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Abstract With the enhancement in the functional integration of
components and concentration on lightweight materials, com-
plex sheet metal parts are widely used in automobile and aviation
industrial clusters. Consequently, the sheet hydroforming process
has become an attractive fabricating technology for forming
lightweight materials and complicated products. In this research,
the hydrodynamic deep drawing (HDD) process of a composite
conical box with double concave cavities was investigated
through theoretical analysis, numerical simulation, and process
experimentation. Furthermore, the process window diagram
(PWD) was calculated using the stress analytical model combin-
ing material properties with workpiece geometrical features. The
influence of cavity pressure loading locus on the forming quality
of the fabricated part and the deformation behavior of aluminum
alloy was explored. The forming results indicated that the initial
pressure, full pressure, and loading locus are the fundamental
parameters directly related to the forming quality and dimension-
al accuracy. For the conical part with composite features, the
reasonable initial pressure value is crucial for the thickness ho-
mogeneity of the double concave characteristics, whereas the
magnitude of the full pressure is vital for improving the quality
of the conical feature. In addition, the optimal loading locus of
the cavity pressure is characterized by two turning points, which
are related to the punch corner radius, die shoulder radius, blank
thickness, and angle of the conical feature.

Keywords Hydrodynamic deep drawing . Composite
features . Aluminum alloy . Pressure path . Process
window . Rupture and wrinkle

1 Introduction

Aluminum alloy parts formed by the deep drawing process
have been significantly promoted and widely used in automo-
tive and aviation industrial clusters in different forms, includ-
ing vehicle structures, fuselage construction, and lightweight
structural components, to meet the demands for structure in-
tegrity, complexity, and weight reduction of products [1–4].

In the rigid deep drawing (RDD) process, the side wall of a
conical part is subjected to tensile stress along the radial direction
and compressive stress along the circumferential direction during
the stamping procedure [5–8]. Therefore, defects including wrin-
kle and rupture are the most prevalent material instabilities in the
RDD process of conical part owing to the exorbitant internal
compressive stress and tensile stress, respectively. These phe-
nomena limit the types of parts and features that can be fabricated
via the conventional process [9]. Especially, in the formation of
conical parts, fractures and wrinkles inevitably originate on the
large, unsupported region of the side wall between the punch
shoulder and the die radius owing to the magnitude of compres-
sive circumferential stress, as shown in Fig. 1. To eliminate the
wrinkling phenomenon in metal formation, many attempts from
theoretical analysis to experimental verification have been carried
out. Wang et al. [10] derived a wrinkling criterion for sheet metal
with a normal constraint using the energymethod and effectively
predicted the onset of the wrinkling defect. The predicted results
for the formation process of a conical cup and a square cup agree
well with the experimental ones. Shafaat et al. [11] carried out a
new deflection function considering the effects of material an-
isotropy to predict the wrinkling phenomenon on the side wall
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area of the cup formed in the conical cup test. A good agreement
between experimental data and numerical predictions using the
proposed deflection function is obtained. Although the reliability
of the criteria provided a robust tool in wrinkle prediction and
tooling design, the origination mechanism of wrinkling on the
side wall of conical parts is not systemically explored.

Compared with the RDD process, the hydrodynamic deep
drawing (HDD) process takes possession of a multitude of vir-
tues, including high dimensional accuracy, desirable surface
quality, improved cold formability, less springback, and a short-
ened manufacturing cycle [21, 22]. During the forming period of
the HDD process, a cushion of pressurized viscous fluid is gen-
erated to support the noncontact region of the workpiece. With
this external support, the provided through-thickness compres-
sive stress contributes to delay the onset of tensile instabilities
and reduce the occurrence of wrinkling. Moreover, the blank is
bulged backward by the pre-bulging pressure before the punch
contacts the blank, which is an effective approach to avoid the
origination of wrinkles on the unsupported region. Therefore, the
HDDprocess has superior performance in terms of the avoidance
of the wrinkling phenomenon because of the controllable fluid
pressure. Consequently, the loading locus of cavity pressure is
the vital process parameter for the success of the HDD process.

