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The hot stamping of a B-pillar reinforced panel with 7075 aluminum alloy was carried out in
an industrial production line. The effect of blank holding force (BHF) on the formability of the
B-pillar reinforced panel and the effect of solution heat treatment (SHT) time on the
mechanical properties were studied. Additionally, the forming precisions of a formed part
before and after standard aging were detected further. Finally, both standard aging and
short-time aging processes were carried out to investigate the feasibility of short-time
aging for real parts. The stamping results demonstrated that lower BHF or no blank holding
should be used during hot stamping to avoid cracking and wrinkling. The detection of
forming precisions indicated that the great majority of measured points on the part were
within ±1mm of nominal. The mechanical property testing showed that the strength of the
formed parts after a short-time aging was up to more than 90% of the as-received T6 state
and more than 93% of the time can be reduced if the 90% of strength can be accepted.
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INTRODUCTION

Increasing attention has been paid to the lightweight qualities of automobiles due to imperious
demands for environmental protection and energy-saving. Benefitting from high specific strength,
good impact energy absorption, high corrosion resistance and good recyclability, aluminum alloys
have been proved to be excellent light material for automobiles (Mohamed et al., 2012; Jürgen, 2014;
Ghiotti et al., 2019). When stamped at room temperature, aluminum alloy parts have large
springback (Maeno et al., 2017) and sometimes there are cracks in the parts (Liu et al., 2018).
Besides, these parts may have thermal deformation during high-temperature heat treatment, e.g.
solution heat treatment. Thus, hot stamping for heat-treatable aluminum alloy sheet has been
developed (Garrett et al., 2005). During hot stamping of aluminum alloy, the blank is heated up to the
SHT temperature and held for a period of time. Then the hot blank is transferred to the cold tools and
subsequently formed and quenched in the closed tools, followed by holding in the tools for about
10 s. At last, the aging process is carried out to improve the strength of the formed part.

In short, hot stamping of an aluminum alloy mainly includes three processes: SHT, forming and
aging. SHT and aging are heat treatment processes, which means that time and temperature are the
main factors affecting the two processes. There is an expected scenario that workpieces with good
performance can be obtained on the production line by using appropriate temperature and less time,
while maintaining the continuity of the production. For 7075 aluminum alloy, it usually takes more
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than 10 min to complete SHT by conventional means (Liu et al.,
2020; Zhang et al., 2020), and the aging treatment needed to
obtain maximum aging strength is generally about 120 °C for
24 h (Zhang et al., 2020). Not only are the SHT and aging times
long, but also the aging time is more than 100 times longer than
the SHT time. It means that the production efficiency is low, and
the synchronization of production cannot be guaranteed. As a
result, it is necessary to develop the innovative methods and
processes to reduce the SHT time and aging time. Xu X et al. (Xu
et al., 2015) reduce the aging time by 50% by adding Ag into
7075 aluminum alloy. In automotive manufacturing lines,
vehicle parts will finally go through a paint bake process
(180 °C × 30 min), which can be considered as part of the
artificial aging process (Li et al., 2015). Combining with the
paint bake process, Li N (Li et al., 2015) and Zheng J (Zheng
et al., 2019) carried out pre-aging process for 6082, and more
than 90% of the strength at T6 state could be obtained. Omer K
et al. (Omer et al., 2018) conducted the aging process for 7075
samples at 120 °C × 3 h + 177 °C × 0.5 h and the strength was
close to the strength under T6 condition. SunW et al. (Sun et al.,
2019) presented a method of using a controlled, room-
temperature cyclic deformation to sufficiently and
continuously inject vacancies into the material and to
mediate the dynamic precipitation of a very fine (1- to 2-nm)
distribution of solute clusters. This method takes tens of
minutes and is currently only suitable for small samples, not
for real parts. The results mentioned above were carried out
under laboratory conditions, thus, the authors would like to
study the feasibility of short-time aging of 7075 aluminum alloy
combining with paint bake process on production line,
maximizing the post strength of the part and reducing the
aging time.

Furthermore, forming is an important procedure in the hot
stamping process of aluminum alloy. Parts with no defects and
high forming precision are expected to be obtained. Blank
holding is often used to avoid or reduce the forming defects
like wrinkling. In comparison to cold stamping, the flow stress
of the material is relatively low due to the high temperature
during hot stamping, while the friction is more serious.
Consequently, the parts are prone to crack in the forming
process. Considering the friction and low flow stress at high
temperature, blank holding may cause fracture during deep
drawing. Therefore, it is of significance to study the effect of
BHF on the formability of real aluminum alloy parts in hot
stamping.

