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Abstract: To elucidate the hardness evolution behaviors for 38MnB5Nb ultra-high-strength hot
stamping steel, a series of tempering processes with varying tempering temperatures and times
were carried out with a dilatometer. Meanwhile, the hardness of each sample was measured after
dilatometer experiments. The results indicated that the tempering process parameters (including
the tempering temperature and time) play an important role in the hardness of the studied steel.
The hardness of 38MnB5Nb ultra-high-strength hot stamping steel at the quenched state is about
580 Hv, while it is 240 Hv for the quasi-annealed state. As the tempering time extends, the hardness
is decreased sharply at the initial stage; then, the hardness is decreased in a quasi-linear trend with a
slight slope; finally, the hardness almost keeps a constant value, which depends on the tempering
temperature. In addition, the tempering process has a big effect on the mechanical properties of
38MnB5Nb ultra-high-strength hot stamping steel by increasing the product of the strength and
elongation by about 40%.

Keywords: 38MnB5Nb ultra-high-strength hot stamping steel; hardness evolution;
tempering; tempering ratio; modeling

1. Introduction

Because the problems of energy consumption and environmental pollution are still
severe and the weight of the vehicles has a big effect on the fuel consumption, the reduction
in the weight of vehicles is one of the research highlights [1–4]. According to the public data
revealed by the New European Driving Cycle, fuel consumption by about 0.35 L 100 km−1

and CO2 emissions by about 8.4 g km−1 are reduced with a weight reduction of 100 kg in a
vehicle [5]. So, many efforts are made to make automobiles lightweight [6–8]. During the
past few decades, vehicle components, including A-pillars, B-pillars, roof rails, and so on,
have been made with ultra-high-strength steels as an ideal material [9–12]. In this context,
ultra-high-strength hot stamping steels have been investigated and used to make vehicle
parts [13–15].

The widely used ultra-high-strength hot stamping steel is 22MnB5 steel, and it has been
utilized to manufacture vehicle components successfully, such as A-pillars, B-pillars, and so
on [16–18]. The strength of the parts can be as large as 1500 MPa with the treatment of hot
stamping; as a result, the thickness of them is reduced, which is beneficial for reducing the
weight of vehicles. The relationships between the microalloying elements and the hydrogen
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behaviors of permeation and damage for 22MnB5 hot stamping steel were investigated by
Tingzhi Si et al. [5]. Their research pointed out that the addition of microalloying elements
with Nb, Ti, and V is good for the resistance of hydrogen diffusion, which is beneficial for
vehicle parts made of ultra-high-strength hot stamping steels. Furthermore, an interesting
model that can be used to illustrate the strategies to delay the diffusion of hydrogen and
to avoid the damage of hydrogen embrittlement in the 22MnB5 ultra-high-strength hot
stamping steel was proposed. However, with the increase in strength, the ability to absorb
crash energy is decreased, which is harmful to the drivers. To resolve the above issues, a
novel hot stamping method was developed, which made it successful to manufacture a
part with the material of 22MnB5 ultra-high-strength hot stamping steel consisting of both
a soft region to absorb energy and a hard region to resist intrusion through a relatively
simple process [19–21]. Generally, compared with the hard region, the strength is lower
and the elongation is higher for the soft region. For example, in the hard regions, the tensile
strength and total elongation are 1565 MPa and 8.65%, respectively, whereas the tensile
strength and total elongation are 626 MPa and 24.37% in the soft regions, respectively [21].
To achieve the goal mentioned above, innovative processing techniques, such as selective
heating, selective cooling, and selective tempering, are applied. The study showed that the
material properties varied with tempering temperature and tempering time. Using this
method, variable tensile strengths can be achieved from 700 to 1300 MPa in conjunction
with elongation from 9.5% to 3% with the technique of localized tempering [22].