To improve the forming quality of the fabricated part, many
control strategies for the cavity pressure loading locus in the
HDD process have been developed. Meng et al. [12] used the
HDD process to form an aluminum alloy rectangular box. The
effect of cavity pressure on thickness distributions and forming
defects was analyzed. The process window of cavity pressure
was established based on the primary stress method, and the
reasonable loading path was validated by process experiments.
They found that the proper control of cavity pressure is beneficial
for improving the drawability of aluminum alloys. Meng et al.
[13] presented an optimized design method of drawbead param-
eters to change the material flow in the HDD process. The ex-
periments were conducted with optimized parameters, and the

results indicated that the method could control inner wrinkling in
the HDD process effectively. Zhu et al. [14] investigated the
influence of preforming depth on the multistage HDD of thin-
wall cups with stepped geometries, and the sound parts were
successfully formed by adopting an optimized preforming depth
and pressure path. Shim and Yang [15] presented a simple meth-
od to deduce the optimal pressure curve for the sheet
hydroforming process. Through a comparison between the ex-
periment and investigation of initial and final pressures, the pre-
dicted pressure curve was verified to be an optimal one for the
successful formation because no defect was observed.
Abedrabbo et al. [9] analyzed the wrinkling behavior of 6111-
T4 aluminum alloy during the HDD process theoretically, nu-
merically, and experimentally. The numerical model is then used
to develop an optimal pressure profile to control the wrinkle
defect during the HDD process. In recent years, a few research
works have been conducted to study the hydroforming of conical
parts. However, an effective method to determine the pressure
path in the HDDprocess is still a challenging problem. Yaghoobi
et al. [16] built a simple theoretical model using a neural network
method for the estimation of critical pressure for hydrodynamic
deep drawing assisted by radial pressure (HDDRP) of conical
cups. The proposed model was compared with finite element
(FE) simulation and validated by experiments. They concluded
that the neural network model could be applied successfully for
the prediction of sheet thickness. Hashemi et al. [7] studied the
process window diagram of the HDD process for the fabrication
of a conical part. They found that the obtained process window
diagram (PWD) could predict an appropriate forming area and
probability of rupture or wrinkling occurrence under different
loading loci of cavity pressure. Khandeparkar and Liewald [17]
studied the ability of transferring complex features from the
punch onto the blank surface through the HDD process of con-
ical cups with complex stepped geometries. It was obtained that
high pressure at the beginning of the drawing process is
counterproductive.

From the foregoing brief literature review, it can be observed
that the process window calculation and pressure locus optimi-
zation in hydroforming simple conical parts have been sufficient-
ly studied.However, there aremany complex conical workpieces
that are characterized by conical and concave features simulta-
neously. During the HDD process of the multi-feature conical
part, the unique method for the fast acquisition of the reasonable
pressure locus and the effect of process parameters on the
forming quality of the fabricated part, however, remain unknown
and should be explored.

In this study, the HDD process of a composite conical part
with double concave features was investigated through theoreti-
cal analysis, numerical simulation, and process experiment. The
critical pressure loci for the HDD process were computed by an
analytical approach combining the geometrical calculation with
the stress model. In the end, the precision of the method was
verified by numerical simulation and process experiment, and

Fig. 1 Comparative schematic of the RDD and the HDD processes
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the effect of the loading locus of cavity pressure on the deforma-
tion behavior of aluminum alloy and the thickness distribution of
the product was also discussed.

2 Experimental procedure and numerical simulation

2.1 Part feature and material property

The shape and dimension of the conical box part are presented
in Fig. 2. It is observed that there are three conical surfaces
between the workpiece bottom and the flange. Owing to the
particularity of the fabricated part, two types of defects are
easily produced in the forming process. One is the fracture
phenomenon at the juncture area between the two concave
boxes owing to the severe material flow, and another is the
wrinkling flaw at the conical surface due to the large unsup-
ported area. Thus, it is crucial to control the process parame-
ters to satisfy the requirements of the two completely reverse
features, i.e., conical and concave surfaces.

