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Abstract. In this paper, local-thickened plates are adopted for aluminum alloy square cups stamping with
relatively low values of residual stresses and small radius at the bottom corner. By utilizing numerical and
experimental methods, the effects of process parameters and plate local thickening on the residual stress
distribution of hot stamped aluminum alloy square cups are studied. Furthermore, the inﬂuence of plate local
thickening on the radius of bottom corner of square cups is also investigated. The results showed that with an
increase in the forming temperature, blank holder force and die corner radius, residual stresses in hot stamped
square cups can be reduced. The same effect can be achieved by decreasing the die entrance radius. As opposed to
the ﬂat plates, using local-thickened plates can not only reduce the residual stresses values in hot stamped square
cups, but also decrease the radius at the bottom corner of square cups. When the optimized thickening scheme of
plate is used, the smaller radius at the bottom corner, the lower residual stresses in the square cups are obtained.
Keywords: Residual stress / hot stamping / process parameters / plate local thickening

1 Introduction
Owing to their beneﬁcial properties associated with
relatively low density and high speciﬁc strength, the
utilization of aluminum alloy sheets for stamping
manufacturing has shown an increased in recent years
[1,2]. Since formability of aluminum alloy sheets is not high
enough to accurately stamp parts with complex geometries
at room temperature, aluminum alloy sheets stamping is
conducted under increased temperatures [3,4], which is
commonly known as hot stamping. However, the hot
stamping of aluminum alloy sheets often results in high
residual stresses in the hot stamped components according
to the literature [5].
The residual stresses can signiﬁcantly inﬂuence
mechanical properties and dimensional stability of aluminum alloy sheet components. When these components are
used in aerospace engineering, residual stresses have shown
to reduce the fatigue strength. This effect, coupled with the
increase risk of ionic oxygen-induced corrosion cracking,
may result in early fatigue failure and consequently
* e-mail: lijinboxyxy@126.com

reduced service life of the components. Moreover, residual
stress is prone to slack and redistribution due to the
variable temperature of both high and low temperature in
cosmic space, which can negatively impact the dimensional
stability of the components. In addition, the release of
residual stresses in machining process can cause a larger
distortion of components and cause subsequent assembly
difﬁculties [6,7]. Therefore, there is an urgent need to
decrease residual stresses values in hot stamped aluminum
alloy components.
Danckert [8] have investigated the effect of die proﬁle
on the residual stresses in a deep drawn cup. The author
found that a large reduction of tangential residual stresses
values in the deep drawn cup can be achieved by using a
tractrix shaped die proﬁle. Ragab and Orban [9] showed
that ironing occur simultaneously with deep drawing can
reduce residual stresses values in deep drawn cups at least
80%. Greze et al. [10] studied the inﬂuence of temperature
on residual stresses during the deep drawing of 5754
aluminum alloys. The authors varied the forming temperature values from standard room temperature of 20–200 °C.
Their results showed that it is possible to decrease residual
stresses with an increase in the forming temperature.
Masoud et al. [11] investigated the inﬂuence of initial blank
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Fig. 1. Shape and size of the local-thickened plates and ﬂat plate used in square cup hot stamping.

thickness, punch radius and friction coefﬁcients et al. on
residual stresses in deep drawn cups with ﬁnite element
(FE) and experimental investigations. The authors found
that the minimum residual stress value in the cup wall,
speciﬁcally equaling to 26 MPa, can be obtained when
theses process parameters were optimized. Kleiner et al.
[12,13] studied the effect of ﬂuid pressure on residual
stresses during high-pressure sheet metal forming.
The authors found that the residual stresses values in
sheet metal components can be reduced by increasing the
ﬂuid pressure. Wang et al. [14] studied the effect of forming
temperature and relative bending radii on the residual
stresses of stamping-forged V-shaped parts. Their results
showed that an increase in the forming temperature and
relative bending radius led to lower residual stress values.
Xia et al. [15] studied the residual stresses in nonisothermal dies bending process of 2024 aluminum alloys.
The results indicate that the residual stress values of blanks
with room temperature can be comparable to those of the
high temperature isothermal bending by proper temperature control of the punch and the die. Li et al. [5]
demonstrated that by using local-thickened plates, a
signiﬁcant reduction of residual stress values in hot
stamped square cups can be achieved.
Square cups are commonly used as support structural
components in aerospace satellites, which are often
designed with small radius at the bottom corner. In order
to ensure the reliability of the square cups for aerospace
application, low values of residual stresses are required.
The material ﬂow during the process of square cups
stamping is quite inhomogeneous, making it easy to induce
residual stresses. Moreover, due to technological limitations of stamping forming processes, it is also difﬁcult to
meet the requirements of low radius values at the bottom
corner of square cups. Hence, a large amount of subsequent
milling of the square cups is required. According to Li et al.

