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Abstract: Aiming at the need for lightweight requirements of the components in the bus, combined
with the advantages of the hot stamping ultra-high-strength steel, a new television (TV) bracket
was proposed. The finite element (FE) simulation of the beam part in the TV bracket during the
indirect hot stamping process was discussed. After two-stages of pre-forming, the blank was in good
formability and without visible cracks. According to the FE simulation results, the punch speed,
quenching force, and quenching time significantly affected the temperature, microstructure, hardness,
and mechanical properties of the beam part during hot stamping. With the increase of the quenching
force and quenching time, the martensite fraction of the beam part was increased. For the beam
part, the punch speed should be at least 80 mm/s during the forming stage. For complete quenching,
the quenching force should be above 1000 kN and quenching time should be up to 10 s. Based on
the parameters from the FE simulation, the forming experiment of the beam part was discussed.
Microstructure analyses and microhardness tests as well as tensile tests of the hot stamping beam
part were performed. The results confirmed that the FE simulation of the beam part was reliable.

Keywords: ultra-high-strength steel; TV bracket; lightweight design; indirect hot stamping;
FE simulation

1. Introduction

Lightweight has become an inevitable trend under energy and sustainable development in the bus.
Lightweight requires making the components lighter and, at the same time, stronger. Then choosing the
applicable lightweight materials is a relatively mature lightweight technology to effectively facilitate
energy conservation and emission reduction [1]. Also, the optimized design is always required
in the bus and, compared with reducing the weight of the bus body, the lightweight design of
the interior components in the carriages will be easy to achieve and greatly reduce the time and
costs [2,3]. High-strength steel, aluminum alloys, magnesium alloys, and composites have been used
for the components in the bus [4–6]. Nowadays, ultra-high-strength steel (UHSS) has occupied a
certain place in the automotive industry. Combined with the hot stamping process, this kind of
material allows manufacturing parts with ultra-high strength, minimum springback, and reduced sheet
thickness [7,8]. Because the stress level and the hardening of the UHSS decrease at higher temperatures,
hot stamping allows UHSS forming of complex parts for which the production with conventional
methods is either impossible or extremely difficult. Since hot stamping allows forming the complex
parts, multi-component assemblies can be redesigned and formed as one component, eliminating some
downstream joining processes such as welding or joining. It can be divided into direct hot stamping
and indirect hot stamping. Normally, indirect hot stamping was developed to reduce wear on the tools
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when dealing with uncoated steel and to form more complex shape features [9]. Although UHSS is not
commonly used on the bus, with the application of hot stamping this kind of material will become a
way for the lightweight design of the bus in the future.

As hot stamping is a relatively new process, extensive practical experience is not available.
Thus, it makes sense to apply the numerical simulation for this forming method. Finite element (FE)
simulation is becoming an increasingly important tool in the process design for structural components
that are manufactured using the hot stamping method [10,11]. A hot stamping process is a combination
of the mechanical field, microstructure, and thermal field [12,13]. Thus, suitable forming processes
have to be identified early during part design or tool design to avoid time-consuming and expensive
tryouts [14]. Besides several studies on the direct hot stamping for the parts with simple geometries,
there are few types of research focused on manufacturing complex shape components and the influences
of parameters during the indirect hot stamping process [15].

In this paper, a new television (TV) bracket was redesigned and combined with the advantage of
UHSS to reduce the weight of the bus. The FE simulation was used to propose a detailed process plan
of the TV bracket component manufactured by the indirect hot stamping process. At the same time,
the influences of process parameters such as the punch speed, quenching force, and quenching time on
the distribution of the temperature, microstructure, and hardness of the beam part were investigated.
Finally, experiments were carried out to manufacture the beam part and validate the correctness of the
FE simulation results.