In this paper, hot stamping of a B-pillar reinforced panel with
7075 aluminum alloy was carried out in an industrial production
line. The effect of BHF on the formability of the B-pillar
reinforced panel and the effect of SHT time on the mechanical
properties were studied. Further, the forming precisions of a
formed part before and after standard aging were detected.
Finally, the standard aging and short-time duplex aging
processes were carried out to investigate the feasibility of
short-time aging for real parts to reduce the aging time
further. It is expected to provide guidance for the forming of
aluminum alloy parts with complex geometric shape by hot
stamping process in industry.

MATERIALS AND EXPERIMENTS

A typical commercially available 7075 aluminum alloy was used
in this work. The as-received 7075 aluminum alloy was under the
T6 condition. Its yield strength (YS) and ultimate tensile strength
(UTS) are respectively 532 and 585 MPa. The material used does
not necessarily represent the microstructure that a production
material would have prior to SHT. The dimension of the blank is
approximately 1,450 × 650 × 1.5 mm (thickness). Besides,
graphite was used as lubricant in the experiment.

The host stamping experiments were carried out in a
production line as shown in Figure 1A. A servo press with a
tonnage of 1,200 tons and a multilayer chamber furnace were
used in the stamping experiments. Figure 1B shows the aging
furnace and there is a fan in it to produce more efficient heat
convection and make the temperature distribution more uniform.
As indicated in literature (Harrison and Luckey, 2014), the SHT for
7075 typically occurs between 460–500 °C. As a result, the SHT
temperature was set as 490 °C in the stamping experiments. All of the
formed parts were held in the tools for 10 s with a pressure of 400
tons after closing the tools. Designed experiment conditions are
shown in Table 1. The BHF was controlled by the nitrogen gas
spring and the position of the blank holder is shown in Figure 2. The
full BHF was 6 tons. The standard aging (SA, 120 °C × 24 h) process
and duplex aging process (DA, 110 °C × 1 h + 180 °C × 0.5 h) were
carried out within 24 h after quenching. It took about 15 min for the
furnace to reach the heating temperature in the SA process. As for
the DA process, it took about 12min for the furnace to reach 110 °C
from room temperature and 13min to reach 180 °C from 110 °C. To
detect the forming precisions of the part before and after standard
aging, the measurements of three-dimensional geometric data were
carried out by a blue light scanner.

In order to test the mechanical properties of the formed parts,
tension test samples were cut from the formed parts (No. 3–6). The
locations and the dimensions of the tension test samples are shown
in Figures 3, 4, respectively. It should be noted that because the
shape and dimensions of some tension test samples were not
suitable for tensile testing, strengths at some locations were not
tested. Besides, elongation values at some locations were missing
because the fracture locations of these tension samples were out of
the gauge range. The drawing speed in tensile tests was 2 mm/min.

RESULTS AND DISCUSSION

Effect of Blank Holder Force on the Part’s
Formability
The formed parts (No. 1–3) are shown in Figure 5. As can be
seen, the formed part with full BHF cracked at both sidewalls of
the big end (zones in the red circle in Figure 5A) while the formed
part with half BHF only cracked at one sidewall of the big end
(zone in the red circle in Figure 5B). Besides, the size of the crack
in part with half BHF was smaller than that of the part with full
BHF. No cracks were observed in the formed part without BHF.
The results indicated that BHF in hot stamping of 7075
aluminum alloys may cause the crack and some researchers
also noticed this phenomenon (Zhou et al., 2014).
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The cracking mechanism of the formed parts is similar to the
cracking mechanism in previous experiments (Liu et al., 2018)
and the large friction force caused by BHF in this work replaced
the dry friction force in the previous study (Liu et al., 2018). It is
well known that the flow stress of 7075 aluminum alloy decreases
with the increasing temperature (Ghiotti et al., 2019). As a result,
the deformation resistance and the ability to resist tensile stress of
7075 decreased with the increasing temperature. In hot stamping,
the hot blank first contacted with the rounded corners of the
tools, resulting in the temperature of these regions dropping early
and deformation resistance increasing. However, the temperature
of the sidewall was relatively higher because of the tool clearance,
leading to lower flow stress and weaker ability to resist tensile
stress. In the subsequent hot drawing stage, with full BHF, the
material in the flange of the big end was held by large friction

force caused by BHF and the material was difficult to draw to the
sidewall. As a result, the soft material in the sidewall was
eventually stretched to cracking. With lower BHF, the material
in the flange was easy to flow to the sidewall with the assistance of
lubricants, and thus the size of the crack reduced or even there
were no cracks in the formed parts. Nevertheless, during hot
stamping, a blank holder should have been designed to avoid
wrinkling. Accordingly, a balance must be achieved to avoid

FIGURE 1 | (A) The hot stamping production line and (B) the aging furnace.

