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In order to explore the hot formability of 22MnB5, a hot-tensile test of 22MnB5 high-strength steel plate was carried out using a
Gleeble-1500 hot-tensile-testing machine. The stress-strain curves at 850 °C to 950 °C and 0.01 s–1 to 10 s–1 were obtained. The
results show that 22MnB5 has an obvious positive-strain-rate sensitivity, and its peak stress decreases with the increase of tem-
perature. The mechanical constitutive equation of 22MnB5 was established by using the improved Johnson-Cook model, and the
fitting value was compared with the experimental value. Based on the dynamic material model, the hot-processing map of
22MnB5 was established and analyzed. The hot-processing process was determined as follows: deformation temperature 880 °C
to 930 °C, strain rate 0.01 s–1 to 1 s–1.
Keywords: 22MnB5 high-strength steel, hot-deformation behaviour, J-C constitutive model, processing map

V ~lanku je opisana raziskava vro~e preoblikovalnosti jekla vrste 22MnB5 s pomo~jo vro~ih nateznih preizkusov izvedenih na
preizkusni napravi Gleeble-1500. Preizku{ance izrezane iz jeklenih plo{~ so segreli na temperature med 850 °C in 950 °C, jih
deformirali s hitrostjo deformacije 0,01 s–1 do 10 s–1 in izdelali odgovarjajo~e krivulje napetost-deformacija. Rezultati preiskav
so pokazali, da je visoko trdno jeklo 22MnB5 ustrezno ob~utljivo na hitrost deformacije in da se maksimalna napetost
deformacije zmanj{uje z nara{~ajo~o temperaturo preizkusov. Avtorji so s pomo~jo izbolj{anega Johnson-Cookovega modela
dolo~ili mehansko konstitutivno ena~bo deformacijskega obna{anja izbranega jekla pri povi{anih temperaturah in dobljene
vrednosti primerjali z eksperimentalnimi. Nato so na osnovi dinami~nega materialnega modela izdelali in analizirali procesno
mapo izbranega jekla vrste 22MnB5. Ugotovljeni optimalni proces vro~e deformacije poteka v temperaturnem obmo~ju med
880 °C in 930 °C pri hitrostih deformacije med 0,01 s–1 in 1 s–1.
Klju~ne besede: visoko trdno jeklo vrste 22MnB5, obna{anje jekla med vro~o deformacijo, izbolj{an J-C konstitutivni model,
procesna mapa

1 INTRODUCTION

In recent years, high-strength steel has become the
preferred material for lightweight bodies because of its
high strength, corrosion resistance, ductility and stability.
High-strength steel is more often used to manufacture
the structural components of the car body, such as A-pil-
lar, B-pillar, anti-collision beam and underframe.1–3 As a
high-strength steel, 22MnB5 is widely used in body parts
because of its excellent performance. The use of high-
strength materials can effectively reduce the body’s
weight under the premise of meeting the safety require-
ments. Light weight has become the trend in the develop-
ment of the automotive industry.4,5

The thermal deformation process is accompanied by
microstructure evolution. It is necessary to study the for-
mation mechanism of hot processing and establish a con-
stitutive model to characterize the correlation between
flow stress and microstructure.6,7 The thermal deforma-
tion of metal in the hot-forming process is often com-

plex, and the influence of process parameters on the ther-
mal deformation and mechanical properties of metal is
significant.8,9 Lin et al.10 obtained the stress-strain rela-
tionship of a Al-Si-Mg alloy according to the hot-com-
pression test and established a constitutive model to pre-
dict its flow stress. The microstructure observation
proved that the main reason for its flow instability was
the local, uneven deformation of the eutectic silicon
phase at a low forming temperature and a high strain
rate, the formation of an adiabatic shear band and brittle
fracture. The best hot-processing parameters are ob-
tained by using the hot-processing map. Turetta A et al.11

analysed the influence of process parameters on the
formability of 22MnB5 sheet during hot stamping, stud-
ied the relationship between the change of austenite
microstructure size and time, and found the best
austenitizing temperature of the sheet is 900 °C. In order
to study the flow stress of 22MnB5 steel under high-tem-
perature conditions, Zhou et al.12 derived and compared
the advantages and disadvantages of Arrhenius and uni-
fied viscoplastic constitutive models. By comparison, it
is found that the Arrhenius constitutive equation has
higher accuracy in terms of relative error. It has high ref-
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erence significance for 22MnB5 high-strength steel in
constitutive fitting.