In order to meet the further demand for lightweight vehicle components, higher tensile
strength steel has been developed. A new ultra-high-strength hot-rolled hot stamping steel
alloyed with Cr and Si elements was developed by removing the chemical composition
elements of B and Ti [23]. To enhance the surface quality and ensure the hardenability
of hot stamping steel, an amount of Cr element was added. The excellent combination
of high tensile strength of 2150 MPa and total elongation of 12% was reaped by adjust-
ing the hot stamping process parameters. However, the most typical one is 38MnB5Nb
ultra-high-strength hot stamping steel, of which the strength can be enhanced to as high as
2000 MPa after hot stamping or quenching treatment [24,25]. The change in the microstruc-
ture and mechanical properties of 38MnB5 steel through the addition of 0.054 Nb was
investigated by Guo et al. [26]. The results indicated the microstructure is refined and the
properties, including tensile strength, yield strength, as well as elongation, are enhanced
with the addition of 0.054 Nb. In our previous work, the phase transformation behaviors of
38MnB5Nb ultra-high-strength hot stamping steel were discussed in detail with the help
of CCT (continuous cooling transformation) curves with different cooling rates and TTT
(time–temperature–transformation) curves with different isothermal temperatures [27]. It
showed that compared with the conventional 22MnB5 ultra-high-strength hot stamping
steel, the studied 38MnB5Nb ultra-high-strength hot stamping steel is more beneficial for
selective cooling processes to obtain both soft regions and hard regions. To investigate the
formability of 38MnB5Nb ultra-high-strength hot stamping steel, the flow behaviors at
different high temperatures of it were deeply studied [28]. In addition, a complex model
was established by taking the deformation temperature, the strain rate, and the types of
microstructure into consideration. Finally, hot-stamped parts in the shape of a “U” were
obtained and discussed by methods of numerical and experimental analysis. The study
showed that the microstructure and hardness are varied with tempering processes, in-
cluding tempering temperature and time [29]. Almost all parts should be tempered after
quenching treatment. So, the tempering process plays a significant role in manufacturing
parts, especially in terms of hot stamping steel components, such as a B-pillar. The study
implied that the width of the transition zone of the component consisting of both soft
regions and hard regions relies on the tailored tempering processes [30].

However, the study of hardness evolution during tempering for 38MnB5Nb ultra-
high-strength hot stamping steel is rare. So, the references for designing tempering process
parameters (temperature and time of tempering) are extremely few. At the same time, the
hardness evolution of steel is critical for manufacturing high-quality components, especially
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for manufacturing components that consist of both a soft region to absorb energy and a hard
region to resist the intrusion mentioned above because of the application of the tempering
processing during their manufacture. So, in this paper, the evolution behavior of hardness
for 38MnB5Nb ultra-high-strength hot stamping steel during the tempering process after
quenching is investigated through the method of modeling and an experimental method.

2. Methods

The normal chemical compositions of the investigated 38MnB5Nb ultra-high-strength
hot stamping steels, which were manufactured through the process of hot rolling by Shou
Gang Group in Beijing, China, are presented in Table 1. Compared with the conventional
22MnB5 hot stamping steels, a small amount of Nb is added, and the C content is increased
slightly. It should be noted that both the addition of Nb and the increment of C content
affect the microstructure transformation behavior during continuous cooling as well as the
isothermal treatment and tempering process [26]. During the rolling stage, a part of the Nb
is in the state of carbides, nitrides, or carbonitrides, which can refine grains, and the other
part of the Nb is dissolved in the iron matrix to enhance the effect of the solid solution’s
strengthening [1]. On the other side, the precipitation during the tempering process of NbC
is influenced by the addition of Nb and the increment of C content, which contribute to
enhancing the strength (hardness) and the light weight of components, correspondingly.
From our previous work, it can be known that the microstructure after hot rolling is com-
posed of ferrite and pearlite [27]. From the result of the continuous cooling transformation
(CCT) curve, it can be conjectured that the critical cooling rate is between 10 and 15 ◦C/s
and that the austenite start temperature (Ac1) and austenite finish temperature (Ac3) are
748 ◦C and 805 ◦C, respectively [27].

Table 1. Compositions of the 38MnB5Nb steels (weight percentage, wt%).

Steel C Si Mn Cr B Nb Fe

38MnB5Nb 0.36 0.24 1.39 0.19 0.005 0.05 Bal.

