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Abstract: Clarifying the influence of Nb and V microalloying on the ultra-high strength hot stamping
steel (UHSHSS) and exploring appropriate process parameters are the basis for effectively regulating
properties of the final product. In this study, the effects of different austenitizing temperatures and
holding times on the phase transitions, grain sizes and mechanical properties of 22MnB5NbV with
Nb and V alloyed are studied by using JMatPro thermodynamic calculations and experiments. By
comparing with 22MnB5 without Nb and V alloyed, the effects of Nb and V elements on quenching
microstructures, grain sizes and mechanical properties of UHSHSS are analyzed. The suitable austen-
itizing process parameters of 22MnB5NbV have been obtained. The results show that the grain size
of Nb-V-alloyed UHSHSS grows with the increase in the austenitizing temperature and holding time.
The 22MnB5NbV steel can be completely austenitized while the austenitizing temperatures ≥870 ◦C
and holding time ≥3 min. Combined with the actual production process, the best austenitizing
temperature and holding time are 930 ◦C and 3 min. Under these conditions, the average grain size
is 7.7 µm, the tensile strength, elongation and strength-ductility product are 1570.8 MPa, 6.6% and
10.4 GPa·%, respectively. With the addition of Nb and V elements, the nanoscale precipitates lead
to the refinement of the quenched structure and grain size, and the comprehensive properties of
UHSHSS have been effectively promoted, in which the elongation and strong-plastic products are
increased by ~0.6% and ~1.2 GPa·%, respectively.

Keywords: hot stamping steel; mechanical properties; Nb-V alloyed; microstructures

1. Introduction

With the extensive use of lightweight technology in the automotive field, hot stamping
steel with high strength has been widely used in the production of special automotive
parts, due to its excellent mechanical properties [1–4]. The 22MnB5 steel with a tensile
strength of about 1500 MPa is one of the typical hot stamping steels for automobiles, in
which the microstructure is high-strength martensite at room temperature. Unfortunately,
the lower elongation and poor ductility of 22MnB5 steel limits its further development
in the automotive field [5–7]. Obviously, the production process and composition control
together determine the final mechanical properties of steel materials by affecting the state
of the microstructure. Therefore, on the basis of commercialized 22MnB5 steel, explor-
ing the influence of micro-alloy element addition and process parameters (austenitizing
temperature and holding time) on microstructure and mechanical properties, which is an
important theoretical guidance and reference value for the research and development of
ultra-high strength hot stamping steel (UHSHSS).
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In recent years, the process parameters (such as austenitizing temperature, cooling
rate, pressure magnitude, holding time and die exit temperature) in the hot forming process,
which directly affect the important factors of its mechanical properties, have been studied
intensively and extensively [8–13]. Quan et al. [14] investigated in depth the effect of
the quenching time and the temperature on the phase-transformation characteristics and
mechanical property of ultra-high-strength steel. Jiang et al. [15] closely examined the
microstructure and mechanical properties of 22MnB5 steel during hot stamping, and found
that the microstructure was uniformly distributed martensite when the austenitization
temperature was 930 ◦C and the holding time was 4.5 min. Mu et al. [16] compared and
analyzed the mechanical properties of 30MnB5 and 22MnB5, and the mechanical properties
of the hot-formed steel after quenching were the best when the austenitizing temperature
was kept at 900 ◦C and the holding time was 3–5 min. Kong et al. [17] pointed out that the
cooling rate has a significant effect on the hardness of 22MnB5 steel after quenching. Zhou
et al. [18] concluded that the cooling rate during quenching should exceed 40 ◦C/s in order
to obtain higher strength 22MnB5 hot forming steel. Pedraza et al. [9] believed that a slow
heating rate favored the nucleation and growth of austenite, while a fast cooling rate favored
the transformation from austenite to martensite. Although many scholars have studied
the growth behavior of the austenite grains of 22MnB5 in the hot stamping process, there
are few reports on the selection of the hot stamping parameters, microstructure evolution,
austenite grain distribution and mechanical properties of UHSHSS after alloying with Nb
and V elements. Generally, during the solidification of steel, Nb, V, and other microalloying
elements form second-phase particles during the solidification and cooling of steel, which
have the effect of pinning grain boundaries and dispersion strengthening [19–24]. Liang
et al. [25] found that the addition of Nb element can promote the refinement of austenite
grains, which has a significant advantage in improving the tensile strength and yield
strength of UHSHSS. Lin et al. [26] found that with increasing Nb content in 22MnB5
steel, austenite grains decreased and hardened laths in martensite narrowed. However, the
existing austenitization process may not meet the production needs, due to the influence of
microalloying on the austenitization temperature, grain size, microstructure and mechanical
properties of the steel. Therefore, clarifying the microstructure evolution law during the
austenitization process of UHSHSS steel after Nb and V microalloying, which is of practical
significance for exploring the synergistic relationship between strength and plasticity,
determining the appropriate process and improving comprehensive mechanical properties.