The annealed aluminum alloy 2A12 with thickness of
1.0 mm was employed in the HDD process. The flow stress
curve and material properties of 2A12 are presented in Fig. 3
and Table 1, respectively.

2.2 Experimental details

The HDD experiment was conducted on a special HDD
equipment with the capacity of 5500 kN. The fluid pressure
in the die cavity is controlled by a proportional pressure valve,
and the maximum pressure can reach 100 MPa. The die sets
are represented in Fig. 4.

To form the double concave features, the pre-bulging pressure
is applied on the blank, and a backward bulging is produced to
control the materials to flow toward the concave cavities.
Subsequently, the blank is drawn into the die cavity with the
movement of the punch. Meanwhile, the cavity pressure is ad-
justed by the relief valve to press the sheet onto the punch surface
and avoid the defects of rupturing and wrinkling.

2.3 Numerical simulation

Numerical simulation is widely employed in the sheet metal
forming process and is especially suitable for predicting the
deformation process and failure modes such as wrinkling and
rupture of workpieces, which can considerably reduce the
time consumption and inexact and costly die tryouts.

In this research, the FE simulation is conducted on a
Dynaform 5.8.1 with the LS-Dyna solver. The input models
including die, blank, blank holder, and punch were constructed
in the preprocessor, and the adaptive meshing is utilized for
blank. The punch, the blank holder, and the die were modeled
as rigid objects without elastic deformation. The blank was
modeled using the four-node Belytschko-Lin-Tsay element.
The three-parameter Barlat yield criterion was employed as a
material model because it incorporates the effects of both normal
and planar anisotropy in the yielding behavior of the material.
The frictional effect was considered by using the Coulomb law.
The friction coefficient between the die tooling and the blank is
set to be 0.12.

Fig. 2 The conical box with double concave features

Fig. 3 The flow stress of 2A12 aluminum alloy

Table 1 Material properties of 2A12 aluminum alloy

Parameters Rolling direction

0° 45° 90°

Yielding stress, σs (MPa) 80.09 79.79 81.20

Ultimate tensile stress, σb (MPa) 174.09 173.48 186.26

Anisotropy factor, r 0.50 0.78 0.72

Strain hardening exponent, n 0.16 0.17 0.17

Young’s modulus, E (GPa) 53.60 56.43 59.72

Poisson ratio, μ 0.33 0.35 0.27

Hardening coefficient, K (MPa) 276.22 276.96 295.93

Uniform elongation, δU (%) 15.11 16.84 16.41

Fracture elongation, δF (%) 15.44 17.15 16.72
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3 Theoretical analyses of critical pressure

Considering the symmetry of the parts, one quarter of the work-
piece is selected as the analysis model. Several assumptions for
calculating the critical pressure are put forward as follows:

1. The volume of the workpiece is constant throughout the
whole process.

2. The material follows Swift’s power-hardening law, and
the equivalent stress is expressed as:

σ ¼ K εþ ε0
� �n

ð1Þ

where ε, K, and n are the equivalent strain, strain hardening
coefficient, and strain hardening exponent of the material,
respectively.

3. The blank anisotropy can be depicted by the mean anisot-

ropy coefficient (R ), as shown in Eq. (2):

R ¼ R0- þ 2R45- þ R90-

4
ð2Þ

where R0°, R45°, and R90° are the anisotropic constants.

4. The rectangular corner blank can be transferred into one quar-
ter of a circle with the same area as shown in Fig. 5. The
equivalent radius of the rectangular corner blank is given by
[23]:

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCL � LCS

π

r
ð3Þ

where LCL and LCS are the length and width of the rectangular

corner blank, respectively.

3.1 Stress state analysis

As depicted in Fig. 5, the workpiece in the corner area is divided
into three regions according to the deformed shape including the
corner flange area between the blank holder and the die (zone 1),
the curved region in contact with the pressurized fluid (zone 2),
and the area tightly compressed onto the surface of the punch
because of the high pressure (zone 3) [18–20].