Before conducting the subsequent tempering experiments, preliminary heat treatments
were performed on the 38MnB5Nb ultra-high-strength hot stamping steel plates. These
plates had dimensions of 200 mm in length, 150 mm in width, and 2 mm in thickness. The
heat treatments, as shown in Figure 1, included homogenization and quenching processes.
The homogenization processes are as follows (Figure 1a): the plates were heated to 950 ◦C
and held for 30 min, which was followed by cooling to the ambient temperature (approxi-
mately 30 ◦C) inside the furnace (Beijing Research Institute of Mechanical and Electrical
Technology Ltd., Beijing, China). The quenching processes are as follows (Figure 1b): the
aforementioned plates were heated to 920 ◦C and held for 5 min in the same furnace used
for the homogenization processes, which was followed by water quenching to approxi-
mately 30 ◦C. The microstructure after quenching consists of martensite (Figure 2a,b) with
a high density of dislocations (Figure 2c), as shown in Figure 2. The martensite is primarily
lath martensite.
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Figure 2. Microstructure after quenching of 38MnB5Nb steel: (a) SEM; (b) TEM for displaying phase;
(c) TEM for displaying dislocation.

The tempering process experiments were carried out using a dilatometer (Bähr D805
L, Bachmuseum, Germany) equipped with quartz push-rods. During the dilatometer
experiments, thermocouples were welded onto samples with sizes of 10 mm in length,
4 mm in width, and 2 mm in thickness. These samples were cut from steel plates using wire
cutting after undergoing preliminary heat treatments, including homogenization treatment
and quenching treatment. This was completed to ensure accurate temperature control
throughout the entire tempering process in the dilatometer experiments. The tempering
processes are as follows, as shown in Figure 3. Firstly, 48 samples were heated to 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C with a heating rate of 40 ◦C/s, respectively;
Secondly, the samples were held at the all above temperatures with the time of 10 s, 20 s,
50 s, 100 s, 200 s, 500 s, 1000 s, and 2000 s, respectively; Thirdly, the samples were rapidly
cooled to 30 ◦C with cooling rate of 50 ◦C/s.
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Figure 3. Schematic graph of the tempering processes for the samples with sizes of 10 mm in length,
4 mm in width, and 2 mm in thickness.

The following tempering experiments were conducted using samples with sizes of
150 mm in length, 50 mm in width, and 2 mm in thickness. The samples were placed into
a tempering furnace (Beijing Research Institute of Mechanical and Electrical Technology
Ltd., Beijing, China) at temperatures of 500 ◦C, 600 ◦C, and 700 ◦C and then held for
approximately 40 s (as depicted in Figure 4), in sequence. Then, they were quickly removed
from the furnace and cooled with water to approximately 30 ◦C. The above samples are
named QT-500, QT-600, and QT-700, respectively. The samples that have just undergone
preliminary heat treatments are named Q-30.
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Figure 4. Schematic graph of tempering experiments for samples with sizes of 150 mm in length,
50 mm in width, and 2 mm in thickness.

The hardness of the samples treated with tempering processes was measured using
an auto Vickers hardness tester (Beijing Times, Beijing, China). Meanwhile, the hardness
of one sample that was not treated with tempering processes was also tested and found
to have a value of 580 Hv, which stands for the hardness of the as-quenched state. The
load was maintained at approximately 10 gf, and the time was kept for 10 s during the
measurement of hardness. Notably, five values were obtained. The average value was
adopted for all of the samples.

Scanning electronic microscopy (SEM, ZEISS EVO18, Oberkochen, Germany) was
used to observe the microstructure of each specimen after polishing and etching in a 4%
nital solution. Transmission electron microscopy (TEM, Talos F200X, Waltham, MA, USA)
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was used to observe all possible morphologies of carbide. TEM observation was carried
out on thin foils that were electropolished at −40 ◦C using a 4% perchloric acid solution.