In this study, the effects of austenitizing temperature and holding time on microstruc-
ture evolution, grain size and mechanical properties of Nb and V microalloyed UHSHSS
have been investigated using a combination of theoretical calculations and experiments.
In an attempt to clarify the synergistic control relationship between hot stamping process
with microstructure evolution, austenite grain size and mechanical properties, obtaining
the suitable austenitizing process parameters for 22MnB5NbV steel. Finally, on the basis of
the determined optimal hot forming process, the effects of Nb and V microalloying on the
microstructure and properties of hot forming steel are compared and analyzed.

2. Materials and Experimental Methods

The chemical compositions of 22MnB5 and 22MnB5NbV used in this study are col-
lected from a commercial steel plant, and the chemical compositions are shown in Table 1.
Except Nb and V elements, other components are similar. In order to study the influence of
Nb, V and other microalloying elements on the phase transitions of 22MnB5, the CCT curve
and phase transitions process of 22MnB5NbV under the existing hot stamping parameters
have been calculated by JMatPro thermodynamic software at first. For the existing hot
forming process of 22MnB5 steel, the cooling rate during hot stamping is generally greater
than 30 ◦C/s [3,27,28]. The cooling rate of 40 ◦C/s has been adopted in this study to ensure
that the martensitic structure can be obtained as much as possible after quenching. In
addition, the holding time is selected as 5 min. The austenitizing temperature has been set
at 780 ◦C~930 ◦C with an interval of 30 ◦C.
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Table 1. Composition of 22MnB5NbV and 22MnB5 (wt.%).

Steel C Si Mn P S Al Cr B Ti Nb V Fe

22MnB5NbV 0.24 0.23 1.24 0.013 0.002 0.04 0.16 0.003 0.040 0.04 0.042 balance

22MnB5 0.23 0.34 1.47 0.010 0.003 0.04 0.18 0.002 0.040 / / balance

The dimensions of the quenched steel plates are 250 mm (length) × 250 mm (width)
× 1.5 mm (thickness). All quenching and heat treatment tests are performed using a
heating furnace and quenching mold. Firstly, the heating furnace is heated up to the
set austenitizing temperature and holding for the set time. Then, the steel sample after
holding is removed and quickly put into a special mold for quenching treatment. The
rapid circulation of cooling water in the quenching mold takes away a large amount of heat
from the steel plate. The cooling rate is regulated by adjusting the flow rate of the cooling
water. The heating furnace and quenching mold are shown in Figure 1. It is worth noting
that during the transfer from the heating furnace to the quenching mold, the temperature
of the steel plate decreases to varying degrees. In order to acquire the temperature drop
behavior during this process, a handheld infrared temperature gun is used to measure the
temperature of steel plate. Each measurement is taken at 1 s intervals until the steel plate is
placed in the quenching mold.
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Figure 1. Quenching and heat treatment equipment: (a) heating furnace; (b) quenching mold.