TABLE 1 | The designed experiment conditions.

Part Number SHT time BHF Aging process

1 15 Full SA
2 15 Half SA
3 15 None SA
4 20 None SA
5 15 None DA
6 10 None DA

FIGURE 2 | The position of the blank holder.

FIGURE 3 | The locations of the tension test samples in the
formed parts.

FIGURE 4 | Principle shape and dimensions of the tensile test specimen
(unit: mm).
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FIGURE 5 | Formed parts: (A) Part No. 1, with full BHF; (B) Part No. 2, with half BHF; (C) Part No. 3, no BHF.

FIGURE 6 | The forming precisions of the part (A) before and (B) after standard aging.
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wrinkling and cracking. In respect to the stamping experiments,
lower BHF could be conducive to realize the balance between
these two conflict factors.

In addition, it is promising to avoid wrinkling and cracking under
the conditions of blank holding by reducing the forming
temperature. In order to ensure the cooling rate of aluminum
alloy sheet during quenching, some cooling methods could be
used to make the blank temperature drop quickly to the forming
temperature before the part is formed in the tools, which can be
called hot stamping with pre-cooling (Zhu et al., 2019). Under this
circumstance, the flow stress of the sheet is higher due to the lower
temperature, and thus, larger BHF can be used to avoid wrinkling.
Furthermore, it might also be useful to avoid wrinkling and cracking
if the region of the part that is easily wrinkled can be formed before
other regions. These two methods need to be studied in future work.

Forming Precisions of the Part Before and
After Standard Aging
The measured three-dimensional geometric data of the B-pillar
reinforced panel were compared with the original CAD model

as shown in Figure 3. The forming precisions of the part before
and after standard aging are shown in Figure 6. The great
majority of measured points on the part are within ±1 mm of
nominal. There is a maximum error of about 3 mm in the local
regions of both ends of the part. It is clear that there are some
yellow regions near the big end, indicating that the forming
precisions in these regions are insufficient. In fact, this is due to
the absence of BHF, which leads to wrinkling. Due to the effect
of thermal deformation and residual stress releasing, the
forming precisions decrease after aging. However, the
reduction of forming precisions is not significant. Although
these geometric data respectively represent a small sample size
for the formed part, the magnitude of the deviations is
acceptable.

Effect of SHT Time on the Mechanical
Properties and Short-Time Aging
The strength and elongation of samples under different process
parameters are shown in Figure 7, and the corresponding
statistical results are shown in Table 2. The strength and

FIGURE 7 | Strength and elongation of samples under different process parameters.
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elongation of samples with a standard aging process under
different SHT times are illustrated in Figures 7A,B. As can be
seen, formed parts with higher SHT times had larger values of YS
and UTS. The elongations of samples subjected to SHT for 20 and
15 min were in a range of 10.5–13.3% and 8.6–12.9%,
respectively. The values of YS, UTS and elongation were
different at different locations in the formed parts because of
the testing errors and different cooling rates during quenching
due to the contact conditions differences between the blanks and
tools. The minimum strength of the part subjected to SHT for
20 min was about 96% of that of the as-received T6 condition and
the maximum strength was slightly greater than the as-received
T6 condition. The variations of strength mainly resulted from the
fact that the SHT temperature, cooling rate and aging process
may be different from the process parameters used in this work.

Figures 7C,D show the strength and elongation of samples
treated by the duplex aging process with different SHT times.
Similarly, formed parts subjected to SHT for 15 min had larger
values of YS andUTS than that of parts subjected to SHT for 10 min.
The elongations of samples subjected to SHT for 15 and 10min
under the duplex aging process were in a range of 10.1–13.1% and
10–12.5%, respectively. The minimum YS of formed parts subjected
to SHT for 15 min was only 87.2% of that of the as-received T6
condition and the minimum UTS was 91.6% of that of the as-
received T6 condition. In comparison, both of the minimumYS and
UTS of formed parts subjected to SHT for 10 min were lower than
90% of the YS and UTS of the as-received T6 condition.