[16], milling tends to often result in larger component
deformations due to the release and redistribution of the
induced residual stresses.
In order to reduce the required milling amount, localthickened plates are adopted in this study for stamping of
the aluminum alloy square cups, which have small radius at
the bottom corner and consequently low values of residual
stresses. FE analysis is performed to investigate the effect
of forming temperature, blank holder force, die entrance
radius, die corner radius and plate local thickening on the
residual stress values and their distribution in square cups
induced during hot stamping. Furthermore, the effect of
plate local thickening on the radius of bottom corner of
square cups is discussed. In order to validate the numerical
results, experimental investigations of hot stamping
processes are carried out whilst measuring values and
observing distributions of the residual stresses. Lastly,
optimized process parameters and plate thickening
schemes are obtained, which could be utilized for
production of the square cups with low values of residual
stresses and small radius at the bottom corner.

2 Finite element simulation
Numerical analysis is conducted to investigate the effects of
process parameters and plate local thickening on the
residual stress values of hot stamped square cups. Four
local-thickened plates and a single ﬂat plate used for square
cup hot stamping in this study are presented in Figure 1 [5].
The shape and the size of the local-thickened plates as well
as the ﬂat plate are shown in Figure 1.
Owing to double-symmetric boundary conditions, only
a quarter of the three-dimensional FE model of hot
stamping of square cups can be modelled. The model is
developed via ABAQUS/Explicit computer software as
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Table 1. Hot stamping parameters of square cup [5].

Fig. 2. The three-dimensional FE model of hot stamping of
square cups.

Parameters

Values

Initial plate dimensions (mm)
Die inner length  width (mm)
Die entrance radius Rd (mm)
Die corner radius Rc (mm)
Upper punch length  width (mm)
Upper punch radius Rp (mm)
Upper punch stroke (mm)
Blank holder force (kN)
Friction coefﬁcient between
plate and tools
Environment temperature (°C)
Upper punch temperature (°C)
Temperature of counter punch,
die and blank holder (°C)
Initial plate temperature (°C)

240  240
119  119
13, 15, 17, 20
10, 13, 15, 17, 20
108  108
10
60
24, 28, 32, 36, 40
0.17
25
25
150
300, 350, 400, 450

Friction and contact heat boundary conditions are
modelled at the interfaces between the tools and the plate.
During the numerical analysis, the coulomb friction model
is employed. At the same time, the friction coefﬁcients are
assumed to be constant for the duration of the analysis. The
hot stamping parameters of square cup are listed in Table 1
[5]. The non-isothermal calculations of hot stamping are
carried out via explicitly coupled temperature-displacement formulation. Following the removal of the tools and
the cooling process of the hot stamped square cup to room
temperature (taken as 25 °C), the residual stresses values in
square cup are extracted.

3 Experimental setup
3.1 Hot stamping of square cups
Fig. 3. Stress versus strain relations of 2024 aluminum alloy
(strain rate is 0.1/s).

elastic-plastic, coupled with thermo-mechanical 2024
aluminum alloy local-thickened plates, as shown in Figure 2
[5]. The tools are considered as ideally rigid but nonisothermal.
For 2024 aluminum alloy, the Poisson’s ratio is taken as
0.31, Young modulus is in the range of 72–40 GPa.
Furthermore, the speciﬁc heat, thermal expansion coefﬁcient and thermal conductivity is set as 924 J/(kg·K),
6.6e-5/K, and 190 W/(m·K) respectively. In addition, heat
transfer coefﬁcient between plate and tools as well as that
between plate and the environment is 2000 W/(m2·K) and
40 W/(m2·K), respectively. The plate is deﬁned as elasticplastic body. The interior of plate is considered as
homogeneous and isotropic. In addition, the material of
plate follows the von Mises yield criterion. The stress
versus strain relations of 2024 aluminum alloy at various
temperatures are presented in Figure 3 [5].