The quenching and heat treatment processes of different austenitizing temperatures
and holding times are shown in Figure 2. In the study of the effect of austenitizing
temperature (as shown in Figure 2a), in order to fully consider the difference between the
experiment and the calculation, the austenitizing temperature has been set at 780 ◦C~960 ◦C
with an interval of 30 ◦C, the holding time is 5 min, and the cooling rate is 40 ◦C/s. In
the quenching experiments of different holding time (as shown in Figure 2b), there are
five different holding times, and experiments are performed in the range of 1–10 min; the
austenitizing temperature is 930 ◦C, and the cooling rate is 40 ◦C/s.
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After quenching, each steel plate is cut into 10 mm × 10 mm × 1.5 mm microscopic
specimens and three standard tensile specimens. After removing oil stains, the microscopic
specimens are inlaid with a mosaic machine, and the specimens are ground with sandpaper
120#, 400#, 800#, 1200#, 2000#, and then polishing with a 3.5 µm diamond abrasive agent.
Then, polished specimens are etched by 4% (volume fraction) Nital solution for a duration
of about 10–15 s. When the surface of the specimens became gray, they are immediately
washed with water and then cleaned with alcohol. After being dried by hot air, the required
metallographic specimens are obtained. The microstructures of 22MnB5NbV after phase
transition can be observed by this method. After that, the specimens are re-ground and
polished, and put into the aqueous solution of supersaturated picric acid for repeated
thermal erosion until the austenite grain boundary could be clearly observed under the
metallographic microscope, and the observed grain sizes are statistically analyzed by using
the quantitative metallography method [29].

The tensile specimens are processed according to the A50 standard specimen (GB/T228-
2002, national standard, China, Beijing) with the dimensions shown in Figure 3. Tensile
tests are performed on a SANS CMT5305 tensile test machine at a rate of 3 mm/min at
room temperature. In order to avoid the influence of experimental errors on the accuracy
of data, the average value of each sample is taken as the final test result after three tests.
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Finally, the microstructure and properties of 22MnB5 and 22MnB5NbV have been
compared by the same experimental method under the condition of optimal austenitizing
parameters, so as to clarify the influence of Nb and V microalloying elements on the
properties of UHSHSS.

3. Results and Discussion
3.1. Phase Transition Calculations of Nb-V-Alloyed UHSHSS under Different Hot
Stamping Conditions

In order to determine the influence of existing process parameters on the phase
transition of 22MnB5NbV, JMatPro thermodynamic software has been used to calculate the
CCT curves of 22MnB5NbV and 22MnB5 steel. Then the phase transitions of 22MnB5NbV
at different austenitizing temperatures are calculated. Furthermore, whether the existing
process parameters are suitable for the hot stamping process of 22MnB5NbV is analyzed
from the thermodynamic point of view.

3.1.1. Continuous Phase Transition at Different Cooling Rates

Figure 4 shows the CCT curves of 22MnB5NbV and 22MnB5 steel calculated by
JMatPro thermodynamic software. Under the condition of equilibrium phase transition,
the austenite decomposition temperatures of the two high-strength steels are 811.0 ◦C
and 794.6 ◦C, respectively. As for the 22MnB5NbV and 22MnB5 steel, the quenched
microstructures contain ferrite, pearlite, bainite and martensite when the cooling rate is
1 ◦C/s. With the increase of the cooling rate, the pearlite in the microstructures disappears
when the cooling rate is 10 ◦C/s. However, when the cooling rate of the quenching
process reaches 40 ◦C/s, the microstructure of 22MnB5NbV steel is converted into the
full martensite, while a certain content of bainite still exists in 22MnB5 steel. Therefore,
22MnB5NbV steel is quenched at a cooling rate of 40 ◦C/s, which can ensure the ultra-high
strength requirements, while 22MnB5 steel requires a higher cooling rate.
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3.1.2. Effect of Austenitizing Temperature on Phase Transition