There are few reports on the relationship between
hot-deformation behaviour, the hot-deformation constitu-
tive relationship and the hot-processing map of 22MnB5
high-strength steel. In this paper, the tensile test of
22MnB5 high-strength steel at high temperature was car-
ried out using a Gleeble-1500 thermal simulation test
machine. Considering the factors of temperature, strain
rate and strain, the improved Johnson-Cook constitutive
model was used to describe the flow-stress equation, and
the experimental data were mild and good. The hot-pro-
cessing map was constructed to obtain a suitable hot-pro-
cessing process range, which provided the basis for the
hot-stamping-process selection of 22MnB5 high-strength
steel.

2 EXPERIMENTAL PART

2.1 Hot-tensile test

The test material is 22MnB5 plate, and its chemical
composition is shown in Table 1. The hot-tensile test was
carried out using a Gleeble-1500 thermal simulation test-
ing machine, and the equipment is shown in Figure 1.

Table 1: Chemical composition of 22MnB5

Component C Mn Si Al Ti Cr B Fe
w/% 0.22 1.20 0.20 0.02 0.03 0.20 0.0035 Bal.

The specimen size is shown in Figure 2a. The thick-
ness is 2 mm. The hot-tensile deformation temperatures
are 850 °C, 900 °C and 950 °C, and the strain rates are
0.01 s–1, 0.1 s–1, 1 s–1 and 10 s–1. Firstly, the sample was
heated to 700 °C at a rate of 15 °C/s, and then heated to
950 °C at a rate of 5 °C/s. After holding for 3 min, the
microstructure was completely transformed from ferrite
and pearlite to austenite. Then, it was rapidly reduced to
the deformation temperature at a rate of 50 °C/s, and
held for 10s to improve the uniformity of the tempera-
ture. Finally, it was stretched to fracture at different
strain rates. Figure 2b is a comparison diagram of the
test piece before and after stretching.

2.2 Analysis of high-temperature deformation behavior
of 22MnB5 plate

Due to the resistance heating of the thermal simula-
tion test machine, the temperature distribution in the
length direction is not uniform, and there is a mechanical
transmission error, which may cause virtual displace-
ment during the stretching process. In order to reduce the
error, a 20-mm middle area is selected as the original
gauge in the middle area of the sample to calculate the
tensile speed corresponding to the strain rate during the
tensile test. The following formula is used to calculate
the true stress vs. true strain curve:
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Figure 2: Comparison of sample size before and after stretching: a) sample size, b) stretching comparison diagram

Figure 1: Gleeble-1500 thermal simulation testing machine
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where, � and � are true strain and true stress, A0 and l0

are the initial cross-sectional area and initial length of
the gauge section, A and l are the transient cross-sec-
tional area and length of the gauge section, �l is the
transient extension length of the gauge section, and F is
the transient load size.

The true stress vs. tru strain curves of 22MnB5
high-strength steel plate under different temperatures of
850 °C, 900 °C and 950 °C and strain rates of 0.01 s–1,
0.1 s–1, 1 s–1 and 10 s–1 were drawn using Origin soft-
ware, as shown in Figure 3. Boron steel has the process
of work hardening and dynamic softening during hot de-
formation. At the beginning of the deformation, the flow
stress increases with the increase of strain, and the dislo-
cations continue to proliferate. The interaction between
dislocations increases the resistance of the dislocation
movement. At the same time, the smaller strain makes
the storage energy in the crystal less, and the dynamic re-
covery process is difficult to carry out. At this time, work
hardening dominates. As the strain increases, the storage
energy in the crystal gradually increases, and the dy-
namic softening and strain hardening gradually tend to
be balanced. The hardening and softening processes are
almost completed at the same time. When the softening
and hardening reach dynamic equilibrium, the true
stressvs. true strain curve is almost a horizontal line.

2.3 Microstructure observation

The original microstructure and fracture area of the
tensile sample were cut, and the microstructure was ob-
served using a LEICA DMi8 inverted optical microscope
after grinding, polishing and etching. SEM has the ad-
vantages of large magnification and three-dimensional
morphology. Therefore, SEM is used to observe the frac-
ture of the high-temperature specimens. The fracture
specimens with a deformation temperature of 900 °C and
strain of 1 s–1 were observed and analysed.