Figure 4 shows the schematic representation of square cup
hot stamping [5]. For hot stamping process of square cups
with local-thickened plates, upper punch radius, blank
holder force and forming temperature are 10 mm, 32 kN
and 400 °C respectively. Die entrance radius as well as die
corner radius is 15 mm. For experimental investigations
with the ﬂat plates, the upper punch radius, die entrance
radius as well as die corner radius are keep consistent with
that used in the local-thickened plates. The forming
temperatures are 300 and 450 °C, and the blank holder
forces are 24 and 40 kN respectively.
Commercially acquired 2024 aluminum alloy plate is
used as the raw materials in this study. The plate is
machined to local-thickened plates and ﬂat plates according to the schemes in Figure 1. Hot stamping experiments
are carried out on a deep drawing hydraulic press. The
maximum tonnage of the hydraulic press is 500 tons. Prior
to the hot stamping experiments, the counter punch, die as
well as blank holder are heated to 150 °C, while the upper
punch is not heated. At the start of the experiment, waterbased graphite is sprayed on the surfaces of upper punch,
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Fig. 5. A manufactured hot stamped square cup by employing
the Thickened plate 2.

Fig. 4. Schematic representation of hot stamping of square cup
with local-thickened plate.

blank holder, die, and counter punch for lubrication. The
plate is heated in a box-resistor-stove. The plate is quickly
placed on the pre-heated die and immediately stamped
after it reaches the predetermined forming temperature.
The speed of upper punch is 10 mm/s and the drawing
height of square cup is 60 mm. When using the Thickened
plate 2, the manufactured hot stamped square cup is shown
in Figure 5.

3.2 Residual stress measurement
Before analyzing the simulation results of residual stresses,
three characteristic points are selected at the bottom, the
wall and the die entrance radius of the square cup along the
symmetrical curve AD. These three points are designed as
points A, B, and C respectively. This is presented in
Figure 6. Distribution of the tangential residual stress
along the plate thickness direction at points A, B, and C is
analyzed in detail. As shown in Figure 6, the direction
indicated by the arrow deﬁned as the tangential direction.
For the numerical simulations, after the hot stamping
process is completed, the tools are ﬁrst removed, and then
the hot stamped square cup is cooled to room temperature
(taken as 25 °C). Then, the tangential stress values at nodes
along the thickness direction of the cup at points A, B, and
C are extracted.
In order to validate the numerical simulations,
tangential residual stress along the thickness direction of

Fig. 6. Locations of the points A, B and C and arrow direction.

cup at points B is actually measured. Electro-polishing is
applied to remove the thin layers of the material with great
precision. The adhesive tape is utilized for square cup
protection to ensure that only the area designed for
polishing is in contact with the electrolyte. The electropolishing is carried out using saturated ammonium chloride
solution and the optimum voltage, with current parameters
set at 20 V and 1 A. Thickness of the removed layer in each
increment of electro-polishing is 0.2 mm. Following the
layer removal, the X-ray diffraction method is applied to
determine the residual stress magnitudes at points of
interest. All the measurements are concluded with an
X-350A X-ray residual stress measuring instrument. The
parameters of residual stress measurement are consistent
with that set in the literature [5].

4 Results and discussion
4.1 Inﬂuence of forming temperature on residual
stresses
Investigations on the inﬂuence of forming temperature on
the residual stress values and distribution in hot stamped
square cups are carried out by employing the forming
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Fig. 7. Tangential residual stress distribution in the (a) cup bottom, (b) cup wall and (c) die entrance radius of square cups at various
forming temperatures, and (d) comparison of the residual stresses in the cup wall obtained from numerical simulations and
experimental measurements.

temperature of 300, 350, 400 and 450 °C. Meanwhile, the
die entrance radius and die corner radius are both equal to
15 mm, while the blank holder force is kept at 32 kN. The
tangential residual stress distribution in the cup bottom,
cup wall and die entrance radius of square cups at various
forming temperatures are shown in Figure 7. Difference
between the residual stress distributions can be observed.
The tangential residual stresses along the thickness
direction of the cup bottom are tensile in the external
layer, while compressive in the internal layer (Fig. 7a). The
tangential residual stress along the thickness direction of
the cup wall varies as compressive-tensile-compressive
from the external surface to the internal surface (Fig. 7b).
The tangential residual stress along the thickness direction
of the die entrance radius presents a tensile-compressivetensile variation from the external surface to the internal
surface (Fig. 7c).