Figure 5 shows the thermodynamic calculations of phase transition of 22MnB5NbV
at different austenitizing temperatures. During the calculations, the holding time is 5
min and the cooling rate is at 40 ◦C/s. When the austenitizing temperature is at 780 ◦C,
the quenched microstructures contain ferrite and a small amount of pearlite, which are
31.9% and ~0.1%, respectively. At this time, the martensite content is only 50.3%, and
the transformation from microstructures to whole martensite is not realized, indicating
that the complete austenization of 22MnB5NbV cannot be achieved at 780 ◦C. When the
austenitizing temperature is at 810 ◦C, the ferrite content is reduced to 7.7%, and the pearlite
disappeared, and the martensite content was 89.2%, indicating that at 810 ◦C, all the pearlite
and most of the ferrite had completed the transformation to austenite, and then converted
to martensite in the quenching process. The microstructures after quenching still contain
ferrite, indicating that the austenitizing temperature at 810 ◦C cannot make 22MnB5NbV
fully austenitized. When the austenitizing temperature is at 840 ◦C, the ferrite content is
1.2%, and the martensite content is 97.4%, and the bainite content is 1.3%, indicating that
22MnB5NbV basically achieves martensitization after quenching at this temperature. When
the austenitizing temperatures are 870 ◦C, 900 ◦C and 930 ◦C, the ferrite contents are 0.7%,
0.4% and 0.2%, and the martensite contents are 98.4%, 99.1% and 99.5%, respectively. The
ferrite contents are all low, and the martensite contents are all high, indicating that at these
temperatures, the 22MnB5NbV basically realizes the whole martensite after quenching, and
the martensite content gradually increases with the increase in austenitizing temperature.
Therefore, the austenitizing temperature of 22MnB5NbV should be controlled at least above
870 ◦C theoretically.
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3.2. Effect of Austenitizing Temperature on the Microstructures and Mechanical Properties
of 22MnB5NbV
3.2.1. Microstructures at Different Austenitizing Temperatures

Figure 6 shows the quenching microstructures of 22MnB5NbV with the austenitizing
temperature of 780 ◦C~840 ◦C and the holding time of 5 min. It is worth noting that
“F” represents ferrite and “M” denotes martensite in this study. When the austenitizing
temperature is at 780 ◦C, the quenched specimen still retains the band characteristics of the
original microstructures, and there is fewer ferrite transformed at this time, indicating that
22MnB5NbV is not completely austenitized at this temperature. When the austenitizing
temperature is at 810 ◦C, the ferrite content in the quenched microstructure decreases
significantly, indicating that some ferrite dissolves into austenite at this temperature and
forms martensite after quenching. When the austenitizing temperature is at 840 ◦C, the
microstructure after quenching is mostly lath martensite, and there are small pieces of
ferrite between the martensite. Therefore, when the austenitizing temperature is lower
than 840 ◦C, the complete austenitizing of 22MnB5NbV cannot be completed, which does
not reach the required strength of UHSHSS. In order to achieve complete austenization of
22MnB5NbV, it is necessary to further increase the austenitizing temperature.
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Figure 6. Microstructure of 22MnB5NbV steel after quenching at austenitizing temperature of 780 ◦C–
840 ◦C: (a) 780 ◦C; (b) 810 ◦C; (c) 840 ◦C.

Figure 7 shows the quenching microstructures of 22MnB5NbV at 870 ◦C~960 ◦C. At
this time, the microstructures of 22MnB5NbV after quenching are all lath martensite, and
the ferrite has disappeared, indicating that 22MnB5NbV achieves complete austenization
at these temperatures. In other words, pearlite and ferrite disappear and transform into
austenite, and then transform into whole martensite after quenching. The comparative
analysis shows that the martensite lath is smaller when the austenitizing temperature is at
870 ◦C, and the martensite lath is coarser when the austenitizing temperature is at 960 ◦C,
indicating that the length of martensite lath increases with the increase in temperature.
The strength and elongation of UHSHSS decrease with the coarsening of martensitic lath,
which is detrimental to the development of the comprehensive mechanical properties of
22Mnb5NbV steel. Therefore, the austenitizing temperature should not be too high.
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3.2.2. Average Grain Sizes of Austenite at Different Temperatures