In this research, the HDD process of the conical box is
analyzed using the Barlat-Lian yield criterion because it incor-
porates the effect of both normal and planar anisotropy in the
yielding behavior of 2A12 aluminum alloy and is defined by
the following relation:

f ¼
���K1 þ K2

���m þ
���K1−K2

���m þ u
2−u

�����2K2

���m ¼ u
2−u

σ
m

ð4Þ

where K1 and K2 are the coefficients of the Barlat yield crite-
rion, m is the Barlat exponent relevant to the crystal structure
of the material, and u is the parameter of material anisotropy,
which can be calculated according to the anisotropy factor.

In Fig. 6, for an axisymmetric radial element in the flange
area, the transformation of the thickness of the corner flange is
assumed to be neglected. Considering the radial and tangential
directions as principal directions in this element, the

Fig. 4 The experimental setup for the HDD process

Fig. 5 Stress analysis model in the HDD process

Fig. 6 Stress state of the axisymmetric element in zone 1
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equilibrium equation for the flange area of the radial direction
is:
tdσr

dr
þ t

r
σr−σθð Þ þ μp rð Þ ¼ 0 ð5Þ

where σr and σθ are the radial stress and circumferential stress,
respectively. r is the radius of material point, t is the material
thickness, μ is the friction coefficient between the blank and
the blank holder, and p(r) is the fluid pressure under the flange
along the vertical direction. It is assumed that the fluid pres-
sure linearly decreases with increasing value of r in the flange
area, which can be achieved as:

p rð Þ ¼ pc b−rð Þ
b−d

ð6Þ

where pc is the value of cavity pressure, and d is the sum of
punch radius, die radius, and the clearance between the punch
and die radii.

According to the plane strain assumption and the definition
of equivalent stress, the following equation can be obtained:

σr−σθ ¼ 2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p K
2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p εr þ ε0

� �n

ð7Þ

where c ¼ 2R
1þR

.

Substituting Eq. (7) into Eq. (5) and integrating, the radial
stress of the workpiece at zone 1 is:

σr 1ð Þ rð Þ ¼ 2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p K
Z b

r

1

r
2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p ln
r0 1ð Þ
r 1ð Þ

� �
þ ε0

� 	n
dr

þ μpc b−rð Þ2
2t b−dð Þ

ð8Þ

where r(1) is the current radius in zone 1, and r0(1) is the initial
radius of a supposed point in the flange region that moved to
the current point with radius r(1).

The stress state of zone 2 is similar to that of the flange area,
but there is no friction force in this region because the work-
piece is completely separated from the die. The equilibrium
equation in the normal direction of the workpiece as shown in
Fig. 7 is:

tdσr

dr
þ t

r
σr−σθð Þ ¼ 0 ð9Þ

With regard to the boundary condition, the radial stress in
zone 2 is obtained as follows:

σr 2ð Þ rð Þ ¼ 2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p K
Z R2þtþρcosα

r

1

r
2ffiffiffiffiffiffiffiffiffiffiffi
2þ c

p ln
r0 2ð Þ
r 2ð Þ

� �
þ ε0

� 	2
dr

þ σr 1ð Þ r ¼ R2 þ t þ ρcosαð Þ

ð10Þ

R2 ¼ R1 þ h− ρþ rp

 �

1−sinαð Þ� 
tanα ð11Þ

where r(2) is the current radius in zone 2, r0(2) is the initial radius
of the point in zone 2 that moves to the current point with radius
r(2), and h and ρ are the height and sheet curvature of the current
workpiece, respectively. In addition, R1 is the radius of the punch
in the punch shoulder area, and R2 is the radius of the punch at
the intersection point between zone 2 and zone 3.

If the cavity pressure can lift the sheet to separate
from the die radius, the stress in zone 3 is:

σr 3ð Þ rð Þ ¼ −
μpc r−ρð Þ
t⋅cosα

þ σr 2ð Þ R2ð Þ ð12Þ

It is observed that there is hardly any friction between the
punch and the blank in zone 3 when the cavity pressure is
quite low, and the radial tensile stress reaches the maximum
value at the punch shoulder region. Conversely, when the
cavity pressure is high enough, the beneficial friction is gen-
erated between the punch and the blank because the oil is
pressed out under the blank flange, and the dangerous section
will transfer to the area around the die radius, i.e., zone 2.