With an increase in the forming temperatures, lower
residual stresses in the hot stamped square cups can be
observed. As shown in Figure 7a, tangential residual
stresses in the cup bottom can be reduced from +92 to
136 MPa to +58 to 70 MPa, when increasing the
forming temperature from 300 to 450 °C. For tangential
residual stresses in the cup wall, residual stress values can
be reduced from +170 to 208 MPa to +120 to 133 MPa
(Fig. 7b). Lastly, tangential residual stresses in the die
entrance radius of square cups can be reduced from +92 to
117 MPa to +21 to 76 MPa (Fig. 7c). It is a well-known
fact that as the forming temperature increases, the yield
stress values of metal materials gradually decreases.
Moreover, the value of yield stress of metal materials
during forming is the limiting value of residual stresses.
Hence, it can be concluded that the residual stresses
can be effectively reduced by increasing the forming
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Fig. 8. Tangential residual stress distribution in the (a) cup bottom, (b) cup wall and (c) die entrance radius of square cups under
various blank holder forces, and (d) comparison of the residual stresses in the cup wall obtained from numerical simulations and
experimental measurements.

temperatures [5]. In Figure 7d, comparison of the
tangential residual stresses in the cup wall obtained from
both numerical simulations and experimental measurements carried out at 300 and 450 °C is presented. It can be
observed that numerical simulation results show good
agreements with the experimental measurement data.
4.2 Inﬂuence of blank holder force on residual stresses
The inﬂuence of blank holder force on the residual stress
values and distribution in hot stamped square cups are
investigated by employing the blank holder force of 24, 28,
32, 36 and 40 kN. Meanwhile, forming temperature, die
corner radius and die entrance radius are kept constant at
400 °C, 15 and 15 mm respectively. The tangential residual
stress distribution in the cup bottom, cup wall and die
entrance radius of square cups under various blank holder
forces are shown in Figure 8.

From Figure 8, it can be observed that a larger blank
holder force reduce the values of residual stresses in the cup
bottom as well as die entrance radius of square cup.
Nevertheless, the residual stresses in the cup wall are
increasing slowly with an increase in the blank holder force.
This indicates that the residual stresses in the cup wall are
mostly unaffected by blank holder forces. As shown in
Figure 8a, tangential residual stresses in the cup bottom
can be reduced from +87 to 101 MPa to +63 to 78 MPa,
when increasing the blank holder force from 24 to 40 kN.
For tangential residual stresses in the cup wall, residual
stresses values can be reduced from +172 to 196 MPa to
+152MPa to 182 MPa (Fig. 8b). Lastly, tangential
residual stresses in the die entrance radius of square cups
can be reduced from +80 to 103 MPa to +55MPa to
73 MPa (Fig. 8c). Fig. 8d displays the comparison of the
tangential residual stresses in the cup wall between the
values obtained from numerical simulations and experi-
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mental measurements, with the blank holder force is 24 and
40 kN respectively. Numerical simulation results have
shown good correlation with the experimental data. The
residual stresses are induced as a result of inhomogeneous
localized plastic deformations during the process of hot
stamping. With an increase in strain inhomogeneous
degree, induced residual stresses are also enlarged. Figure 9
shows the simulation results of true strain gradients
between the external and the internal surface at the cup
wall under various blank holder forces. It can be observed
that a larger blank holder forces reduce the true strain
gradients between the external and the internal surfaces of
the cup wall. This indicates that by increasing the blank
holder force, strain inhomogeneous degree along the
thickness of the cup wall is lowered, which in turn results
in a decrease of residual stresses. In a similar manner, by
comparing the true strain gradients between the external
and the internal surface at the bottom and die entrance
radius of square cups, it can be noticed that with an
increase of the blank holder forces values, a decrease in true
strain gradients at the bottom and the die entrance radius
is observed, which results in lower residual stresses.
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4.3 Inﬂuence of die entrance radius on residual
stresses
Investigations on the inﬂuence of die entrance radius on the
residual stress values and distribution are carried out,
where values of 13, 15, 17 and 20 mm are chosen for die
entrance radii. Meanwhile, forming temperature, blank
holder force and die corner radius are kept constant at
400 °C, 32 kN and 15 mm respectively. The tangential
residual stress distributions in the cup bottom, cup wall
and die entrance radius of the square cups under various die
entrance radii are shown in Figure 10.
From Figure 10, it can be observed that a smaller die
entrance radius reduces the residual stresses in the cup
bottom, the cup wall and the die entrance radius of hot
stamped square cups. As shown in Figure 10a, tangential
residual stresses in the cup bottom can be reduced from
+95 MPa to
110 MPa to +55 to
60 MPa, when
decreasing the die entrance radius from 20 to 13 mm.
For tangential residual stresses in the cup wall, residual
stresses values can be reduced from +170 to 212 MPa to
+148 ∼ 190 MPa (Fig. 10b). Lastly, tangential residual
stresses in the die entrance radius of square cups can be
reduced from +74 to 110 MPa to +57 to 80 MPa
(Fig. 10c). Figure 11 shows the true strain gradients
between the external and the internal surface at the cup
wall under various die entrance radii. It can be observed
that a smaller die entrance radius reduce the true strain
gradients. This indicates that by decreasing the die
entrance radius, strain inhomogeneous degree along the
thickness of the cup wall is lowered, which in turn results in
a decrease of residual stresses. Similarly, by comparing the
true strain gradients between the external and the internal
surface at the bottom and die entrance radius of square
cups respectively under various die entrance radii, it can be
noticed that with an decrease of the die entrance radius
values, a decrease in true strain gradients at the bottom
and the die entrance radius is observed, which results in
lower residual stresses.
4.4 Inﬂuence of die corner radius on residual stresses