The present study shows that the formation of martensite is dependent on the grain
size of austenite [30]. Moreover, the austenite grain size has an important influence on the
microstructure and mechanical properties [31]. Therefore, it is necessary to pay attention to
the grain size changes in the austenitizing process of hot formed steel. The grain sizes of
22MnB5NbV after quenching are observed at 870 ◦C~960 ◦C, as shown in Figure 8. The
grain size increases with the increase in austenitizing temperature. At 870 ◦C, 900 ◦C and



Materials 2022, 15, 8197 8 of 15

930 ◦C, austenite grain sizes are small and uniformly distributed. While at 960 ◦C, the
austenite grains grow significantly and the grain size distribution is more uneven. From
870 ◦C to 930 ◦C, the average grain size increases gently from 7.9 µm to 9.3 µm. When the
temperature is at 960 ◦C, the average size increases obviously, which is negative for the
strength and plasticity optimization of 22MnB5NbV, as shown the Figure 9. Therefore, the
austenitizing temperature of 22MnB5NbV should be controlled within 930 ◦C.
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3.2.3. Strengths and Elongations at Different Temperatures

Figure 10 shows the variations in the strengths and elongations of 22MnB5NbV at
different austenitizing temperatures. When the austenitizing temperature is lower than 870 ◦C,
the tensile strength and yield strength increase with the increase in austenitizing temperature.
The reason is that the austenitizing degree of 22MnB5NbV increases with the increase of
the temperature, and then the martensite content increases after quenching. The tensile and
yield strengths of 22MnB5NbV are basically stable at a high level when the austenitizing
temperature exceeds 870 ◦C. This is due to the transformation of the steel microstructures
into austenite during the heating process, and then from austenite to whole martensite in the
quenching process. Although 22MnB5NbV will be fully austenitized when the temperature is
above 870 ◦C, its strength will decrease slightly due to the austenite grain growth with the
increase in the temperature. The maximum tensile strength reaches 1584.0 MPa at 900 ◦C.
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The elongation of 22MnB5NbV decreases with the increase in the austenitizing temper-
ature. The highest elongation is 17.6% at 780 ◦C, which is nearly 10.0% lower than the original
steel’s elongation at 27.4%. This is due to the transformation of some pearlite and ferrite into
austenite in the austenitizing process, and then the transformation of austenite into martensite
during quenching. The results show that the elongation decreases significantly in the range of
780 ◦C to 840 ◦C, which is due to the transformation of more pearlite and ferrite into austenite
with the increase in temperature in the austenitizing temperature range. When the austenitiz-
ing temperature is higher than 870 ◦C, 22MnB5NbV is fully austenitized and transformed into
martensite during quenching. At this time, the elongation decreases slowly with the increase
in the temperature. When the austenitizing temperatures are at 870 ◦C, 900 ◦C, 930 ◦C and
960 ◦C, the elongations are 6.8%, 6.7%, 6.5% and 5.9%, and the strength-ductility product
are 10.5 GPa·%, 10.6 GPa·%, 10.1 GPa·% and 9.2 GPa·%, respectively. Therefore, in order to
ensure the high strength-ductility product of 22MnB5NbV, its austenitizing temperature
should be controlled between 870 ◦C and 930 ◦C.

The microstructures and mechanical properties of 22MnB5NbV are relatively stable in
the temperature range of 870 ◦C to 930 ◦C. The austenite grain distributions are uniform,
and the tensile strength reaches the maximum at 900 ◦C. Figure 11 shows the temperature
variation of 22MnB5NbV steel under air cooling conditions during the actual hot forming
process. Apparently, the transfer time of 22MnB5NbV from heating furnace to the die is
about 6–7 s, and the temperature drop is about 100 to 120 ◦C in the actual hot stamping
process. According to the previous calculation results, the critical ferrite transition tempera-
ture of 22MnB5NbV steel under the condition of equilibrium phase transition is 811 ◦C. In
production practice of the 22MnB5NbV steel, the temperature reduction during the transfer to
the mold must be taken into account to avoid the degradation of properties due to insufficient
austenitizing process. On the basis of considering the effect of austenitizing temperature on
microstructure and properties, combined with the actual hot forming process of 22MnB5NbV
steel, the optimal austenitizing temperature should be controlled at 930 ◦C.
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3.3. Effect of Holding Time on the Microstructures and Mechanical Properties of 22MnB5NbV
3.3.1. Microstructures after Quenching under Different Holding Time