2. Model of the New TV Bracket

2.1. Design of the New TV Bracket

There are many TVs that are installed in the carriage of the bus. A TV bracket is a structure
for hoisting two TVs and it is installed on the roof of the carriage. After structural optimization,
the new TV bracket consists of the arms, middle connections, joints, and beam. Each component was
connected with bolts. The new TV bracket was designed through 3D modeling using the computer
aided design (CAD) system CATIA V5, and the detailed characteristics of the beam part are shown in
Figure 1. Each component used 22MnB5 steel with a thickness of 2 mm. Among the components of
the TV bracket, the beam part was the most important and played the role of ceiling TVs. The beam
part is mainly composed of four, deep, concave-convex structures in the middle section and four,
shallow, concave-convex structures at both ends of the part. The transition area between the deep
and the shallow concave-convex is automatic-lofting generated. Due to the complicated profile of
the part, the blank was seriously cracked after direct hot stamping. Thus, to avoid failure, this study
manufactured the part by the indirect hot stamping process.
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2.2. Finite Element Model

AutoForm R7 software (AutoForm Engineering GmbH, Zurich, Switzerland) was used to carry out
the thermal-mechanical coupled simulation of the indirect hot stamping process. The stitching distance
and meshing tolerance between the geometric surfaces were set to 0.5 mm and 0.03 mm. During the
simulation, an adaptive refinement of the mesh took place. Fnally, there were 380,314 elements and
175,961 nodes. The thermal parameters of 22MnB5 steel were referenced from the information database
of AutoForm R7. The detailed material information and simulation conditions are listed in Tables 1
and 2. The heat transfer coefficient (HTC) depends on the gap and/or the quenching force between
sheet and tool, as shown in Figure 2a. Define the pressure dependency of the HTC by a multilinear
curve. Pressure equals quenching force divided by the area of the blank. This curve is defined by a
number of pressure points. For each pressure, an actual value of the HTC is defined by a percentage
value of the HTC. The HTC is extrapolated as a constant value for values greater than the maximum
pressure. If there is no contact pressure, the HTC depends on the actual gap size between the tool and
the blank. The simulation included a series of hardening curves covering the entire thermoforming
temperature, as shown in Figure 2b. Also, the influence of phase transformation and transformation
plasticity were considered in the model. The simulation of the beam part manufactured by the indirect
hot stamping process was divided into four stages: pre-forming, heating, forming, and quenching.
In the first operation, the blank was conventionally preformed about 90% to 95% of the final shape at
room temperature. Then the preformed blank was put into a furnace sufficiently heated to 930 ◦C and
held at this temperature for 5 min to guarantee a complete austenitization. The parameters were carried
out following the experiments in [16]. After heating, the heated blank was removed from the furnace
and transferred to the lower die to form the final shape of the product and then quenching. When the
heated blank was transferred from the furnace into the lower die, the temperature of the blank would
drop because of the heat convection and heat radiation in the air environment. Thus, to guarantee
the initial deformation temperature with the high formability in this simulation the transfer time was
within 4 s [17].

Table 1. Material properties and simulation conditions.

Material 22MnB5

Thickness (mm) 2
Young’s modulus (GPa) 212
Poisson’s ratio 0.3
Density (kg/m3) 7.89 × 103

Simulation conditions
Punch speed (mm/s) 40–140
Die temperature (◦C) 25
Friction coefficient 0.3
Heat transfer coefficient for the tools (mW/mm2k) The function of pressure/gap

Heat transfer coefficient for ambient (mW/mm2k)
20 ◦C-0.002
950 ◦C-0.075

Quenching force (kN) 0–4000
Quenching time (s) 0–12 s

Table 2. Chemical composition of the 22MnB5 steel (wt%).

C Mn Si Cr B P

0.22–0.25 1.2–1.4 0.2–0.3 0.11–0.2 0.002–0.004 ≤0.02



Metals 2020, 10, 1658 4 of 13
Metals 2020, 10, x FOR PEER REVIEW 4 of 13 

(a) (b) 

Figure 2. Pressure- and gap-dependent heat transfer coefficient HTC (a) and stress-strain curves of 
22MnB5 at different conditions (b). 