Fig. 9. True strain gradients between the external and the
internal surface at the cup wall of square cups under various blank
holder forces.

The inﬂuence of die corner radius on the residual stress
values and distribution are carried out, where values of

Fig. 10. Tangential residual stress distribution in the (a) cup bottom, (b) cup wall and (c) die entrance radius of square cups under
various die entrance radii.

8

J. Li et al.: Mechanics & Industry 22, 18 (2021)

10, 13, 15, 17 and 20 mm are chosen for dies corner radii.
Meanwhile, forming temperature, blank holder force and
die entrance radius are kept constant at 400 °C, 32 kN and
15 mm respectively. The tangential residual stress distribution in the cup bottom, cup wall and die entrance radius
of square cups at various die corner radii are presented in
Figure 12.
From the obtained simulation results, it can be
observed that a larger die corner radius reduces residual
stresses in the cup bottom. However, the residual stresses
in the cup wall and die entrance radius of the square cups
are found to decrease relatively slowly with an increase in
the die corner radius. Hence, it can be concluded that the
residual stresses in the cup wall, as well as die corner
radius of the square cups, are not sensitive to die corner
radius. As shown in Figure 12a, tangential residual
stresses in the cup bottom can be reduced from +86 MPa
to 125 to +52 MPa to 63 MPa, when increasing the die
corner radius from 10 to 20 mm. For tangential residual
stresses in the cup wall, residual stresses values can be
reduced from +158 to 194 MPa to +141 to 180 MPa

Fig. 11. True strain gradients between the external and the
internal surface at the cup wall of square cups under various die
entrance radii.