Figure 12 shows the quenched metallographic microstructures of 22MnB5NbV at 930 ◦C
with different holding times. When the holding time is 1 min, there are still banded ferrite and
pearlite in the specimen, indicating that 22MnB5NbV is not fully austenitized. After quench-
ing, the tensile strength and yield strength of the specimen are 568.5 MPa and 483.8 MPa,
which are not significantly improved compared with the original specimen before quenching.
The elongation after fracture is 22.6%, which remained at a high level. It shows that the
holding time for 1 min cannot make 22MnB5NbV fully austenitized. Therefore, in order to
obtain the whole martensite microstructures after quenching, the holding time should be
further extended. When the holding time are 3 min, 5 min, 7 min and 10 min, the quenched
microstructures are martensite. At this time, all ferrite and pearlite are transformed into
austenite, and then the austenite transformed into martensite, which is a powerful guarantee
for realizing the ultra-high strength of22MnB5NbV after quenching. With the increase of
holding time, martensite becomes coarse gradually, which is not conducive to the increase
of its strength-ductility product. Therefore, in order to ensure that 22MnB5NbV with high
strength and elongation, the holding time should not be too long.
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3.3.2. Original Austenite Grain Size at Different Holding Times

Figures 13 and 14 show the grain distributions after quenching at different holding
times. The austenite grain size increases with the increase in holding time. When the
holding time is 3 min, the austenite grains are small and uniform, and the average grain
size is 7.6 µm. When the holding time is 5 min, the grains grow slightly and the distributions
are still uniform. When the holding time is 7 min, some grains begin to grow abnormally
and the grain distributions begin to become uneven. When the holding time is 10 min,
the grain boundary becomes fuzzy. At this time, the average grain size is 12.8 µm and the
maximum grain size is about 30 to 40 µm. The increase in austenite grain inhomogeneity
is not beneficial for the promotion of the strength and plasticity of 22MnB5NbV after
quenching. The microstructures of the steel can be fully austenitized after holding for 3 min.
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If other conditions permit, holding time of 3 min is more beneficial to the strength and
plasticity of 22MnB5NbV.
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3.3.3. Strengths and Elongations under Different Holding Time

Figure 15 shows the variations of strengths and elongations under different holding
times. The strength of 22MnB5NbV after quenching decreases slightly with the prolonga-
tion of the holding time, which is due to the austenite grain growth. When the austenitizing
time is 3 min, the tensile strength and yield strength are 1570.8 MPa and 1076.8 MPa, re-
spectively. When the austenitizing time is 10 min, the tensile strength and yield strength are
1527.1 MPa and 1014.6 MPa, respectively. This result indicates that the prolonged holding
time leads to a decrease in mechanical properties. Therefore, it is an effective method to
elevate the strength of 22MnB5NbV by shortening the holding time as far as possible on
the basis of ensuring complete austenization.

The elongations of 22MnB5NbV decrease with the increase of holding time. When
the holding times are 3 min and 5 min, the elongations are 6.6% and 6.4%, respectively.
The elongation is relatively close, indicating that the elongation of 22MnB5NbV does not
decrease too much when the holding time increases from 3 min to 5 min, which is due to the
relatively slow growth of austenite grains. When the holding time is 10 min, the decrease
is relatively large, and the elongation is reduced to 6.0%, which is due to the abnormal
growth of grains caused by too long holding time. When the holding times are 3 min, 5 min,
7 min and 10 min, the strength-ductility products are 10.4 GPa·%, 10.0 GPa·%, 9.8 GPa·%
and 9.1 GPa·%, respectively. When the holding time is 3 min, the strength-ductility product
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reaches the maximum. By analyzing the evolution processes of microstructures, grain sizes
and mechanical properties of 22MnB5NbV, the holding time is finally determined to be 3 min.
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3.4. Effects of Nb and V Alloying on the Strength and Plasticity of UHSHSS