3.2 Critical rupture cavity pressure

The maximum tensile stress of the unsupported area
should not exceed the tensile strength of the used ma-
terial, which is the principle to calculate the upper limit
of the cavity pressure loading locus. The balance equa-
tion in the forming process and the force (F) exerted on
the sheet are calculated by:

π
4
pc R2 þ ρ⋅cosαð Þ2− R2 þ t⋅cosαð Þ2
h i

¼ 2

4
πR2tσr 2ð Þ R2ð Þ ð13Þ

F ¼ π
2
tR2σr þ π

4
μpc⋅ R1 þ R2ð Þ⋅ ρþ rp


 �
1−sinαð Þ�  ð14Þ

where σr ¼ 2ffiffiffiffiffiffiffi
4−c2

p σ. The necking condition occurs around the

punch corner, and the forming force curve experiences the

Fig. 7 Stress state of axisymmetric element in zone 2
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maximum point (dF = 0). Taking the derivative of Eq. (14), the
following equation can be obtained:

dσ

dε
¼

ffiffiffiffiffiffiffiffiffiffi
4−c2

p

2
σ ð15Þ

According to Swift’s power-hardening law, the critical ef-
fective strain is obtained by:

εcr ¼ 2nffiffiffiffiffiffiffiffiffiffi
4−c2

p −ε0 ð16Þ

With the plane strain condition, substituting Eq. (16) and
h= (ρ+ rp)(1− sinα) into Eq. (13), the critical stress is obtain-
ed as follows:

σcr ¼ 2Fc

πtR2
¼ K

2nffiffiffiffiffiffiffiffiffiffi
4−c2

p
� �n

ð17Þ

When the cavity pressure is exceedingly higher, the frac-
ture generally appears around the die radius area. Therefore,
the critical rupture occurs with:

σcr ¼ σr 2ð Þ R2ð Þ ð18Þ

The blank is separated from the die corner under the effect
of cavity pressure to reduce the friction between the blank and
the die. The fluid pressure in the flange area is zero when the
workpiece is exactly separated from the die radius. According
to the geometric critical condition (ρ= rd) and equilibrium
equation, i.e., Eq. (13), the lower critical cavity pressure can
be presented as Eq. (19):

pl ¼
2tR2⋅σr 2ð Þ R2ð Þ

rd−tð Þ⋅cosα 2R2 þ rd þ tð Þ⋅cosα½ �
����
p rð Þ¼0

ð19Þ

In Eq. (19), rd is the die radius. The flowchart of the calcu-
lation procedure for the critical loading loci is represented in
Fig. 8. All calculations were processed utilizing Newton’s
method in the MATLAB numerical computing language.
The initial values of h0 and ρ0 are set as 0 and rd, respectively.
Furthermore, the values ofΔh andΔρ are specified to be 0.05
and 0.1 mm, respectively.

4 Results and discussion

The lower critical pressure and the upper critical pressure
can be calculated via the analytical model together with the

material properties and the geometrical dimensions of the
final shape. Figure 9a depicts the PWD in the formation of
the conical part using the HDD process based on the ana-
lytical model. The relationship between the reasonable cav-
ity pressure and the punch stroke during the HDD process is
a significant challenge. On the one hand, the material will
bend to the radius of curvature of the punch much faster
than the allowed ductility of the material when the pressure
is higher than the upper critical pressure curve, which will
lead to the rupture of the workpiece around the die shoulder.
On the other hand, the material flow resistance is increased
and the sheet is unable to be entirely separated from the die
radius if the cavity pressure is smaller than the lower critical
pressure. In turn, the sharp thinning around the punch radius is
grown, which also results in the rupture of the part.
Consequently, the safe area between the upper and lower crit-
ical profiles can provide reasonable cavity pressure versus
punch stroke locus to ensure a flawless part. The objective
part takes possession of conical and concave features. It is
much more difficult to optimize the loading locus of cavity
pressure to meet the requirements of these two features.