3 RESULTS AND DISCUSSION

3.1 Establishment of 22MnB5 constitutive equation

The improved Johnson-Cook constitutive model of
22MnB5 high-strength steel is based on the experimental
data obtained from the above hot-tensile test to estimate
the value of Equation (3). The traditional Johnson-Cook
constitutive model has a large fitting error for the flow
stress at high temperature, so the temperature-sensitivity
coefficient D is introduced on the basis of the traditional
constitutive model. Firstly, the values of A, B and n are
estimated, and then the obtained parameters are substi-
tuted into the original equation to obtain the values of C,
D and m. The specific form of the Johnson-Cook consti-
tutive model is:

� � ��= + + −( )( ln � )( )*A B C DTn m1 1 (3)

where A, B, n, C and m are the parameters related to the
material. A is the initial yield strength of the material at
room temperature; B is the work hardening coefficient;
n is hardening index; C is the strain rate sensitivity coef-
ficient; D is the temperature sensitivity coefficient; m is
the temperature softening index; and � and � are the
equivalent stress and equivalent plastic strain, respec-
tively. For the equivalent plastic strain rate parameter, #�
takes 0.01 s–1, and the dimensionless temperature pa-
rameter is:

T
T T

T T
* =

−
−

0

0m

(4)

where T0 is the reference temperature, generally se-
lected as room temperature (25 °C) and Tm is the melt-
ing temperature of the material, 1470 °C.

3.1.1 Determination of A, B, n

The initial yield strength, work-hardening coefficient
and work-hardening exponent were determined by ten-
sile tests at room temperature. The strain rate during ten-
sion is taken as the reference strain rate of 0.01 s–1. At
this time � �� ��= , T = T0, so Equation (3) can be simplified
as:

��� � �A B n ) (5)

The true stress vs. true strain curve of 22MnB5 at
room temperature is shown in Figure 4.
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Figure 3: The true stress vs. true strain curves of 22MnB5 at different temperatures and different strain rates



It can be seen from the figure that the stress when the
material yields at room temperature is 365 MPa, i.e., the
parameter A is 365 MPa. Taking the natural logarithm at
both ends of the Equation (5), there are:

ln( ) ln ln� ��− =A n B (6)

The values of n and B are obtained by a linear fitting
of the stress-strain data in the plastic deformation zone,
where n is the slope and intercept. The fitting results are
shown in Figure 5, n = 0.55, � = 6.818, B = 914.15.
Therefore, the relationship between the flow stress and
strain of the material at room temperature is:

�� ��������������� (7)

The comparison between the experimental and calcu-
lated values is shown in Figure 6.

3.1.2 Determination of strain-rate sensitivity coefficient
C

At the same temperature, the stress-strain curves at
different strain rates are studied. At this time, 1 – DT*m it
is a constant K. Therefore:

�

� � �
��

K A B
C

n )
ln �= +1 (8)

The strain rate is 0.01 s–1, and the equivalent plastic
strain � = 0. For this time, Equation (8) can be simplified
as:

�
��

KA
C− =1 ln � (9)

According to the above formula, the C values of the
different strain rates at the same temperature can be ob-
tained, as shown in Table 2:

Table 2: Average value of C at fixed temperature

Temperature/°C 850 900 950
Average value of C 0.10058 0.1061 0.1027

According to the average value of C at different tem-
peratures, the strain-rate sensitivity coefficient C =
0.1031 was determined.

3.1.3 Determination of temperature-softening index m
and temperature-sensitivity coefficient D

When A, B, n and C are determined, Equation (1) can
be transformed into:

1
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The logarithm of Equation (10) is obtained:
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Table 3: Average values of m and lnD at fixed strain rates

strain rate s–1 0.01 0.1 1 10
m 0.8544 0.71022 1.17447 1.0455

ln D 0.18307 0.12431 0.35321 0.30139
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Figure 4: The true stress vs. true strain curve of 22MnB5 at room
temperature

Figure 6: Comparison of experimental values and fitted values of true
stress vs. true strain of materials at room temperature

Figure 5: ln(� – A) – ln � relationship curve



According to the average value of m at different
strain rates, the temperature-softening index m = 0.946
was determined. ln D = 0.24, D = 1.271.