A SUNS 5305 tensile tester (MTS Systems, Shenzhen, China) was applied to test the
mechanical properties of standard tensile samples. The dimensions of the standard tensile
samples are a gauge width of 5 mm, a gauge thickness of 2 mm, and a gauge length of
28 mm. Three samples were tested for each condition (including Q-30, QT-500, QT-600, and
QT-700), and the average values were recorded.

3. Results and Discussions
3.1. The Hardness Evolution during Tempering

Generally, the microstructure of steels varies with changes in tempering processes,
such as tempering temperature and tempering time [29]. Therefore, the hardness varies
when the tempering processes vary. That is to say, the hardness is significantly affected by
the parameters of tempering processes. Hardness evolution with time during tempering
is shown in Figure 5a for the studied 38MnB5Nb ultra-high-strength hot stamping steel
at different temperatures ranging from 300 to 700 ◦C. The results show that the hardness
decreases as the tempering temperature rises under the same time condition. When the
samples are tempered at 300 ◦C and 400 ◦C, the hardness is relatively high. When the
samples are tempered at 600 ◦C and 700 ◦C, the hardness is relatively low. Moreover, the
hardness value falls within the middle range for the samples tempered at 500 ◦C. The
temperature range for high-temperature tempering of 38MnB5Nb hot stamping ultra-high
strength steels is approximately 600 to 700 ◦C. The temperature range for low-temperature
tempering of the studied steel is from 300 to 400 ◦C, while the remaining temperatures fall
under middle-temperature tempering. Compared to other temperature ranges, the largest
decrease occurs between 500 and 600 ◦C. Meanwhile, the hardness is decreased sharply
during the initial stage of tempering at each temperature with a tempering time of 200 s.
Then, a quasi-linear decrease in hardness takes place following the sharp decrease. Finally,
the hardness decreased slightly with extended time; therefore, the hardness value remains
relatively constant, depending on the tempering temperatures. It can be deduced that the
same level of hardness can be achieved at different tempering temperatures by adjusting
the tempering time. The change in hardness over time during isothermal treatment at
800 ◦C is also shown in Figure 5b. It can be seen that the hardness rapidly reduces to about
298 Hv and then increases to about 485 Hv. So, it can be deduced that the as-quenched
martensite transforms into austenite when heated to 800 ◦C and held at that temperature.
Subsequently, the austenite transforms back into martensite during the cooling stage. This
is consistent with the results that the austenite start temperature (Ac1) and austenite finish
temperature (Ac3) are 748 ◦C and 805 ◦C, respectively [27]. Obviously, heating the sample
to 800 ◦C and holding it at 800 ◦C do not fall within the scope of tempering, because
austenitization occurs. Thus, the following analysis does not include the process of heating
to 800 ◦C and holding at that temperature.
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3.2. The Construction of Tempering Model

Since hardness alone cannot accurately indicate the degree of softening from a quenched
state to a quasi-equilibrium state, the tempering ratio is introduced. The softening degree
is described by the following definition [30], which can be represented by Equation (1).

τ =
H0 − H(t)
H0 − H∞

(1)

where τ is the tempering ratio; H0 is the hardness in the as-quenched state; H∞ is the
hardness in the annealed state, and H(t) is the hardness after tempering at a specific
temperature and time, whose value is between that of H0 and that of H∞. Obviously,
according to this definition, tempering ratio values range from 0 (representing the as-
quenched state) to 1 (representing the annealed state). For the studied 38MnB5Nb ultra-
high-strength hot stamping steel, the experimentally measured hardness value of the
sample that was tempered at 700 ◦C for 2000 s is regarded as H∞, namely H∞ = 274 Hv.

The evolution of the hardness ratio with time during tempering for different temper-
atures, ranging from 300 to 700 ◦C, is shown in Figure 6. The hardness ratio increases
exponentially as the tempering time extends at the specified tempering temperature. The
higher the temperature, the faster the hardness ratio increases during the initial period
for the same tempering time. It is demonstrated that the tempering ratios increase when
the tempering temperatures are raised while keeping the tempering time constant. This is
because the hardness decreases as the temperature increases under the same tempering
time condition.
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300 and 700 ◦C.

