production. Wang et al. [10] simulated the
quenching process of 22MnB5 under different conditions in the hot stamping process, and found that
the final microstructure composition of the hot-stamping steel is closely related to the cooling rate. Xing
et al. [11] simulated the quenching process of boron steel in the hot stamping process, and found that
the appropriate quenching process increased the tensile strength of the hot-stamping steel by 2.5 times.
Although many scholars have done some research on the quenching process of 1500 MPa hot-stamping
steel [12–14], further exploration on the phase transition process and the effect of heat treatment on the
mechanical properties of ultra-high strength hot-stamping steel are still lacking. Therefore, in order to
improve the strength and plasticity of ultra-high strength hot-stamping steel, it is very important to
study the phase transition and the mechanical property variation in the hot stamping process.

In this paper, considering the different austenitizing temperature and holding time, the coupled
mathematical model of the thermal and phase transition is established for the quenching process of
the hot-stamping steel under different cooling rates. The temperature variation and phase transition
process of ultra-high strength hot-stamping steel are simulated and studied. The microstructure and
mechanical properties of ultra-high strength hot-stamping steel under different quenching conditions
are observed and analyzed. The results provide the guidance for the quenching process of the ultra-high
strength hot-stamping steel.

2. Mathematical Equations

The three-dimensional unsteady heat conduction differential equation is used in the current model
to calculate the heat transfer.

ρc
∂T
∂τ

=
∂
∂x

(
λ
∂T
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)
+

∂
∂y

(
λ
∂T
∂y

)
+
∂
∂z

(
λ
∂T
∂z

)
+ ϕ, (1)

where, T, ρ, c, τ and ϕ are infinitesimal body temperature in ◦C, density in Kg/m3, specific heat in
J/(Kg ◦C), time in s and per unit time per unit volume of the heat, which is generated by the internal
heat source in J/(m3 s), respectively. λ is thermal conductivity in W/(m K). The physical properties of
the steel are shown in Figure 1.
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Figure 1. Physical properties of the steel.

The equation between heat transfer coefficient and temperature is as follows.

φ = ηA(TA − Tw), (2)

where, φ, η, A, TA and TW are heat transfer rate in W, heat transfer coefficient in W/(m2 ◦C), heat
transfer area in m2, average steel plate temperature in ◦C and mold temperature in ◦C, respectively.

The phase transition model was established to simulate the transition of austenite into martensite,
bainite, ferrite and pearlite. The reaction equation of austenite decomposition can be described
as follows.

dXi
dτ

= f (G) f (Xi) f (T) f (V), (3)

where, f(G) is the influence function of the austenite grain size in the transition process, and f(Xi) is the
influence function of the current phase content on the microstructure transition. f(T) is the influence
function of the temperature on the transition, and f(V) is the influence function of the alloy elements on
the transition rate of each phases. G is the austenite grain size, and Xi is the volume fraction of each
phases at the current time, which is dimensionless. T is the temperature in ◦C, and V is the transition
rate in %/s. Detailed description of the equations can be found in the references [1,15–18].

The influence function of the austenite grain size in the transition process is as follows.

f (G) = 2(G−1)/2, (4)

where, G is constant, and the value is 8. In this study, it is assumed that this parameter remains
unchanged during the cooling process [1,15].

The influence function of the current phase content on the microstructure transition is as follows.

f (Xi) =
(Xi)

2(1−Xi)/3(1−Xi)
2Xi/3

Y
, (5)

Y = exp(CbX2
i ), (6)

Cb = 1.9C + 2.5Mn + 9Ni + 1.7Cr + 4Mo− 2.6, (7)

where, Y is the phase influence factor, and y = 1 for ferrite and pearlite. Cb is the bainite delayed
formation factor, which is dimensionless, and it depends on the alloy content in the metal.

The influence function of the temperature on phase transition is as follows.

f (T) = (Ta − T)nexp(−Qi/RT), (8)
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where, (Tα − T) is the degree of supercooling, and Tα is the starting temperature of each phase transition
(◦C). T is the current temperature (◦C), and for ferrite and pearlite n = 3, and for bainite n = 2. Qi is the
diffusion activation energy (J/(Kg mol)), and R is the general gas constant.