The hot-deformation flow-stress model of 22MnB5
high-strength steel is obtained:
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3.1.4 Verification of Johnson-Cook constitutive equation

Figure 7 shows the comparison between the flow
stress predicted by the Johnson-Cook constitutive model
and the experimental data at different strain rates and dif-
ferent temperatures. It can be seen that the predicted
value of the constitutive equation is in good agreement
with the experimental value, which provides reliable ma-
terial data for a subsequent finite-element simulation.

It can be seen from Figure 7d that the experimental
value and the predicted value are basically distributed
near the same straight line, indicating that the stress
value predicted by the constitutive equation at different

temperatures and different strain rates is basically consis-
tent with the experimental value. In order to further
verify the accuracy of the constitutive equation, the cor-
relation coefficient R is introduced. The equation is:
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where � "i and � " denotes the average of the test value
and the test value, respectively, in MPa, � Pi and � P de-
notes the mean value of predicted value and predicted
value respectively, in MPa, and N represents the total
number of data points.

The greater the R value, the better the fitting. The cal-
culated R2 = 0.985 shows that the Johnson-Cook consti-
tutive model of 22MnB5 has high accuracy and can pro-
vide accurate data support for the numerical simulation.

3.2 Calculation and establishment of 22MnB5 hot-pro-
cessing map

The material processing map is constructed based on
the thermal deformation model. From the analysis of the
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Figure 7: Comparison between predicted and experimental values for the flow stress of 22MnB5



composition diagram, the hot processing diagram is su-
perimposed by the energy dissipation power diagram and
the rheological instability diagram.13,14 On the one hand,
the hot-processing map can reflect the energy dissipation
of the thermal deformation; on the other hand, it can in-
dicate the 'stable zone' and 'unstable zone' of material
processing.15,16 This has a similar purpose to the estab-
lishment of the constitutive relation model of materials,
both of which serve the thermal processing of materials.
Through the hot-processing map, the processing perfor-
mance of the material can be mastered, the microstruc-
ture can be controlled, and the defects can be avoided. It
is of great significance for the optimization of the
hot-processing process and the control of the microstruc-
ture of the material.17.18

The principle of the thermal processing map is that
the total energy P obtained in the unit volume of the ma-
terial during the processing process is composed of the
energy G lost through plastic deformation and the energy
J consumed by the evolution of the organization. G and J
are called dissipation and dissipation, respectively. Its
expression is as follows:

P G J� ��� � � � � �
� �

� � �

� �

= +∫ ∫d d
0 0

(14)

3.2.1 Strain-rate sensitivity exponent m

According to the stress and strain data, the logarithm
of the stress and strain rate is selected when the strain is
0.04, 0.08, 0.12, 0.16, and the curves under different de-
formation temperature and deformation conditions are
obtained, as shown in Figure 8.

The relationship between strain rate and stress is fit-
ted by cubic polynomial, and its expression is:

ln ln � (ln �) (ln �)� � � �= + + +a b c d2 3 (15)

where, a, b, c and d are the material correlation coeffi-
cients.

The strain rate sensitivity coefficient (m) is:

m b c d= = + +∂
∂

ln

ln �

ln � (ln �)
�

�
� �2 3 2 (16)

The m-value response under different deformation
conditions is shown in Figure 9.
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Figure 8: Relationship of hot-tensile deformation of 22MnB5 boron steel: a) 0.04, b) 0.08, c) 0.12, d) 0.16
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Figure 9: Response of m value to different deformation conditions under different strains: a) 0.04, b) 0.08, c) 0.12, d) 0.16

Figure 10: Power-dissipation diagram of 22MnB5 at different strains: a) 0.04, b) 0.08, c) 0.12, d) 0.16



It can be seen from the figure that the m value
changes greatly under different deformation conditions,
which indicates that the deformation mechanism inside
the material is more complicated. There are many factors
that affect the m value, such as surface slip, deformation
twinning, etc. Therefore, the value of m cannot be used
to judge the instability, and it is necessary to combine the
power dissipation diagram and the instability diagram for
further judgment.

3.2.2 Power-loss coefficient �

Figure 10 shows the change in the power-loss dia-
gram with strain rate and deformation temperature,
which plays an important role in guiding the selection of
the optimal processing parameters in hot processing. Ac-
cording to the experimental data, the power-dissipation
diagrams of 22MnB5 under different deformation de-
grees were established. The line in the figure is the
equivalent curve, which represents the value of the
power-loss coefficient #. Usually, the higher the # is, the
easier the metal material processing deformation is.