In the simulation process, a continuous cooling transformation (CCT) diagram of 22MnB5 was 
used to predict phase transformation and hardness in the quenching process. For each temperature 
history path, the resulting final hardness value is given as a measured result. From the CCT 
diagram, it is indicated that to obtain completely martensite the cooling rate must be at least 27 °C/s. 
Martensite start temperature (Ms) was around 400 °C and martensite finish temperature (Mf) was 
around 280 °C [18]. During quenching, austenite transforms to ferrite and pearlite if cooled slowly, 
bainite forms at a moderate cooling rate, and under a high cooling rate martensite forms. In the FE 
model, the Avrami Equation (1) is used to model phase transformations. Coefficients of the Avrami 
equation are b and n where b is a constant set to 0.69, although this is not a mathematical 
prerequisite, and n is an Avrami exponent [19]. For each phase, these can be calculated by using 
time temperature transformation (TTT) diagrams at a given temperature. 𝑋 , 𝑋 , 𝑋 = 1 − 𝑒𝑥𝑝 −𝑏 ∗ 𝑡𝑡  (1)

where X is the phase fraction and subscripts f, p, b, and M stand for ferrite, pearlite, bainite, and 
martensite. For martensite transformation, the equation slightly changes to Equation (2) [20]. 𝑋 = 1 − 𝑒𝑥𝑝 α ∗ 𝑀 − 𝑇  (2)

where XM stands for martensite fraction, Ms is martensite start temperature, and α is a 
material-dependent constant that can be set to 0.011.  

Based on the Avrami equation, the phase fraction can be estimated. Using phase fraction, 
hardness can be estimated by Equation (3) [21]. 𝐻𝑉 = 188.5 𝑋 + 𝑋 + 283.8𝑋 + 514.4𝑋  (3)

The FE model during indirect hot stamping is shown in Figure 3. Figure 3a,b was the tool of 
the pre-forming process. The initial blank has a dimension of 1700 mm × 290 mm × 2 mm and the 
draw depth of the concave-convex structure is 23 mm. The first stage was to form the two 
concave-convex structures in the middle of the beam part. The second stage was to form both sides 
of the concave-convex structures of the beam part. According to the prior analysis results, after two- 
stages of pre-forming, the blank was in good formability and without visible cracks. In the hot 
stamping process, the upper die was moved down with the punch speed and the lower die was 
fixed in all directions, as shown in Figure 3c. During the quenching stage, the dies were clamped 
with given force. Most heat transfer and phase transformations took place in this stage. 

Figure 2. Pressure- and gap-dependent heat transfer coefficient HTC (a) and stress-strain curves of
22MnB5 at different conditions (b).

In the simulation process, a continuous cooling transformation (CCT) diagram of 22MnB5 was used
to predict phase transformation and hardness in the quenching process. For each temperature history
path, the resulting final hardness value is given as a measured result. From the CCT diagram, it is
indicated that to obtain completely martensite the cooling rate must be at least 27 ◦C/s. Martensite start
temperature (Ms) was around 400 ◦C and martensite finish temperature (Mf) was around 280 ◦C [18].
During quenching, austenite transforms to ferrite and pearlite if cooled slowly, bainite forms at a
moderate cooling rate, and under a high cooling rate martensite forms. In the FE model, the Avrami
Equation (1) is used to model phase transformations. Coefficients of the Avrami equation are b and n
where b is a constant set to 0.69, although this is not a mathematical prerequisite, and n is an Avrami
exponent [19]. For each phase, these can be calculated by using time temperature transformation (TTT)
diagrams at a given temperature.

Xp, Xb, X f = 1− exp
(
−b ∗

(
t
t0

)n)
(1)

where X is the phase fraction and subscripts f, p, b, and M stand for ferrite, pearlite, bainite, and
martensite. For martensite transformation, the equation slightly changes to Equation (2) [20].