The influence function of the alloy elements on the transition rate of each phases is as follows.

f (V f eerite) = (59.6Mn + 1.45Ni + 67.7Cr + 244Mo + K f B)−1, (9)

f (Vpearlite) =
{
[1.79 + 5.42(Cr + Mo + 4MoNi) + KpB]D

}−1
, (10)

D =
1

exp(−27500/RT)
+

0.01C + 0.52Mo
exp(−37000/RT)

, (11)

f (Vbainite) = [10−4(2.34 + 10.1C + 3.8Cr + 19Mo)]
−1

, (12)

where, Kf and Kp are constant, and the value is 1.9 × 105 and 3.1 × 103, respectively.
In this paper, according to the steel composition, the phase transition parameters of the

hot-stamping steel were calculated by JMatPro software (Version 7.0, JMatPro, Sente Software,
Guildford, UK), and then the relevant parameters were directly imported into DEFORM software
(Version 10.2, Deform, Scientific Forming Technologies Corporation, Columbus, OH, USA), and the
coupled model of thermal and phase transition was established to simulate the quenching process of
ultra-high strength hot-stamping steel.

3. Research Approaches

Firstly, the quenching transition process in the hot stamping process was simulated by DEFORM
software. The temperature variation and phase transition in the process of quenching were simulated
under the conditions: austenitizing temperature at 930 ◦C, austenitizing time in 5 min and the average
cooling rate at 40 ◦C/s. The model grid and results extraction method are shown in Figure 2. The number
of the model nodes was 39865, and the number of the units was 150,000. The heat transfer coefficient at
the sample surface was 1300 W/(m2

·
◦C). The initial phase microstructure of the sample was austenite

with volume fraction of 1.0. The parameters used in the simulation are listed in Table 1. The steel used
for quenching was ultra-high strength hot-stamping steel, and its composition is shown in Table 2.
The steel we used is 28MnB5 hot-formed steel produced by a steel plant in China. The steel was
a 1800 MPa grade automotive hot-formed steel with a thickness of 1.5 mm, which can be used for
making anti-collision beams. The phase transition parameters of the steel were calculated by JMatPro
software, and then were imported into DEFORM software for calculation. The same method was
used to simulate the phase transition process with the average cooling rate of 10 ◦C/s and 25 ◦C/s
with austenitizing temperature at 930 ◦C and austenitizing time in 5 min. The surface heat transfer
coefficients corresponding to 10 ◦C/s and 25 ◦C/s were 340 W/(m2

·
◦C) and 850 W/(m2

·
◦C), respectively.

Then the simulation results of a, b, c, d and e on the cross section of the sample were compared
and analyzed.

Table 1. The parameters used in the simulation.

Austenitizing temperature 930 ◦C
Austenitizing time 5 min

Heat transfer coefficient 1300 W/(m2
·
◦C)

Initial austenite content 1
Mold temperature 150 ◦C

Table 2. The composition of ultra-high strength hot-stamping steel.

C Mn Si Al B Cr Cu Nb Ti V Mo

0.28 1.5 0.25 0.042 0.003 0.24 0.0061 0.053 0.0263 0.0033 0.0032
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Figure 2. Grid model and analysis point location.

In order to verify the accuracy of the simulation results and study the mechanical properties of the
steel under different quenching conditions, the microstructure, tensile strength, yield strength, hardness
and elongation of the hot-stamping steel after quenching under different austenitizing temperatures
were studied in laboratory. Firstly, the hot-stamping steel sheet was cut into 1.5 mm × 5.0 mm × 5.0 mm
cube and A50 standard sample. Secondly, the samples were austenitizing in the muffle furnace at
840 ◦C, 900 ◦C, 930 ◦C, 960 ◦C and 990 ◦C for 5 min, then were transferred to the mold and cooled to
150 ◦C at a cooling rate of 40 ◦C/s, prior to air cooling to room temperature. The samples after heat
treatment were polished with the water abrasive paper of 400#, 600#, 1000# and 2000#. With each
change of abrasive paper, the specimen was rotated 90◦ so that it was perpendicular to the old scratch,
and finally the scratch on the steel surface disappeared completely. Afterwards, the steel samples were
polished by diamond polishing agent and nylon polishing cloth, and then the polished steel samples
were put into 4% nitric acid alcohol solution to corrode for 10 s. Finally, the samples were observed
by metallographic microscope. The strength of the hot-stamped steel was measured by the SANS
CMT5035 tensile testing machine (MTS, Shenzhen, China) with a strain rate of 5 mm/min. Before the
test, the oxide layer and oil stains on the sample surface were polished by using 60# sandpaper to
prevent slip at the clamping end during the stretching process, and then the Vickers hardness of the
hot-stamped steel was measured by microhardness machine. In order to avoid the data fluctuation
caused by the experimental error, each group of samples was measured three times, and the average
value was calculated as the final result.

