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Abstract
A newly proposed method for the manufacturing of complex aluminum alloy automobile body panels is the rigid-flexible
coupling forming process. The principle of this method is introduced and the key process parameters such as the hydraulic
pressure loading path and rigid-flexible effect, blank holder force (BHF), and the draw bead setting are investigated by using
numerical simulation and experiment. The relationship between the local rounded corner feature and the hydraulic pressure is
theoretically analyzed specifically for the aluminum alloy inner panel of automobile engine hood. Meanwhile, the formability of
this part is also surveyed in different parameters of the rigid-flexible coupling process. Finally, the applicability of the proposed
method is validated by the results of experiments. The research exhibited that the rigid-flexible coupling forming process can be
well used for manufacturing this kind of complex multi-feature sheet parts.
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1 Introduction

With the rapid development of society and the constant prog-
ress of technology, the sustainable development has increas-
ingly become one of the areas of interest. More and more
people are paying attention to the limited resources and
ever-increasing environmental pollution which bring serious
damage to the health of human beings [1]. In the automobile
manufacturing field, always the techniques of lightweight
forming are utilized as the effective approaches to solve these
problems. Adopting the lightweight materials to substitute the
traditional steel materials such as aluminum alloy, magnesium
alloy, and composite materials is essential to reach the purpose
of weight loss. Meanwhile, the application of green flexible
forming technique can solve the hard precision forming and
poor surface quality problems of lightweight alloy materials
effectively [2–4].

Nowadays, the chosen materials for the automobile body
panel are mainly 5xxx and 6xxx aluminum alloy series. Even
though these kinds of materials have the advantages of high
strength and better performance, the problems of low elonga-
tion at room temperature, poor plastic deformability, and severe
spring back make the conventional stamping process difficult
to meet the requirements of production. Furthermore, the rigid
stamping is prone to cause scratch at the surface of the alumi-
num sheet and easily produce defects in the impact line and slip
line, which are hard to meet the demands of high accuracy in
the automobile panel surface [5, 6]. In order to deal with the
manufacturing difficulties of the aluminum body panel, some
advanced forming processes continuously appear, such as hot
stamping, superplastic forming, viscous medium pressure
forming, and so on. These technologies are effectively used to
form aluminum alloy materials. However, due to the cost and
the efficiency, it is difficult to realize the mass production of
panel parts [7–9]. In fact, the hydroforming technology uses the
fluid to assist forming. During the forming process, the blank is
tightly pressed on the punch and the beneficial friction is built
under the hydraulic pressure, avoiding the excessive thinning or
even fracture at the deformation danger zone (around the small
rounded corner). Meanwhile, the fluid spills on to the area
between the lower surface of the blank and the upper surface
of the die to make the fluid lubrication. Therefore, the friction
force between the aluminum alloymaterial and the rigid tools is

* Lihui Lang
langlh425@163.com

1 School of Mechanical Engineering and Automation, Beihang
University, No. 37 Xueyuan Road, Beijing 100191, China

2 Department of Materials and Production, Aalborg University,
Fibigerstraede16, Aalborg DK-9220, Denmark

The International Journal of Advanced Manufacturing Technology (2018) 95:3905–3918
https://doi.org/10.1007/s00170-017-1494-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-1494-4&domain=pdf
mailto:langlh425@163.com


reduced, which is beneficial for the material to flow into the die
cavity. The hydroforming process can be used widely for

the precision forming of large aluminum alloy panel
parts without heating in automobile industries, the

Fig. 2 Overall dimensions and
key local features of the part

(a) Schematic diagram of process principle

(b) Schematic diagram of hydroforming stage (c) Schematic diagram of rigid-flexible coupling stage

Fig. 1 Schematic diagram of the proposed forming process. a Schematic diagram of process principle. b Schematic diagram of hydroforming stage. c
Schematic diagram of rigid-flexible coupling stage
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production efficiency and the surface quality of the
forming parts are superior [10–12].

There are a few research reports about the production of
automobile aluminum alloy panel part adopting the
hydroforming technology. The American General Motors
(GM) [13] has developed mass production of car-Corvette
Z06 using the aluminum alloy hydroforming. Schuler
Company [14] employed pre-bulging hydro-mechanical deep
drawing technology to form the aluminum alloy roof panel
with the size of 2200mm× 1600mm× 200mm and the thick-
ness of 1.0 mm. The results demonstrated that the pre-bulging
can increase the denting-resistance of the part (about 7%) and
the thinning ratio of the center point (from 2 to 5%). The
external surface quality of the part is grade 2, which is superior
to that of the common stamping. Amino North America
Company [15] utilized the hydro-mechanical deep drawing
technique to develop the aluminum alloy automobile body
panel parts such as the inner and outer panel of the engine
hood, the door panel, and the front fender. Palumbo [16] in-
vestigated the possibility of manufacturing a small-sized car
door panel using the sheet hydroforming process and rapid
tooling technique. The proposed approach was proved to be
effective in rapidly manufacturing prototypes and thus in
shortening the product design process. Liu et al. [17] studied
on the hydro-mechanical deep drawing and the variable blank
holder force technologies of the AA6009 outer panel of the
door. The matching relationship between the hydraulic pres-
sure loading path and the blank holder force was optimized,

and the specimen was obtained with a high forming precision
and a uniform wall thickness distribution.