In order to explore the influence of Nb and V alloying on mechanical properties, the
comprehensive properties parameters of 22MnB5NbV and 22MnB5 steel after quenching
are listed in Table 2. Since the strength mainly depends on the carbon content in the
martensite, the improvement in tensile strength and yield strength is not significant. When
carbides are formed in the steel, the carbon content in the martensite decreases, and the
strength of the steel even has a certain extent decrease [32]. However, compared with ordinary
22MnB5 steel, the strength-plastic product of 22MnB5NbV is significantly elevated, especially
the elongation rate has increased by nearly 0.6%. The fracture surfaces of 22MnB5NbV and
22MnB5 steel are shown in Figure 16. Apparently, the fracture surfaces of 22MnB5NbV and
22MnB5 steel are mainly covered by dimples with different depths, and have the typical
fracture morphology of dimple-plastic fracture. Compared with 22MnB steel, it can be clearly
found that the dimples at the fracture of 22MnB5NbV are smaller, denser and more uniform.

Table 2. Comparison of mechanical properties between 22MnB5NbV and 22MnB5 steel.

Steel Tensile
Strength/MPa

Yield
Strength/MPa Elongation/% Strength-Ductility

Product/GPa·%

22MnB5NbV 1570.8 ± 10.3 1076.8 ± 8.3 6.6 ± 0.1 10.4 ± 0.2
22MnB5 1538.7 ± 11.1 1031.0 ± 9.6 6.0 ± 0.1 9.2 ± 0.1
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(b) 22MnB5.

The difference in fracture surfaces of 22MnB5NbV and 22MnB5 steel mainly depend on
the microstructure state. Figure 17 shows the microstructures and grain sizes comparison
between 22MnB5NbV and 22MnB5 after quenching. The martensitic lath of 22MnB5NbV
is mainly of fine and short shape, and its length is obviously smaller than that of 22MnB5
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steel. The average grain size of 22MnB5NbV is 7.6 µm and that of 22MnB5 is 11.7 µm.
Generally, a finer grain size will show better plasticity in the same microstructure.
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Figure 17. Comparison of microstructures and grains between 22MnB5NbV and 22MnB5 steel:
(a) microstructure of 22MnB5NbV; (b) microstructure of 22MnB5; (c) grain of 22MnB5NbV; (d) grain
of 22MnB5.

In order to explore the essential reasons for the difference in the grain sizes of
22MnB5NbV and 22MnB5 steel, the precipitates at the grain boundaries and within the
grains have been detected and analyzed by scanning electron microscopy, the result is
shown in Figure 18. The detection results showed that a certain number of precipitates
appeared in the grain boundaries and in the grains, of which the size of the precipitates
is basically in the range of 100–200 nm. Meanwhile, the type of precipitation is mainly
composed of (Nb, Ti, V) carbides. Current research generally agrees that micron-sized
precipitates in steel can lead to compromised benefits of alloying and even cause degrada-
tion of mechanical properties [29,33,34]. However, diffusely distributed nanoscale nitrides
or carbonitrides can effectively pin down grain boundaries, hindering grain growth and
significantly improving the strength and toughness of the material [33,35,36]. Therefore,
the addition of Nb and V elements can significantly inhibit the growth of grains through
the strengthening effect of the precipitation phase, and the fine grains are beneficial to the
further increase the elongation and the strong-plastic product of UHSHSS.
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(a) and (b) are for the grain boundaries; (c) and (d) are for the grain intragranular.
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4. Conclusions

In this research, the 22MnB5NbV steel microalloyed with Nb and V elements has
been used as the research material. The effects of Nb and V alloying elements on the
microstructure and properties of hot stamping steel are studied. The suitable parameters of
the hot stamping process for 22MnB5NbV steel microalloyed with Nb and V elements are
formulated. The following conclusions can be drawn:

(1) The microstructures and grain sizes of 22MnB5NbV gradually become coarse with
the increase of austenitizing temperature and holding time. When the austenitizing
temperature is at 930 ◦C and the holding time is 3 min, the average grain size, the
tensile strength, elongation and strength-ductility product at room temperature are
7.7 µm, 1570.8 MPa, 6.6% and 10.4 GPa·%, respectively.