4. Results and Discussion

4.1. Simula1tion of the Phase Evolution in Quenching Process

4.1.1. Temperature Homogenization

Figures 3 and 4 show the temperature variation during the quenching process at an average
cooling rate of 40 ◦C/s. With the increase of the quenching time, the temperature of the hot-stamping
steel decreased gradually. The quenching process was a continuous non-constant speed cooling. At the
early stage of the quenching, the cooling rate was larger than 40 ◦C/s since the temperature difference
between the steel and the mold was large. The cooling rate decreased with quenching time as the
temperature difference between the steel and the mold decreased gradually. The cooling rate was
lower than 40 ◦C/s at final stage of quenching.
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As shown in Figures 3a and 4b, the temperature of the hot-stamping steel sample increased
gradually from outside to inside at the quenching time of 3 s. The temperature of location c in the
center was 441.15 ◦C and the temperature of location a on the surface was 434.86 ◦C The temperature
on the surface was around 10 ◦C lower than that in the center because of the strong heat transfer
between the sample surface and the die. In addition, the surface temperature drop rate was greater
than that inside the hot-stamping steel. When the quenching time reached 12s, the temperature of
location c in the center of the sample was 187.41 ◦C, and the temperature of location a on the surface
was 186.98 ◦C, the temperature distribution of the sample tended to be uniform, indicating that the
hardenability of the hot-stamping steel was good to meet the requirements of the existing process.
In the whole quenching process, The temperature drop rate in the first three seconds was the fastest,
and the surface temperature of the sample dropped rapidly from 930 to 435 ◦C. Then the cooling rate
came down and the temperature of the sample gradually decreased as the quenching going on.
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4.1.2. Phase Transition during Quenching

Figure 5 shows the volume fraction variation of the austenite and martensite with time during the
quenching. With the increase of the quenching time, the austenite transforms into martensite gradually.
At the first 3 s, the sample did not reach the critical temperature of martensite transition, and the
phase stays as austenite, as shown in Figure 5a. When the quenching time was 6 s, the transition from
austenite to martensite began. Since the surface temperature of the sample was lower than the internal
temperature, the decomposition proportion of the austenite on the surface of the sample was higher
than that inside, as shown in Figure 5b. It could be seen from Figure 5c that when the quenching time
reached 9 s, the volume fraction of the residual austenite was less than 0.1. Since the temperature of
the sample surface was lower than that inside the sample, the amount of the austenite decomposition
on the surface was higher than that inside the sample, and there were more residual austenite inside
the sample than that on the surface. When the quenching time reached 12 s, the distribution of the
retained austenite was relatively uniform, and the content of the retained austenite on the surface was
almost the same as that in the interior, as shown in Figure 5d.
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Figure 6 shows the variation of the phase volume fraction with quenching time at a, b, c, d and e
locations. In the first 3 s, the volume fraction of the austenite was 1.0, indicating that the austenite did
not start to decompose. When the quenching time was 6 s, the volume fraction of the austenite at a, b,
c, d and e was 0.346, 0.36, 0.365, 0.36 and 0.346, respectively. It could be seen from Figure 6g,h that the
transition rates of the austenite decomposition and martensite formation were the largest in around
21.8%/s between 3 and 6 s, and then decreased gradually after 6 s. When the quenching time was 9 s,
the volume fraction of the austenite at locations a, b, c, d and e was 0.081, 0.082, 0.083, 0.082 and 0.081,
respectively, which shows that austenite was still decomposing fast relatively during the quenching
from 6 to 9 s. When the quenching time reached 12 s, the volume fraction of austenite at locations a, b,
c, d and e was 0.025, showing that the distribution of austenite was uniform and the decomposition
rate of austenite slowed down to a low level between 9 and 12 s. The residual austenite continued to
decompose slowly. After quenching for 18 s, the volume fraction of austenite was 0.013 for the sample.
In the quenching process, austenite was gradually decomposed and martensite was gradually formed.
From Figure 6g,h, it can be seen that the decomposition rate of the austenite and the formation rate
of the martensite are the fastest between 3 and 9 s, and then the decomposition rate of the austenite
and the formation rate of the martensite slowed down gradually. The retained austenite content of
the hot-stamping steel was 1.3% and the martensite content was 98.7% when it was quenched to the
die temperature.
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4.1.3. Effect of Cooling Rate on Phase Transition