Several models were proposed to describe the kinetics of tempering. It is well known
that the evolution of the tempering ratio is controlled by the diffusion mechanism, as the
precipitation and growth of carbides occur during tempering. In addition, carbides were
formed relatively quickly during tempering in the 38MnB5Nb ultra-high-strength steel
analyzed in Section 3.3 of this study. The tempering kinetic model, in the form of the
Johnson–Mehl–Avrami-type equation, is applied to investigate the tempering kinetic [31]:

τ = 1 − exp(−Dtn) (2)

where t is the tempering time and n is the Avrami index determined by the material and
preliminary treatments, such as casting, forging, and preliminary heat treatment. D is the
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parameter affected by tempering temperature and can be described using the Arrhenius
equation.

D = D0exp
(
− Q

RT

)
(3)

where D0 is the constant; Q is the activation energy of tempering temperature; R is the gas
constant (8.31 J×K−1×mol−1) and T is the absolute temperature. Generally, the value of
D0 and Q varies from material to material.

Equations (4) and (5) are obtained by taking the natural logarithm of Equations (2) and (3),
respectively.

ln(ln
1

1 − τ
) = ln D + nln t (4)

ln D = ln D0 −
Q

RT
(5)

The relationship between ln(ln 1
1−τ ) and ln t with different tempering temperatures is

shown in Figure 7a. From Equation (4), it can be deduced that the value of the slope and
intercept of each line in Figure 7a is equal to n and ln D, respectively, for the corresponding
tempering temperatures. The values of n and ln D are obtained using the regression method,
as shown in Table 2. The average value of n for the five lines in Figure 7a is selected: namely,
the value of n in Equation (2) is 0.308.
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Table 2. The values of n and ln D under different temperatures.

Parameters
Tempering Temperature, ◦C

Average
300 400 500 600 700

n 0.347 0.294 0.273 0.307 0.327 0.308

ln D −0.805 −1.026 −1.790 −2.566 −3.355 -

The relationship between ln D and 1
RT with different tempering temperatures is shown

in Figure 7b. Similarly, the values of the slope and intercept of the line in Figure 7b
are equal to −Q and ln D0, respectively. So, the values of Q and ln D0 are 30,984.05 and
3.084, respectively, that were obtained by the regression method. Then, the value of D0 is
calculated, which is equal to 21.85. The Arrhenius equation can be expressed as follows:

D = 21.85 exp
(
−30984.05

RT

)
(6)
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After obtaining these constants, the tempering kinetic model in the form of the Johnson–
Mehl–Avrami type can be expressed by Equation (7).

τ = 1 − exp
[
−21.85exp

(
−30984.04

RT

)
t0.308

]
(7)

Combining Equations (1) and (2), the tempering hardness can be described by the
following equation.

H(t) = H0 + (H∞ − H0)(1 − exp(−Dtn)) (8)

So, the hardness after tempering of the studied 38MnB5Nb ultra-high-strength hot
stamping steel can be predicted using Equation (9) for a given tempering temperature and
time.

H(t) = 274 + 316
{

1 − exp
[
−21.85exp

(
−30984.04

RT

)
t0.308

]}
(9)

The experimental results and calculated hardness for the studied 38MnB5Nb ultra-high
strength steel are presented in Figure 8. It shows that the experimental results fit very well
with the calculated results, which, in turn, demonstrates that the constructed tempering
model in this study can accurately describe the evolution of hardness during tempering.
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Figure 8. Comparison between the experimental and predicted hardness of the 38MnB5Nb steels
after undergoing various tempering processes: (a) tempering at 300 ◦C; (b) tempering at 400 ◦C;
(c) tempering at 500 ◦C; (d) tempering at 600 ◦C; (e) tempering at 700 ◦C.
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3.3. Application of the Tempering Model

The hardness values of samples with dimensions of 150 mm in length, 50 mm in
width, and 2 mm in thickness, which were subjected to different tempering temperatures
of 500 ◦C, 600 ◦C, and 700 ◦C for approximately 40 s, are 378.5 ± 15, 325.4 ± 12, and
286.1 ± 17, respectively, as depicted in Figure 9. The values calculated with Equation (9)
are also displayed in Figure 9. It can be observed that the calculated values align well
with the measured values, indicating that the developed tempering model for 38MnB5Nb
ultra-high-strength hot stamping steel is capable of predicting the hardness of the steel
after tempering treatment at various tempering temperatures and durations.
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Figure 9. The comparison between measured hardness and predicted hardness.