Fig. 8 The calculation procedure for the critical loading loci of the cavity
pressure
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4.1 Validation of FE model

A new type of cavity pressure loading locus was put forward
as shown in Fig. 9a with initial cavity pressure pi = 4.5 MPa
andmaximum cavity pressure pmax = 9MPa. Furthermore, the
corresponding numerical simulation and experimental test
were carried out. As shown in Fig. 9a, two types of tearing
defects easily appear during the HDD process. One occurs
around the punch corner due to the insufficient of initial cavity
pressure, while another turns up around the die entrance ow-
ing to the excessive cavity pressure. To verify the accuracy of
the FE model, a comparative study on the wall thickness dis-
tribution of the workpiece formed with the proposed loading
locus between the numerical results and experimental ones
was conducted, as depicted in Fig. 9b. In the figure, the wall
thickness distribution of the fabricated part was measured
along the direction containing both conical and concave fea-
tures. It is found that the two results are in excellent agree-
ment. Meanwhile, the results of the experiment and numerical
simulation demonstrate the effectiveness of the process anal-
ysis and PWD in the HDD process.

4.2 Parametric analysis

The HDD process is mainly determined by the loading locus
of cavity pressure, which is characterized by the initial pres-
sure, the maximum pressure, and the pressure profile.
Insufficient initial pressure cannot cleave the blank from the
die orifice, and the rupture defect easily appears at the punch
shoulder. However, an exceedingly high initial pressure leads
to the bulge formation and fracture defect on the unsupported
blank between the punch and the blank holder, whereas insuf-
ficient cavity pressure leads to rupture defect around the punch
shoulder. However, excessive cavity pressure may cause the
leakage of fluid between the die and the blank, which prevents
the materials from flowing into the die cavity and results in
severe thinning of wall thickness around the die entrance area.

4.2.1 Effect of initial cavity pressure

The blank cannot be lifted up from die surface as the punch
penetrates into the die cavity with a low initial pressure and
thus causes the process instability. The minimum required

Fig. 9 The validation of FE simulation: a PWD of the HDD process and b wall thickness distribution of FE simulation and experiment

Fig. 10 Effect of pi on the wall thickness: a loading loci with different pi and b tmax, tmin, and σtd distributions
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initial pressure becomes pi≥
4deqtσsffiffi

3
p

D2
eq−d

2
eqð Þ, where deq is the

equivalent diameter of the blank, Deq is the equivalent diam-
eter of blank contact region to the punch at initial stage, σs is
the tensile yield stress, and β is the correction factor to com-
pensate forming difficulty due to shape of cross section [15].

To investigate the influence of initial pressure (pi) on the
HDD process, several cavity pressure loading loci with

diverse initial pressures were proposed, as shown in
Fig. 10a. The simulation results of the maximum wall thick-
ness (tmax), the minimum wall thickness (tmin), and the stan-
dard deviation of wall thickness (σtd) are illustrated in

Fig. 10b. σtd is defined as σtd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
ti−tð Þ

s
2=N , where N is

the number of nodes in the simulation results, ti is the

Fig. 11 Effect of pmax on wall thickness: a loading loci with different pmax and b maximum reducing rate of wall thickness

Fig. 12 Cavity pressure loading loci with different profiles: a locus A, b locus B, c locus C, and d locus D
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thickness of node, and t is the mean value of the thickness. It is
indicated that the values of tmax at various initial pressures are
similar. Meanwhile, tmin increases with increasing pi until it
reaches a peak value of 4.5 MPa and follows a downward
trend between 4.5 and 9.5 MPa. Because of the inapposite
initial cavity pressure, the thickness decreased by 28 and
29.5 % when the initial cavity pressures are 0 and 7.5 MPa,
respectively. It can be observed in Fig. 10b that a severe thin-
ning phenomenon appears around the punch corner or the die
entrance when the initial cavity pressure is too low or two
high, which agrees well with the calculated PWD.