XM = 1− exp[α ∗(Ms − T)] (2)

where XM stands for martensite fraction, Ms is martensite start temperature, and α is a material-
dependent constant that can be set to 0.011.

Based on the Avrami equation, the phase fraction can be estimated. Using phase fraction, hardness
can be estimated by Equation (3) [21].

HV = 188.5
(
X f + Xp

)
+ 283.8Xb + 514.4XM (3)

The FE model during indirect hot stamping is shown in Figure 3. Figure 3a,b was the tool of
the pre-forming process. The initial blank has a dimension of 1700 mm × 290 mm × 2 mm and
the draw depth of the concave-convex structure is 23 mm. The first stage was to form the two
concave-convex structures in the middle of the beam part. The second stage was to form both sides
of the concave-convex structures of the beam part. According to the prior analysis results, after two-
stages of pre-forming, the blank was in good formability and without visible cracks. In the hot stamping
process, the upper die was moved down with the punch speed and the lower die was fixed in all
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directions, as shown in Figure 3c. During the quenching stage, the dies were clamped with given force.
Most heat transfer and phase transformations took place in this stage.Metals 2020, 10, x FOR PEER REVIEW 5 of 13 
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3. Finite Element Analyses

3.1. Effect of the Punch Speed

The punch speed plays an important role in the hot forming process. The punch speed affects the
deformation rate and the temperature field of the blank. Thus, the elastic-plastic material behavior
in a wide temperature range has to be described against the punch speed. Therefore, the punch
speeds were selected from 40 to 140 mm/s in 20 mm/s intervals. Figure 4a shows the minimum
temperature of the blank with different punch speeds after hot forming. When the punch speed
was 60 mm/s, after forming, the minimum temperature of the blank was reduced below the bainite
transition temperature. When the punch speed was 80 mm/s, the minimum temperature of the blank
was higher than the bainite transition temperature. Since the blank was at the same state before hot
forming, with the increase of the punch speed, the forming time and the heat losses were reduced.
Figure 4b shows the phase fractions of the blank at the end of the forming with different punch speeds.
When the punch speed was lower than 80 mm/s, the local area of the blank transitioned to ferrite and
bainite. When the punch speed was higher than 80 mm/s, the temperature of the blank was still in the
austenite temperature stage. Thus, to avoid other phase transformations happening before quenching,
the punch speed should be at least 80 mm/s during hot forming.
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3.2. Effect of the Quenching Force and the Quenching Time

Another key factor of the hot stamping process is the quenching time with a given quenching
force. On the one hand, the blank can release the internal stress to reduce the springback. On the other
hand, a reasonable quenching force and enough quenching time lead to a very rapid cooling rate and
promote the blank to transform from austenite to martensite. As HTC relies on the roughness of the
tool and blank surfaces, it depends on the quenching force and usually it increases as the quenching
force increases. Therefore, the quenching forces were selected from 0 to 4000 kN in 1000 kN intervals,
the quenching time was 10 s, and the punch speed was 80 mm/s. Figure 5a shows the maximum
temperature of the blank with different quenching forces after quenching, which occurred on the
sidewall of the concave-convex. Under the same quenching time, with the increase of the quenching
force, the maximum temperature of the blank was significantly decreased. When hot forming was
completed, the blank and dies were still in contact and a slightly faster cooling rate was obtained.
This could be caused by the actual contact situation between the blank and dies. The higher quenching
force led to higher heat transfer efficiency. Figure 5b shows the temperature histories of a node from
the bottom wall in the middle concave-convex of the blank during hot stamping. With the increase
of the quenching force, the cooling rate at the same place was increased. Figure 5c shows the phase
fractions of the blank with different quenching forces after quenching. When the quenching force
was 0 kN, the blank contained a certain fraction of ferrite. When the quenching force was above
1000 kN, the fraction of martensite was stable and contained a few fractions of ferrite. Figure 5d shows
the minimum hardness of the blank with different quenching forces after quenching. The hardness
value reflected the variation of the microstructure. Since the martensite fraction was stable when the
quenching force was 1000 kN, the increase of the minimum hardness at different quenching forces
was small.