Figure 7 shows the phase compositions of the steel after quenching at different cooling rates.
With the increase of the cooling rate, the content of the residual austenite tended to increase, and the
phases of bainite and ferrite disappeared. When the cooling rate was 10 ◦C/s, the main phase was
martensite in 98.7%, and the residue austenite was 1.2%, and the other phases such as bainite and
ferrite were 0.1%. When the cooling rate increased to 25 ◦C/s, the volume fraction of the martensite was
98.8%, and the content of the austenite was 1.2%. The other phases disappeared. When the cooling rate
was 40 ◦C/s, the volume fractions of the martensite and the austenite were 98.7% and 1.3%, respectively.
The results indicate that with the increase of the cooling rate, ferrite and bainite were inhibited and
austenite tended to increase. Thus, it is beneficial to improve the strength and the plasticity of the
current hot-stamping steel with ultra-high strength. In the actual hot-stamped process, the cooling
rate was 40 ◦C/s. According to the calculation results, there were more austenite in the cooling rate at
40 ◦C/s, so the cooling rate at 40 ◦C/s could meet the demand of the actual production process.

Metals 2020, 10, x FOR PEER REVIEW 8 of 12 

 

 

Figure 6. Variation of the phases volume fractions during quenching process: (a) austenite fraction at 
3 s, (b) austenite fraction at 6 s, (c) austenite fraction at 9 s, (d) austenite fraction at 12 s, (e) austenite 
fraction at 15 s, (f) austenite fraction at 18 s, (g) austenite fraction versus time at location a and (h) 
martensite fraction versus time at location a. 

4.1.3. Effect of Cooling Rate on Phase Transition 

Figure 7 shows the phase compositions of the steel after quenching at different cooling rates. 
With the increase of the cooling rate, the content of the residual austenite tended to increase, and the 
phases of bainite and ferrite disappeared. When the cooling rate was 10 °C/s, the main phase was 
martensite in 98.7%, and the residue austenite was 1.2%, and the other phases such as bainite and 
ferrite were 0.1%. When the cooling rate increased to 25 °C/s, the volume fraction of the martensite 
was 98.8%, and the content of the austenite was 1.2%. The other phases disappeared. When the 
cooling rate was 40 °C/s, the volume fractions of the martensite and the austenite were 98.7% and 
1.3%, respectively. The results indicate that with the increase of the cooling rate, ferrite and bainite 
were inhibited and austenite tended to increase. Thus, it is beneficial to improve the strength and the 
plasticity of the current hot-stamping steel with ultra-high strength. In the actual hot-stamped 
process, the cooling rate was 40 °C/s. According to the calculation results, there were more austenite 
in the cooling rate at 40 °C/s, so the cooling rate at 40 °C/s could meet the demand of the actual 
production process. 

 
Figure 7. Phase compositions of the steel after quenching at different cooling rates. Figure 7. Phase compositions of the steel after quenching at different cooling rates.



Metals 2020, 10, 138 9 of 12

4.2. Experimental Analysis on the Steel after Quenching

Austenitizing temperature and time are important parameters in the quenching process of
hot-formed steel, which directly affect the mechanical properties of the final product. If the austenitizing
temperature is too low, the microstructure after quenching will contain more ferrite, which reduces
the strength of the hot-formed steel and produces uneven stress in the process of stamping. If the
austenitizing temperature is too high and the time is too long, the grain will grow quickly, which
reduces the mechanical properties of the hot-formed steel. Therefore, proper austenitizing temperature
and time are the preconditions for obtaining high mechanical properties of hot formed steel.

4.2.1. Effect of Austenitizing Temperature on the Microstructure

Figure 8 shows the microstructures of the hot-stamping steel after quenching under different
austenitizing temperatures. In the quenching experiment, the holding time was 5 min, and the
cooling rate was 40 ◦C/s. The initial microstructure of the hot-stamping steel was mainly ferrite and
pearlite. As the results indicate, all the final microstructure contained a large amount of martensite,
providing a strong guarantee for the high strength performance of the hot-stamping steel. With the
increase of austenitizing temperature, the martensite grain gradually became coarser, which might
reduce the strength and the service performance of the hot-stamping steel. Therefore, it is of
great significance to select the appropriate austenitizing temperature for the improvement of the
comprehensive performance of the hot-stamping steel. By comparing the microstructure in Figure 8d
with the simulation results in Figure 6, both the simulation results and the experimental results show
that the final phase composition of the hot-stamping steel after quenching was mostly martensite,
verifying the accuracy of the simulation results.
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4.2.2. Effect of Austenitizing Temperature on the Mechanical Properties