(Fig. 12b). Lastly, tangential residual stresses in the die
entrance radius of square cups can be reduced from +80 to
96 MPa to +62 to 81 MPa (Fig. 12c). Figure 13 shows
the true strain gradients between the external and the
internal surface at the cup wall under various die corner
radii. It can be observed that a larger die corner radius
reduce the true strain gradients. This indicates that by
increasing the die corner radius, strain inhomogeneous
degree along the thickness of the cup wall is lowered,
which in turn results in a decrease of residual stresses.
Similarly, by comparing the true strain gradients between
the external and the internal surface at the bottom and die
entrance radius of square cups, it can be noticed that with
an increase of the die corner radius values, a decrease in
true strain gradients at the bottom and the die entrance
radius is observed, which results in lower residual stresses.
4.5 Inﬂuence of plate local thickening on residual
stresses
The distributions of tangential residual stress in the cup
bottom, cup wall and die entrance radius of square cups,
which are obtained from local-thickened plates, are
compared with those obtained from ﬂat plates, as shown
in Figure 14. It can be seen that the residual stress values in
square cups are reduced signiﬁcantly when using localthickened plates instead of ﬂat plates. To further
investigate the effect of plate local thickening, the residual
stresses in square cups, which were obtained from the
Thickened plate 2, are compared with those obtained from
ﬂat plates at 400 °C. As shown in Figure 14a, tangential
residual stress in the cup bottom can be reduced from +69
to 90 MPa to +30 to 32.5 MPa, when using the
Thickened plate 2 instead of the ﬂat plat. For tangential
residual stresses in the cup wall, residual stress values can
be reduced from +158 to 190 MPa to +125 to 32 MPa
(Fig. 14b). Lastly, tangential residual stresses in the die
entrance radius of square cups can be reduced from +69 to
96 MPa to +43 to 9 MPa (Fig. 14c). Especially in the
external layer of the die entrance radius, the tangential
stress values can be reduced to approximately zero when
Thickened plate 2 is utilized. Figure 14d displays the
comparison of the tangential residual stresses in the cup
wall of Thickened plate 2, which are obtained from

Fig. 12. Tangential residual stress distribution in the (a) cup bottom, (b) cup wall and (c) die entrance radius of square cups under
various die corner radii.
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Fig. 13. True strain gradients between the external and the
internal surface at the cup wall of square cups under various die
corner radii.

numerical simulations and experimental measurement. It
is demonstrated that the ﬁnite element simulation results
show good agreements with the experimental results.
As displayed in Figure 14, the residual stress distributions in the hot stamped square cups made from Thickened
plate 1, 2, 3 and 4 are very similar. But by carefully
comparing these residual stress values, it can be realized
that ranges of the tangential residual stresses in all three
characteristic locations are smallest when using Thickened
plate 2. For example, when Thickened plate 1, 3 and 4 are
employed, the ranges of tangential residual stress values in
the cup wall are +194 to 82 MPa, +137 to 64 MPa and
+178 to 50 MPa. This range can be reduced to +125 to
32 MPa when Thickened plate 2 is used. As presented in
Figure 15, when using Thickened plate 2, true strain
gradient between the external and the internal surface of
the cup wall is smallest. This indicates that by employing
Thickened plate 2, smaller strain inhomogeneous degree
along the thickness of the cup wall is observed, which
results in lower residual stress values. In a similar manner, a
comparison can be made between the true strain gradients
between the external surface and the internal surface at the
cup bottom as well as the die entrance radius of square cup.
The results indicate that when utilizing Thickened plate 2,
lower true strain gradients are present, which consequently
causes lower residual stresses.
4.6 Shapes of bottom corners with various thickened
plates
The longitudinal section proﬁles of the bottom corners
and thickness distributions along the symmetrical curve
AD of hot stamped square cups which are obtained from
various thickened plates are shown in Figures 16 and 17
respectively. It is revealed in Figure 16 that the FE
simulation results show good agreements with the
experimental results. Although these four kinds of localthickened plates all achieve the small radius feature with
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different degrees at the bottom corner of square cups when
compared with ﬂat plates, the thickening effects of these
four local-thickened plates are signiﬁcantly different.
Especially for the Thickened plate 1, when the convex
rib faces upward, the radius of the bottom corner is
signiﬁcantly larger than that when the convex rib faces
downward. According to the thickness distributions of
square cups as shown in Figure 17, the thickness at bottom
corner is the largest when using the Thickened plate 2. It is
indicated that the Thickened plate 2 can compensate the
bottom corner of square cups with more material and is
more conducive to obtaining small radius feature at the
bottom corner. In order to accurately compare the obtained
small radius effects of the bottom corner of various
thickened plates, we deﬁne the bottom corner height as b,
width as h and area S = b  h/2 in this study. The values of
b, h and S of square cups according experimental results are
shown in Figures 18 and 19. It is shown in Figure 18 that
the values of h and b can be signiﬁcantly reduced from
nearly 18 mm of ﬂat plates to less than 10 mm when localthickened plates are used. Compared among the values of h
and b of these four thickened plates, the Thickened plate 2
obtains the minimum h of 4.4 mm and the Thickened
plate 1 obtains the maximum h of 8.5 mm. The maximum b
of 9.98 mm is obtained when the Thickened plate 4 is used.
However, the Thickened plate 3 obtains the minimum b of
5.2 mm. It is shown in Figure 19 that the values of S can be
signiﬁcantly reduced when the Thickened plate 2 is used.
Thus it is demonstrated that the Thickened plate 2 can
obtain the best thickening effect at the bottom corner.
According to above analyses, when the Thickened plate 2 is
used, the smaller radius at the bottom corner of square cups
can be obtained. Mori et al. [17] and Wang et al. [18] upset
the cup wall after stamping to reduce the bottom corner
radius of parts. However, both die structures and forming
processes are more complicated in those two studies, in
comparison with adopting local-thickened plates in this
study.
As shown in Figure 1, when the Thickened plate 1 used
for square cup hot stamping, the thickened convex rib faces
upward. During the hot stamping, the convex rib facing
upward can make the thickened metal material severely
deformed, which causes a greater volume of thickened
metal material ﬂowing to the bottom and the cup wall of
the square cup. As displayed in Figure 1, when the
Thickened plate 4 used for square cup hot stamping, the
side length of thickened convex rib is 114 mm. During the
hot stamping, a large volume of the thickened metal
material is extruded to the cup wall, leading to the
thickened metal material cannot be accumulated at the
bottom corner. When the Thickened plate 3 is used, the
side length of the thickened convex rib is 102 mm, as shown
in Figure 1. During the hot stamping, a large volume of the
thickened metal material is retained at the cup bottom at
the beginning. In the further hot stamping, only a small
volume of thickened metal material at the bottom ﬂows to
the bottom corner, leading to the thickened metal material
unaccumulated at the bottom corner. As displayed in
Figure 1, when the Thickened plate 2 is used, the side
length of the thickened convex rib equal to the upper punch
width 108 mm. At the beginning stage of hot stamping, the
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Fig. 14. The comparisons of residual stresses of thickened plates and ﬂat plates of (a) cup bottom, (b) cup wall and (c) die entrance
radius of square cups, and (d) comparison of the residual stresses in the cup wall obtained from numerical simulations and experimental
measurements.