According to the heat transfer theory, when the two contact parts had a temperature difference,
the longer contact time happened and the more heat exchange occurred. Therefore, the quenching
times were selected from 0 to 12 s in 2 s intervals, the quenching force was 1000 kN, and the punch speed
was 80 mm/s. Figure 6a shows the maximum and minimum temperature of the blank with different
quenching times after quenching. With the increase of the quenching time, the temperature difference
between the blank and dies first increased and then decreased. Since the martensite transformation
occurred in a continuous cooling process, the number of martensite transformations stopped once
the quenching was stopped. Thus, the maximum temperature of the blank should be below Mf,
which means the quenching was completed. According to the FE simulation, after quenching for 8 s,
the minimum temperature of the blank was a little higher than Mf. Thus, to guarantee the transformation
was completed, the quenching time should have been over 8 s. When the quenching time was over
10 s, the maximum temperature of the blank was below Mf. Figure 6b shows the minimum hardness of
the blank with different quenching times after quenching. A significant increase in hardness occurred
across quenching times. When the quenching time was 0 s, the martensite transformation of the
blank was insufficient and the hardness of the blank was low. When the quenching was over 10 s,
the hardness of the blank was high and stabilized. Thus, it was concluded that the quenching force
should be above 1000 kN and quenching time should be up to 10 s in these working conditions.

3.3. Comprehensive Results

According to the above discussion, when the punch speed was 80 mm/s, the quenching force was
1000 kN, and the quenching time was 10 s, the simulation results were as follows. Figure 7 shows
the temperature distribution of the blank before and after the quenching stage. During hot stamping,
the temperature dropped the most at both left and right side walls of the middle concave-convex of the
blank. This was because this area was first contacted with the upper die and the heat losses were mainly
from the heat conduction. Contrary to the heat forming, during the quenching stage, the temperature
drop in the middle of the blank was slower than on both sides of the blank. After quenching, the
maximum temperature of the blank was under 200 ◦C.
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Figure 8 shows the temperature histories of eight nodes in the cross-section of the blank during
hot stamping. Before 5.6 s, it was the time for pre-forming and transferring the blank from the furnace
to the lower die. The temperature histories in this range were not analyzed. In the settling stage, it was
the ram motion that lasted for 2 s. During the hot stamping stage (7.6–10.2 s), the temperature histories
of each point were different because of the different contact situations between the upper die and the
blank. During the quenching stage (10.2–20.2 s), the cooling rate was rapidly increased because the
heat transfer happened with the given quenching force. When the temperature was dropped to Ms,
the cooling rate was decreased due to the heat generated by the martensite transformation.
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Figure 9a,b shows the thickness distribution of the blank before and after the indirect hot stamping.
After forming at room temperature, the minimum thickness of the blank was 1.623 mm. After hot
stamping, the minimum thickness of the blank was 1.619 mm. In this case, the blank was thinning due
to the second forming during the hot stamping process. The thickness thinning mainly occurred in
both left and right sidewalls of the concave-convex, and the maximum thinning occurred at the fillet
of the concave-convex in the middle of the blank, which was caused by the large tensile stress that
happened at this area during the hot stamping process. According to the studies, a 30% thinning ratio
was the threshold in the hot stamping [22,23]. In this FE simulation, the maximum thinning ratio was
19.1%. In the area of sheet metal forming, the forming limit diagram (FLD) signifies an effective tool to
characterize the formability of sheet metal materials during the forming process. The FLD reflects
the strain state of materials before failure and has been extensively employed to analyze and predict
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rupture in the course of forming. Figure 9c shows the FLD diagram at the end of forming. There were
no points in the red area that indicated that the beam part was in good formability and without cracks.
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4. Analysis of Experimental Results of Hot Stamping