Before the austenitizing and quenching process, the tensile strength, yield strength, hardness,
elongation and strength-ductility product of the hot-stamping steel were 528.9 MPa, 370.5 MPa, 156.6 Hv,
29.8% and 15.76 GPa%, respectively. After the austenitizing and quenching process, the properties of
the hot-stamping steel were improved significantly, as indicated in Figure 9. When the austenitizing
temperatures were 840 ◦C, 900 ◦C, 930 ◦C, 960 ◦C and 990 ◦C, the tensile strengths of the hot-stamping
steel were 1831.2 MPa, 1781.9 MPa, 1770.1 MPa, 1722.9 MPa and 1707.4 MPa, respectively. The hardness
were 539.5 Hv, 526.8 Hv, 527 Hv, 530.6 Hv and 529.2 Hv, respectively. The tensile strength and
hardness of the hot-stamping steel decreased with the increase of austenitizing temperature. At a
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higher austenitizing temperature, longer time is needed for quenching at the same cooling rate, and
then it is easier for the C in martensite to precipitate and form carbide, resulting in reduction of
strength of the hot-stamping steel [19]. Under the austenitizing temperatures of 840 ◦C, 900 ◦C, 930
◦C, 960 ◦C and 990 ◦C, the yield strength were 1190.4 MPa, 1116 MPa, 1128.2 MPa, 1061.8 MPa and
1067.4 MPa, respectively. The yield strength decreased with increasing austenitizing temperature. This
was caused by the gradual coarseness of the martensitic grains, as shown in Figure 8. Figure 9b shows
the effect of the austenitizing temperature on the elongation and the strength-ductility product of
the hot-stamping steel. The elongation and the strength-ductility product decrease with the increase
of austenitizing temperature. These were also the results of the coarseness of the martensite grains
at higher austenitizing temperature. At austenitizing temperature of 840 ◦C, the elongation and
strength-ductility product were 7.5% and 13.73 GPa%, respectively, indicating that 840 ◦C would be the
optimal hot stamping temperature. However, the heat loss and 90 ◦C temperature drop of the samples
during moving from the austenitizing furnace to the die should be considered. Thus, 930 ◦C would be
the optimal austenitizing temperature for the hot-stamped steel, and the steel will drop to 840 ◦C after
transferring to the die.
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Grain refinement can improve the strength of hot-formed steel [20]. When the austenitizing
temperature was 840 ◦C, the tensile strength and elongation of the hot-formed steel were higher than
those under other temperature conditions. This is because the austenitizing temperature is relatively
low, and the time of quenching to mold temperature is short, and the martensite size is relatively small,
as shown in Figure 8b. The quenching microstructure of the hot-formed steel is generally martensite
and austenite. With the increase of martensite content, the strength of the hot-formed steel increases
gradually but the plasticity decreases, which greatly restricts the application of the high-strength
hot-formed steel in automobile field. The presence of a small amount of austenite after quenching can
improve the plasticity of the hot-formed steel. In order to ensure that the hot-formed steel has a certain
plasticity under high strength condition, the hot formed steel needs to have a small amount of austenite.
The martensite and austenite contents in the hot-formed steel after quenching are determined by the
quenching conditions, so it is of great engineering significance to directly study the variations in the
mechanical properties of the hot-formed steel under different quenching conditions for the research
and development of the hot-formed steel with higher strength.

5. Conclusions

In this paper, a coupled model of heat transfer and phase transition was established to investigate
the temperature variation, phase transition of the ultra-high strength steel under different hot stamping
conditions, as well as experimental characterization on the microstructures and mechanical properties.
Conclusions are as follows:
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(1) The quenching process is a continuous non-constant cooling process. The distributions of
temperature and phases became uniform after 12 s at the cooling rate of 40 ◦C/s.

(2) The higher cooling rate was beneficial to obtain the “martensite + residual austenite”
microstructure. As the cooling rate increased to 25 ◦C/s, the ferrite and bainite disappeared.

(3) With the increase of the austenitizing temperature, the martensite becomes coarser and the
tensile strength, yield strength, hardness, elongation and strength-ductility product decreased. The
tensile strength, yield strength, hardness, elongation and strength-ductility product under austenitizing
temperature of 840 ◦C were 1831.2 MPa, 1190.4 MPa, 539.5 Hv, 7.5% and 13.73 GPa%, respectively.
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