The wall thickness evenness is intuitively reflected by σtd
because of the standard deviation; this is an index that is used
to quantify the amount of data values. The trend in the change
of σtd is opposite to that of tmin, and σtd reaches the valley
value at 4.5 MPa. It is concluded that excessively high or
low pressure is not conducive to the uniformity of wall thick-
ness. Therefore, a reasonable initial pressure obtained by the
numerical result is approximately 4.5 MPa.

In the preliminary stage of the HDD process, the blank is not
fully covered by the punch. If the initial pressure is too low, the

friction retention and fluid lubrication effect cannot act in the
HDD process, and the thickness will become significantly thin-
ner. However, excessive initial pressure may lead to severe thin-
ning of the workpiece because the blank will be bulged into the
punch with a large size under high cavity pressure.

4.2.2 Effect of maximum cavity pressure

With the determined initial pressure and the assumption of
pressure path for which the pressure is proportional to the
punch penetration travel, numerical simulations were carried
out for some trial final pressure values. Several cavity pressure
loading loci with the same initial pressure (4.5 MPa) and the
different maximum pressures varying from 5.5 to 10.5 MPa
were proposed to investigate the effect of the maximum cavity
pressure on the HDD formability, as shown in Fig. 11a.
Meanwhile, the maximum reducing ratios of wall thickness
of each loading locus are illustrated in Fig. 11b.

As the maximum cavity pressure increases from 5.5 to
9.5 MPa, the maximum reducing ratio of the wall thickness
decreases from 22.8 to 15.4 %. Therefore, the reducing ratio
of the workpiece wall thickness is reduced by increasing the
maximum cavity pressure within a proper range from 5.5 to
9.5 MPa. This is because high pressure can promote the oc-
currence of beneficial friction between the workpiece material
and the punch nose. Meanwhile, the radial tensile stress in the
workpiece is restrained, and the deducting ratio is reduced.
Owing to the occurrence of adverse friction, excessive pres-
sure may cause a higher reduction of thickness or even lead to
ruptures turning up around the die entrance. Consequently, the
optimal value of the maximum cavity pressure is 9.5 MPa for
the conical part.

4.2.3 Effect of locus profile

To investigate the effect of the locus profile on the forming qual-
ity of the fabricated part in the HDD process, several cavity
pressure loading loci with the same maximum pressure (except

Fig. 13 FLC with different profiles of loading loci

Fig. 14 Effect of ptp1 on wall thickness: a loading loci with different htp1 and b FLD with different htp1
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locus A) and different locus profiles were proposed, as shown in
Fig. 12. To evaluate the different locus profiles of cavity pressure,
the forming limit curve (FLC) is used. Owing to the forming
defects that easily appear around the selected area in Fig. 13,
the major and minor true strains in the corresponding areas of
different profiles are mapped in Fig. 13.

It is obtained that some measuring points of loci A and B are
very close to the FLC. Although there is no obvious fracture
defect in the numerical simulation result, serious necking was
observed in the unsupported area between the punch and the
die. This indicates that the excessive or insufficient initial pres-
sures increase the risks of rupture in the unsupported region and
punch corner. Locus C is a typical loading locus of cavity pres-
sure for the HDD process of the axisymmetric cup-shape part [6,
16]. However, it is observed that measuring points of locus C are
slightly closer to the necking line compared with those using
locus D. This phenomenon is mainly because the pre-bulging
process has a significant impact on the forming quality of the
fabricated part. For the proposed loading locus D, the double
concave features are preformed to contact the punch with the
effect of cavity pressure before the punch reaches the sheet.
Thus, the beneficial friction between the punch and the blank
increases, and the trend of fracture around the punch corner de-
creases because of the pre-bulging effect. In this case, a part of
the concave feature of the workpiece is generated before the

punch moves, and the inward flow of the material is also bene-
ficial to further deformation.