It can be seen from Figure 10 that when the strain is
0.04, most of the values are at a low level, less than 0.2.
The results show that the value from low to high corre-
sponds to the dynamic recrystallization process and the
dynamic recovery process, respectively. With the in-
crease of strain, the value gradually increases and the
high value area gradually moves from the left side of the
power-dissipation diagram to the right side, indicating
that the increase of the temperature is beneficial to the

processing of materials. With the increase of tempera-
ture, the dynamic recrystallization inside the material is
more likely to occur, so the material at this time is more
suitable for processing.

3.2.3 Instable judgement $ �(�)

The instability criterion is expressed by parameter
$ �(�), which changes with the change of temperature and
strain rate. When it is negative, it shows that the region
belongs to the instability region, and the plastic instabil-
ity of the processed material will occur in this region, in-
dicating that this region is not suitable as a processing re-
gion. The expression of the instability criterion
commonly used at present is:

$ �
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where $ �(�) is the dimensionless instability parameter, ��
is the strain rate, m is the strain-rate-sensitivity coeffi-
cient.

Figure 11 is the instability diagram of 22MnB5 un-
der different strain conditions. The area where the con-
tour value is less than 0 is the instability zone. When the
strain is 0.04, the low-temperature (850 °C to 880 °C)
and high-strain-rate (1 s–1 to 10 s–1) region belongs to the
instability region. When the strain is 0.08, the instability
zone is concentrated in the region of T = 850 °C to
856 °C, 935 °C to 950 °C, �� = 0.01 s–1 to 1 s–1; when the
strain is 0.12 and 0.16, the instability zone is mainly con-
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Figure 11: Instability diagram of 22MnB5 at different strains: a) 0.04, b) 0.08, c) 0.12, d) 0.16



H. JI et al.: HOT-DEFORMATION BEHAVIOR AND PROCESSING MAP OF 22MnB5 HIGH-STRENGTH STEEL

Materiali in tehnologije / Materials and technology 57 (2023) 4, 367–378 375

Figure 13: Microstructure of 22MnB5 after tensile fracture at different temperatures and strain rates: a) original structure, b) 950 °C, 0.1 s–1,
c) 850 °C, 10 s–1, d) 900 °C, 1 s–1

Figure 12: Hot-processing maps of 22MnB5 at different strains: a) 0.04, b) 0.08, c) 0.12, d) 0.16



centrated in the T = 850 °C to 856 °C, �� = 1 s–1 to 10 s–1

region, and the area gradually increases. If the material is
deformed in the unstable region, it might lead to flow in-
stability, wedge cracking and adiabatic shear. Therefore,
the instability region should be avoided during process-
ing and it is necessary to combine the thermal processing
map for analysis.

3.2.4 Establishment of hot-processing map

Consistent with the establishment of the power-dissi-
pation diagram and the instability diagram, thermal pro-
cessing maps with strains of 0.04, 0.08, 0.12 and 0.16
were established. Figure 12 is a thermal processing map
superimposed by power-loss diagram and an instability
diagram. The gray area is the instability area, and the
white area is the safety area. When the strain is 0.04, the
instability region is mainly concentrated in the region of
850 °C to 875 °C and 0.1 s–1 to 10 s–1.When the strain in-
creases from 0.04 to 0.08, the instability region in-
creases, mainly concentrated in the region of 850 °C to
855 °C, 0.01 s–1 to 1 s–1 and 935 °C to 950 °C, 0.01 s–1 to
0.34 s–1.When the strain is 0.12 and 0.16, the area of the
instability region decreases and is mainly concentrated in
the region of low temperature and high strain rate. The
power-loss coefficient decreases with the increase of
strain rate, and the higher power-loss coefficient can im-
prove the hot-deformation performance of the 22MnB5
high-strength steel. Therefore, the better process interval
is 880 °C to 930 °C and the strain rate is 0.01 s–1 to 1 s–1.

In order to verify the rationality of the thermal pro-
cessing map, a cross-section of the original gauge area
near the fracture of the high-temperature tensile speci-
men was cut, polished, and chemically etched. The etch-
ing agent was 4 % nitric acid alcohol solution, and the
microstructure was observed by metallographic micro-
scope after etching.