4.1. Hot Stamping Process

After the numerical simulation, the forming experiments of the beam part were performed for
this paper. The experimental tools were composed of the upper die and the lower die, which were
made of H13 hot work tool steel. The parameters of the experiment process were consistent with
the numerical simulation, in which the punch speed was 80 mm/s, the quenching force was 1000 kN,
and the quenching time was 10 s. Then, uniaxial tensile tests and microhardness tests were performed
to measure the mechanical properties of the beam part. Tensile tests were performed using an MTS-810
(MTS Systems Corporation, Eden Prairie, MN, USA) materials test system and an MTS extensometer,
which was conducted at a velocity of 1 mm/min. The specimens were cut as per GB/T 228-2010,
and at least three specimens were tested in the same area to ensure repeatability of the test results.
Figure 10 shows the hot stamping dies, locations of the tensile specimens that were cut from the
beam part, and the geometry of tensile specimens. The microhardness was tested used an HXD-1000
microhardness tester (Shanghai, China) with an experimental force of 2 N and a loading time of 5 s.
Then, 10 points of each microhardness test sample were measured and the average value was selected
for description.

Figure 11a shows the engineering stress-strain curves from each tensile specimen. The tensile
strength in different locations showed a little difference but, in general, the mechanical properties of the
beam part were greatly improved after the hot stamping process. Figure 11b shows the hardness of the
FE simulation and experimental results. The hardness values of the FE simulation were higher than the
measured values. This may be due to the oxide layer generated during the hot stamping, which caused
smaller heat transfer coefficients. Additionally, owing to the different temperature histories in different
positions, the hardness values fluctuated in both simulation and experiment results.
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4.2. Microstructure Analysis

The metallographic observations used a TESCAN VEGA3 scanning electron microscope
(TESCAN, Brnocity, Czech Republic). The microstructures of the specimens at middle concave-convex
(Figure 11b(4,5,7,8)) of the part are presented in Figure 12. The specimens were polished and etched
with a 4% nitric acid alcohol solution for 20 s. It shows that the same phases with different fractions
were generated in these four regions. The microstructures were composed of massive lath martensite
and a little of ferrite, bainite, and residual austenite. As evident in Figure 12a,b, martensite in the
over-plane regions (Figure 11b(4,8)) seemed more slender and uniformly distributed than the sidewall
regions (Figure 11b(5,7)). The phase fraction in the left and right sidewall regions (Figure 12c,d) were
basically the same. Besides martensite, multiple phases of bainite, ferrite, and residual austenite were
found. The microstructure results were consistent with the results of the hardness values. Both left
and right sidewall regions of the middle concave-convex could not be fully quenched due to the small
quenching force and serious thinning on this area. So, the hardness values and martensite fraction
were lower than the over-plane regions. Therefore, due to the inhomogeneity of the microstructure,
some regions reflected the scattering in hardness values.
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5. Conclusions

(1) The FE simulation of the beam part manufactured by the indirect hot stamping process was
discussed. After two-stages of pre-forming, the blank was in good formability and without visible
cracks. During the hot stamping, the punch speed had to be higher than 80 mm/s to guarantee the
blank was in full austenite stage before quenching. With the higher quenching force and enough
quenching time, the blank obtained a more complete martensite transformation after quenching.

(2) For the beam part, the reasonable parameters during the hot stamping were concluded: punch
speed of 80 mm/s, quenching force of 1000 kN, and quenching time was up to 10 s. Based on
the FE results, the maximum thinning ratio of the beam part was 19.1%, which satisfied the
requirements of hot stamping.

(3) According to the experiment results, the beam part was formed without failure after the indirect
hot stamping process. Tests on mechanical properties were carried out and the results were in
good consistency with the simulation results. The microstructures at different regions of the beam
part were discussed and the over-plane regions had a better quenching effect than the sidewall
regions. Furthermore, this paper confirmed that the FE simulation of the beam part was reliable.
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