(2) The 22MnB5NbV steel can be completely austenitized, while the austenitizing temper-
ature ≥870 ◦C and the holding time ≥3 min. Based on the comparison of microstruc-
ture, grain size and comprehensive properties, combined with production practice,
the optimum austenitizing temperature and holding time is 930 ◦C and 3 min.

(3) The addition of Nb and V elements promotes the formation of nanoscale precipitates
on and within the grain boundaries. Under the optimal austenitizing process condi-
tions, the elongation and strength-plastic product of the microalloyed 22MnB5NbV
steel increased by ~0.6% and ~1.2 GPa·% compared with the 22MnB5 steel.

Author Contributions: Conceptualization, data curation, writing—original draft, writing—review
and editing, methodology, S.L., S.A. and M.L.; visualization, investigation, formal analysis, writing—
original draft, J.Z., Y.F. and X.G.; supervision, methodology, M.L., D.C., Y.Z. and M.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is financially supported by the National Natural Science Foundation of China
(NSFC, Project No.: U1960113).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article. Experimental data used in this study are available from the corresponding author
upon reasonable request.

Conflicts of Interest: All authors certify that they have no affiliations with or involvement in any
organization or entity with any financial interest or non-financial interest in the subject matter or
materials discussed in this manuscript.

References
1. Zhang, P.Y.; Zhu, L.; Luo, S.Y.; Luo, J.T. Hot stamping forming and finite element simulation of USIBOR1500 high-strength steel.

Int. J. Adv. Manuf. Technol. 2019, 103, 3187–3197. [CrossRef]
2. Yao, S.J.; Feng, L.; Yang, D.L.; Han, D.X.; Liu, Y.; Li, Q.Q.; Guo, J.H.; Chao, B.J. A potential hot stamping process for microstructure

optimization of 22MnB5 steels characterized by asymmetric pre-rolling and one-or two-step pre-heating. J. Mater. Process. Technol.
2018, 254, 100. [CrossRef]

3. Liu, S.; Long, M.J.; Ai, S.Y.; Zhao, Y.; Chen, D.F.; Feng, Y.; Duan, H.M.; Ma, M.T. Evolution of phase transition and mechanical
properties of ultra-high strength hot-stamped steel during quenching process. Metals 2020, 10, 138. [CrossRef]

4. Liu, S.; Long, M.J.; Zhang, S.Y.; Zhao, Y.; Zhao, J.J.; Feng, Y.; Chen, D.F.; Ma, M.T. Study on the prediction of tensile strength and
phase transition for ultra-high strength hot stamping steel. J. Mater. Res. Technol. 2020, 9, 14244–14253. [CrossRef]

5. Shang, X.; Zhou, J.; Zhuo, F.; Luo, Y. Analysis of crack for complex structural parts and simulation optimization during hot
forming. Int. J. Adv. Manuf. Technol. 2015, 80, 373–382. [CrossRef]

6. Eller, T.K.; Greve, L.; Andres, M.; Medricky, M.; Geijselaers, H.J.M.; Meinders, V.T.; van den Boogaard, A.H. Plasticity and fracture
modeling of the heat-affected zone in resistance spot welded tailor hardened boron steel. J. Mater. Process. Technol. 2016, 234,
309–322. [CrossRef]

7. Min, J.Y.; Lin, J.P.; Li, J.Y.; Bao, W.H. Investigation on hot forming limits of high strength steel 22MnB5. Comput. Mater. Sci. 2010,
49, 326–332. [CrossRef]
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