A lot of researches have shown that the hydroforming tech-
nology is difficult to accurately form the small rounded corner/
small-feature of the part, resulting in the high hydraulic pressure,
equipment tonnage, and cost. Based on this fact, the rigid-
flexible coupling forming process is proposed in this paper,
combing the hydroforming and rigid forming in a single stage
and having both forming advantages. It provides a new way for
hydroforming the sheet metal parts with small-features and
multi-features and broadens the complexity and functional re-
quirement of the parts formed by hydroforming.Meanwhile, the
principle and key process parameters of this process are ana-
lyzed, which will offer the academic and theoretical foundation
for the further research and application of the new process.

In this paper, the relationship between the local rounded
corner feature and the hydraulic pressure is theoretically ana-
lyzed specifically for the aluminum alloy inner panel of auto-
mobile engine hood. The formability of this part is surveyed in
different parameters of the rigid-flexible coupling process.
Meanwhile, the applicability of the proposed process is vali-
dated by the results of experiments.

2 Rigid-flexible coupling forming process

The rigid-flexible coupling forming process is a new derivative
technique combing the hydroforming and rigid forming in a
single stage, having both forming advantages. The process con-
tains the rapid rehydration and then the sheet blank is put on the
surface of the liquid chamber flange and clamped by descend-
ing the blank holder. Then, the punch goes down and the blank
is touched. It continues to go down at a certain speed, and at the
same time the chamber is filling to pressurize. The blank is
pushed into the liquid chamber and generate elastic-plastic de-
formation under the synthetic effect of the punch and hydraulic
pressure. The most of the features are formed, but the small
local features and super small rounded corners are only formed
partly in the process of going down. The precision shaping is
realized between the punch and local rigid insert block, which
is set up in the bottom of the liquid chamber, when they go
down to a certain depth. The features that cannot be formed in
the usual hydroforming stage are further formed and the rigid-
flexible coupling process is achieved. The schematic diagram
of forming process is showed in Fig. 1.

Table 1 Mechanical properties of
5182-O sheet metal Angle with rolling

direction
Yield strength
(MPa)

Tensile strength
(MPa)

Strain
hardening

Anisotropy
coefficient

0° 119 271 0.34 0.73

45° 118 266 0.34 0.65

90° 116 264 0.34 0.60

Fig. 3 The 50,000 kN sheet hydroforming equipment
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After finishing the first installation, the tools used in the
process can meet all the process requirements of forming and
shaping, guaranteeing the whole required precision of the
product. In addition, the use of local rigid mold can greatly
reduce the needed equipment tonnage of hydroforming. And
the mold debugging time is decreased and the production
efficiency is increased. The local rigid mold can use in the
form of insert block, which can be replaced at any time, in-
creasing the flexibility of the mold. Meanwhile, this makes it
easy to repair the mold for subsequent process, increasing the
efficiency of repairing mold. The combined forming process
has better forming result and quality for the hard-forming
lightweight alloy materials and the complex components with
a variety of small-feature sizes, such as the automobile inner
panels. It would also broaden the complexity and functional
requirement of the parts formed by hydroforming.

3 Experimental and numerical simulation
condition

3.1 Part and used material

In this paper, the complex inner panel of the engine hood is
developed by using rigid-flexible coupling forming process.
Its overall dimensions and the key local features are shown in
Fig. 2. The size is 1378.41 mm × 481.71 mm × 81.05 mm.
The model characteristics are as follows: large overall size, a

lot of local small features, and complex shapes including the
minimum rounded corner radius of 2.0 mm. The figure shows
four key local feature positions as the remained position of the
rigid-flexible coupling die. The aluminum alloy 5182-O with
the thickness of 1.0 mm was used and its mechanical proper-
ties obtained through uniaxial tensile test are shown in
Table 1. As seen in the table, compared with the ordinary
deep-drawing steel sheet, the formability of the aluminum
alloy sheet is poor, which will bring the great difficulty for
the manufacturing.