It has been indicated that the solution is a process which was
mainly controlled by diffusion and the diffusion of the alloying
elements inside the solvent matrix consumes most of the whole
time in SHT (Mohamed et al., 2008). As a result, more alloying
elements or precipitates will dissolve into thematrix when the SHT
time is longer under the same SHT temperature. Subsequently,
more fine precipitates form after quenching and aging. Therefore,
the strength is improved when the SHT time is longer.

Aging is a process that includes nucleation and growth of the
precipitates, and the growth of the precipitates is solely controlled by
diffusion in the matrix (Du et al., 2016). Besides, there exists one or
more transition precipitating phases during the aging process of
aluminum alloys. As a consequence, dissolution of precipitated
phases also takes place during aging. Diffusion coefficient
increases with the increasing temperature, resulting in the

reduction of diffusion time at elevated temperatures. Therefore, a
relatively higher aging temperature can reduce the aging time.
However, on the other hand, the required precipitation phases or
nucleation cores dissolve if the aging temperature is too high, even
the coarse precipitates form and the strength decreases. As a result,
the aging temperature should be chosen appropriately. In order to
reduce the whole aging time, the multistage aging process may be a
good choice. The specific principle is that a relatively high density of
GP region forms at a lower temperature to provide a nucleation core
for the formation of subsequent transition phases. The transition
phase with a suitable shape and strengthening effect can be obtained
by using a higher temperature and a shorter time in the subsequent
aging process. This method not only makes use of the short-time
aging at high temperature, but also avoids the massive dissolution of
the nucleation cores.

The short-time aging experiment shows that the obtained strength
of the full-scale part can be more than 90% of that of the as-received
T6 condition under the duplex aging process of 110 °C × 1 h + 180 °C
× 0.5 h. Compared to the standard aging process, the new short-time
aging process can reduce more than 93% of the time if 90% of the T6
strength can be accepted. Besides, increasing the SHT temperature can
also increase the part’s strength after aging (Li et al., 2015). Therefore,
the strength of formed part has a promising outlook to be improved
further by increasing the SHT temperature.

CONCLUSION

(1) Large BHF in hot stamping of 7075 aluminum alloys caused
the crack. The material in the flange was hard to flow to the
sidewall due to large friction force caused by BHF, and the
material in the sidewall was easily stretched under a relatively
higher temperature because of non-uniform cooling, thus the
parts cracked. Parts with no cracks can be obtained without
BHF, but there are wrinkling on the parts. Methods to avoid
wrinkling and cracking should be studied in future works.

(2) The great majority of measured points on the part were
within ±1 mm of nominal, and there is a maximum error of
about 3 mm in the local regions of both ends of the part. The
forming precisions decrease after aging due to thermal
deformation and release of the residual stress. However,
the reduction of the forming precisions is small.

TABLE 2 | The statistical results of strength and elongation of samples under different process parameters.

Aging process SHT time (min) Category Mean values Standard deviation Minimum values Maximum values Minimum/As-received

SA 20 YS (MPa) 517.4 8.1 509 529 95.7%
UTS (MPa) 573.4 8.1 565 589 96.6%
Elongation 12.0 1.2 10.5 13.3 —

15 YS (MPa) 501.3 8.8 485 516 91.1%
UTS (MPa) 557 12.2 534 571 91.3%
Elongation 11.1% 1.9 8.6% 12.9% —

DA 15 YS (MPa) 494.9 16.6 464 507 87.2%
UTS (MPa) 553.1 9.7 536 563 91.6%
Elongation 12.0 1.1 10.1 13.1 —

10 YS (MPa) 451 32.0 420 502 78.9%
UTS (MPa) 522 21.8 497 550 85.0%
Elongation 11.1 0.9 10 12.5 —
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(3) The strength of the part can be improved by increasing the SHT
time properly, since more alloying elements or precipitates will
dissolve into the matrix when the SHT time is longer.

(4) Under the duplex aging process of 110 °C × 1 h + 180 °C ×
0.5 h, the obtained strength of the full-scale part can be more
than 90% of that of the as-received T6 condition. Compared
to the standard aging process, the new short-time aging
process can reduce more than 93% of the time if 90% of
the T6 strength can be accepted.
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