thickened metal material is accurately supplemented at the
bottom corner. In the further hot stamping, the thickened
metal material is slightly extruded, and a smaller volume of
thickened metal material ﬂows to the bottom and the cup
wall. Therefore, a smaller radius at the bottom corner of
square cup can be obtained by using the Thickened plate 2.
In conclusion, when the Thickened plate 2 is used (i.e.
the optimized thickening scheme of plate is used), the
smaller radius at the bottom corner, the lower residual
stresses in the square cups can be obtained.

5 Conclusions
In this study, local-thickened plates were adopted to stamp
2024 aluminum alloy square cups with low values of
residual stresses and small radius at the bottom corner.

The following conclusions are made:
– The residual stress distributions in the cup bottom, cup
wall and die entrance radius of hot stamped square cups
are different when compared to each other. The
tangential residual stress in the cup bottom is tensile
in the external layer, while remaining compressive in the
internal layer. The tangential residual stress in the cup
wall varies as compressive-tensile-compressive from the
external surface to the internal surface. Lastly, the
tangential residual stress in the die entrance radius of
square cup presents a tensile-compressive-tensile variation from the external surface to the internal surface.
– According to the presented results, residual stresses in
hot stamped square cups can be decreased in one of two
ways: by either increasing the forming temperature,
blank holder force and die corner radius, or by decreasing
the die entrance radius.
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Fig. 15. True strain gradients between the external and the internal surface at the cup wall of square cups with various thickened
plates.

Fig. 16. The longitudinal section proﬁles of the bottom corners along the curve AD of hot stamped square cups with various thickened
plates.

Fig. 17. Thickness distributions of hot stamped square cups with
various thickened plates.

Fig. 18. The values of h and b with various thickened plates.
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Fig. 19. The values of S with various thickened plates.

– In the cup wall, the tangential residual stress exhibits a
little change with an increase in blank holder forces and
die corner radii. In the die entrance radius of square cup,
the tangential residual stress exhibits a little change with
an increase in die corner radii.
– As opposed to ﬂat plates, using local-thickened plates can
not only reduce the residual stresses values in hot
stamped square cups, but also decrease the radius at the
bottom corner of square cups. When the optimized
thickening scheme of plate is used, the square cup with
smaller radius at the bottom corner and lower residual
stresses can be obtained.
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