The SEM microstructure of each sample is shown in Figure 10 after being tempered at
different temperatures for the same amount of time. Compared to the as-quenched state, the
microstructure becomes unclear after tempering treatment, particularly the lath interface,
and martensite undergoes decomposition. Martensitic laths merge during tempering, and
as the tempering temperature increases, the degree of merging also increases. When the
tempering temperature increases to 700 ◦C, the characteristic of the lath disappears. As
shown in Figure 10d,e, the TEM images indicate the precipitation of numerous carbides.
The changes in hardness after tempering heavily depend on the microstructure. The
relationship between the tempering processes, the microstructure, and the change in
hardness is consistent with the reference results.
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Figure 10. SEM microstructure of the samples with the tempering time of 40 s and different tempera-
tures: (a) 500 ◦C; (b) 600 ◦C; (c) 700 ◦C; (d) TEM microstructure of the samples with tempering time
of 40 s and temperature of 700 ◦C; (e) TEM dark field microstructure of the samples with tempering
time of 40 s and temperature of 700 ◦C.

The mechanical properties of the Q-30, QT-500, QT-600, and QT-700 samples are listed
in Table 3. Each value in Table 3 represents the average obtained from three tests under the
same conditions. The tempering process has a significant impact on mechanical properties,
indicating that the mechanical properties can be customized by adjusting tempering process
parameters. For example, compared to the Q-30 samples, the samples tempered at 500 ◦C,
600 ◦C, and 700 ◦C for 40 s exhibit lower strength and improved ductility. The product of
strength and elongation (PSE) obtained for the Q-30, QT-500, QT-600, and QT-700 samples
is higher than that of the Q-30 samples, which is beneficial for improving the ability to
absorb crash energy. With the increase in tempering temperature, the strength (including
tensile strength and yield strength) decreases. This phenomenon is consistent with the
tendency that hardness decreases as the tempering temperature increases.

Table 3. Mechanical properties of the samples.

Samples Rm (MPa) Rp0.2 (MPa) TEL (%) PSE (GPa%)

Q-30 1986 1476 6.8 13.5

QT-500 1252 880 15.8 19.8

QT-600 1116 772 16.8 18.7

QT-700 987 642 18.8 18.6

Rm, tensile strength; Rp0.2, yield strength; TEL, total elongation; PSE, product of
strength and elongation.

4. Conclusions

The evolution of hardness during tempering for 38MnB5Nb ultra-high-strength hot
stamping steel is analyzed using experimental and modeling methods. An accurate tem-
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pering model was developed to predict the hardness after tempering using various tem-
pering processes, such as tempering temperature and time. The following conclusions
are summarized.

The hardness of the 38MnB5Nb ultra-high-strength steel is significantly influenced
by tempering process parameters, such as tempering temperature and time. The hardness
decreased as the tempering temperature increased under the same time condition.

The hardness of the 38MnB5Nb ultra-high-strength steel in the quenched state is about
580 Hv, while it is 240 Hv in the quasi-annealed state.

As the tempering time extends, the hardness decreases sharply in the initial stage.
Then, it decreases in a quasi-linear trend with a slight slope. Finally, the hardness reaches
an almost constant value, which depends on the tempering temperature.

Compared to the Q-30 sample, the samples after tempering exhibit lower strength and
improved ductility. The product of strength and elongation (PSE) obtained for the Q-30,
QT-500, QT-600, and QT-700 samples is higher than that of the Q-30 samples.

Based on the hardness of the quenched state, tempered state, quasi-annealed state,
tempering ratio, and tempering kinetic law, an accurate tempering model is established
to describe the evolution of hardness with temperature and time during the tempering
process of the 38MnB5Nb ultra-high-strength hot stamping steel.
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