Figure 13 shows the microstructure of 22MnB5 steel
under different deformation conditions. The recrystalliz-
ation behavior of metallic materials is one of the main
changes in the microstructure during hot deformation.
The degree of dynamic recrystallization depends on
strain, temperature and strain rate. Figure 13a shows the
original microstructure of 22MnB5 sheet without heat
treatment. It can be seen that the original microstructure
of the sheet is ferrite (F) and pearlite (P). The cooling
rate (20 °C/s) used in the hot tensile test is small, and the
microstructure after cooling is ferrite, pearlite and a
small amount of bainite. Figures 13b, 13c and 13d are
the microstructure photographs at 950 °C, 0.1 s–1,
850 °C, 10 s–1, 900 °C , 1 s–1, respectively, and Fig-
ures 13b and 13c are in the instability zone of the hot-
processing map. It can be seen that the structure of Fig-
ure 13b is ferrite and cementite distributed on the ferrite
matrix. Cementite can improve the brittleness of steel, so
it is not conducive to processing and forming. The
microstructure of Figure 13c and 13d is white ferrite and
black pearlite. The dynamic recrystallization in Fig-

ure 13c is not enough, and some of the microstructure
grows continuously at higher deformation temperatures,
and finally becomes a coarse microstructure. Therefore,
the figure is a mixed state of large grains and small
grains. Figure 13d is in the non-instability region and
the power-dissipation factor is high. The obtained grains
are fine and the distribution is relatively uniform, which
indicates that the metallographic structure diagram veri-
fies the application rationality of the thermal processing
map.

3.2.5 Fracture-morphology analysis of tensile specimen

According to the temperature and strain-rate range
corresponding to the non-instability zone obtained from
the hot-processing map, the tensile samples in the
non-instability zone were selected, i.e., the samples with
the deformation temperature of 900 °C and the strain rate
of 1 s–1 were observed and analysed. It can be seen from
the electron microscope image that the hot-tensile frac-
ture is ductile fracture, and the fracture can be divided
into fiber area and shear lip. The middle part of Fig-
ure 14 is the fiber area, with round or oval dimples, and
shear lips on both sides. Because the specimen is rela-
tively thin, the fracture mode is a shear ductile fracture.

Figure 15 is the electron microscope picture of the
fracture fiber area at different magnifications. It can be
seen from the figure that the hot-stamping sample has
obvious necking during stretching, and there are obvious
delamination lines on both sides of the tensile fracture.
There are a large number of dimples of different sizes in
the fracture area, and there are inclusions in some dim-
ples. During the tensile test, with the increase of stress,
the sample first undergoes plastic deformation to pro-
duce necking. As the austenite grain boundary is de-
stroyed, micro-cracks are generated in the necking area.
Under the combined action of the increase in the number
of micro-cracks and the hole-shaped cracks, when the
stress increases to the critical value of fracture, the sam-
ple breaks.
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Figure 14: Fracture of high temperature tensile specimen



4 CONCLUSIONS

1) Based on the high-temperature tensile test, the
stress-strain curves of 22MnB5 at different temperatures
and different strain rates were established. At the begin-
ning of the deformation, the flow stress increased rapidly
with the increase of strain. At this time, the deformation
was dominated by work hardening. With the further in-
crease of deformation, the flow stress tended to be stable
after the work hardening and dynamic softening reached
equilibrium.

2) An improved Johnson-Cook constitutive model of
22MnB5 high-strength steel was established based on the
data obtained from high-temperature tensile test. The
comparison between the constitutive model and the ex-
perimental data proves that the fitting effect is better. It
shows that the established Johnson-Cook constitutive
model has high accuracy and provides data support for a
subsequent finite-element simulation.

3) Based on the dynamic material theory model
(DMM), the power-dissipation diagram, instability dia-
gram and thermal processing diagrams of 22MnB5
high-strength steel at different temperatures and strain
rates were constructed. The instability zone is mainly
concentrated at high strain rates at low temperatures and
low strain rates at high temperatures, and the power dis-

sipation coefficient decreases with increasing strain rate
and increases with increasing temperature. Through
analysis, the better process interval is 880 °C to 930 °C
and the strain rate is 0.01s–1 to 1s–1.
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