It is observed that there are two turning points M and N in
loading locus D as shown in Fig. 12d. To investigate the effect
of turning points on the material formability in the HDD pro-
cess, several loading loci of cavity pressures with different
turning points are proposed as depicted in Figs. 14 and 15.
The punch strokes corresponding to the first turning point M
and the second turning point N are denoted as htp1 and htp2,
respectively. As represented in Fig. 14b, the simulative results
show that tmin increases with increasing htp1 from 2 to 4 mm
and decreases when htp1 exceeds 4 mm. It is observed that the
optimal value of htp1 is 4 mm, which satisfies the following
equation:

htp1 ¼ rp⋅ 1−cosαð Þ þ t ð20Þ

When htp1 < [rp ⋅ (1− cosα) + t], the punch corner has not
been fully formed before the increase in the cavity pressure,
which leads to the local thinning around the punch corner.
Conversely, if htp1 > [rp ⋅ (1− cosα) + t], the friction increases,
and the fluid lubrication effect cannot act on the workpiece.

Regarding the second turning point N, the optimal value
satisfies the following equation:

Fig. 15 Effect of htp2 on wall thickness: a loading loci with different htp2 and b tmax, tmin, and σtd distributions

Fig. 16 a, b Parts formed by the
HDD process with optimal
loading locus
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htp2 ¼ rd þ rp⋅ 1−cosαð Þ þ t ð21Þ

As shown in Fig. 15b, when htp2< [rd+ rp ⋅ (1− cosα)+ t], the
conical wall of the workpiece has not been formed. Therefore,
there is no beneficial friction between the punch and the blank to
support the materials drawing into the die, which results in ex-
cessive thinning of the materials in the unsupported area.
Conversely, if htp2> [rd+ rp ⋅ (1− cosα) + t], the blank cannot
be separated from the die corner with the effect of cavity pressure
in the early stage of deformation of the conicalwall, which results
in severe thinning of the materials in the die corner area.

Based on the proposed numerical simulation, the optimal
loading locus of cavity pressure characterized by an initial pres-
sure of 4.5 MPa, a maximum pressure of 9.5 MPa, and two
optimal turning points was obtained. After obtaining the opti-
mized pressure profile, the validity of the process parameters is
tested by the HDD process experiment. The formed part without
wrinkling and rupture is depicted in Fig. 16b, which was
partitioned along the diagonal line illustrated in Fig. 16a.
The thickness distributions of the experimental part and the
numerical result are shown in Fig. 17, and it is observed that
the results of the process experiment agree well with the
simulative ones.

5 Conclusions

In this research, the effect of the loading locus on aluminum
alloy deformation was investigated utilizing the HDD process
of a conical box with double concave features. The critical
pressure and PWD were proposed via a stress analytical mod-
el. Furthermore, the accuracy of the PWD was verified by the
numerical simulation and experimental process. The effect of
the die cavity pressure loading locus on the forming quality of

the product was explored, and the measures to promote the
sheet formability were also discussed. The conclusions have
been drawn as follows:

1. The theoretical analysis approach of the aluminum alloy
complex conical part in the HDD process is established by
the combination of geometrical calculation and the stress
model. The lower and upper critical pressures are closely
related to material properties and part geometrical features.

2. A reasonable initial pressure is crucial for the thickness ho-
mogeneity of the double concave features of the conical part.
The minimum wall thickness and the evenness of the wall
thickness increase with increasing initial pressure within the
range from 2.5 to 4.5 MPa. Excessive or insufficient initial
pressure is not conducive to the reduction of wall thickness
thinning and the uniformity of wall thickness.

3. The value of the maximum pressure is vital for improving
the quality of the conical feature. The reduction ratio of the
workpiece wall thickness is reduced, and the thickness even-
ness improved by increasing the maximum cavity pressure
within a proper range from 5.5 to 9.5 MPa.

4. The optimized loading locus of cavity pressure is mainly de-
termined by two turning points. The optimal values of the two
turning points are [rp ⋅ (1− cosα) + t] and [rd + rp ⋅ (1
− cosα)+ t], respectively.
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