3.2 Test equipment and tooling

The 50,000 kN sheet hydroforming equipment is shown in
Fig. 3. The equipment mainly consists of the host system,
the high-pressure source system, the quick mold-change
mechanism, and the integrated control system. The maximum
hydraulic pressure can reach 60MPa with control precision of
± 0.5 MPa. The nominal pressures of the main cylinder and
blank holder cylinder are 35,000 and 15,000 kN, respectively.
The size of the working table is 4500 mm × 3000 mm.
Meanwhile, the equipment has independent electrical control
box and bench board, which employ PLC controlling and can
achieve centralized operation of all functional buttons. The
tools and the form of the curved surface used for the blank
holder surface are shown in Fig. 4. Under the hydraulic pres-
sure, the blank deforms firstly to fit the punch, so the punch
retains the whole features of the part entirely. The die consists

(a) The punch (b) Local rigid insert block (die)

Fig. 4 The tools. a The punch. b
Local rigid insert block (die)

Fig. 5 Finite element model
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of the liquid chamber and local rigid insert block, achieving
the rigid-flexible coupling forming eventually.

3.3 Numerical simulation condition

The commercial finite element software eta/Dynaform 5.8.1
was used for the numerical simulation of the rigid-flexible
coupling forming process for the inner panel of the engine
hood. The finite element model is shown in Fig. 5. The blank
was discrete using the B-T shell element, and the tools were
modeled using the rigid shell element. In order to describe the
features of small rounded corners accurately, there should be
at least 4 units on each corner, so the maximum mesh size is
set to 10.0 mm and the minimum one is 0.1 mm with the
calculation process of mesh refinement. Because of the fric-
tion conservation effect in the hydroforming, the friction co-
efficient of 0.17 was chosen for the interface between the
blank and the punch [18]. Meanwhile, due to the fluid lubri-
cation effect, the friction coefficient of 0.12 was chosen for the
interfaces between the blank and the chamber and binder [19].
The optimized blank shape designed by combining the CAD
modeling and the blank size estimate in CAE analysis is
shown in Fig. 6.

4 Theoretical relationship between local
rounded corner features and hydraulic
pressure

In the process of rigid-flexible coupling forming of sheet met-
al, the hydraulic pressure loading path in the early stage has an
important influence on the rigid-flexible effect and the final
forming quality of the part. However, the size of the rounded
corner feature is the key factor for designing the hydraulic
pressure. In this section, the relationship between the local
rounded corner features and the hydraulic pressure is given
by theoretical calculation, which provides the theoretical basis
for the design of the hydraulic pressure loading path.

Two kinds of rounded corners are formed and extracted
from the specimen, named the convex and concave rounded
corner, as shown in Fig. 7. For the forming of convex rounded
corners, the blank is bent at the punch surface along the con-
vex rounded corner under the action of the hydraulic pressure.
The forming process is a complex process of plastic deforma-
tion. For its mechanical analysis, we need to do the corre-
sponding simplified treatment. In the analysis, it is considered
that the material at the convex rounded corner is pure bending.
Meanwhile, the friction between the blank and the punch is
neglected because the initial hydraulic pressure is low.

Fig. 6 Optimized blank shape

Fig. 7 Convex and concave
rounded corner features

Int J Adv Manuf Technol (2018) 95:3905–3918 3909



If the neutral layer taking as the boundary, the outside is the
tensile stress region and the inside is the compressive stress
region. The plastic equation, the plane strain condition, and
the differential equilibrium equation of these two regions can
be expressed as [20]:

For the outside region (+):

σ1 þ σ3 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs ð1Þ

σ2 ¼ ξσ1−σ3

1þ ξ
ð2Þ

dσ3 ¼ − σ1 þ σ3ð Þ dr
r

ð3Þ

For the inside region (−):

σ1−σ3 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs ð4Þ

σ2 ¼ ξσ1 þ σ3

1þ ξ
ð5Þ

dσ3 ¼ σ1−σ3ð Þ dr
r

ð6Þ

where σ1 is the tangential stress, σ2 is the radial stress, and σ3
is the transverse stress. σs is the yield strength. ξ is the normal
anisotropy index.

The boundary conditions (as shown in Fig. 8):

r ¼ R
0
1; σ3 ¼ −p: r ¼ R1; σ3 ¼ σc: ð7Þ

The normal stress σ3 is continuous in the direction of thick-
ness, so:

r ¼ ρ; σþ3 ¼ σ−
3 ð8Þ

ρ ¼
ffiffiffiffiffiffiffiffiffiffi
R1R

0
1

q
ð9Þ

The contact stress can be obtained as follows [21]:

σc ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σsln
ffiffiffiffiffiffiffiffiffiffi
R1R

0
1

q
−p ð10Þ

where p is the hydraulic pressure.
The three principal stresses of the outside region (+) are as

follows:

σ1 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs 1−lnR
0
1

.
r

� �
þ p ð11Þ

σ2 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs ξ− 1þ ξð ÞlnR0
1

.
r

h i
þ p ð12Þ

σ3 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σsln
R
0
1

.
r
−p ð13Þ

The three principal stresses of the inside region (−) are as
follows:

σ1 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs 1þ lnr=R1

� �
−p ð14Þ

σ2 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs ξ þ 1þ ξð Þlnr=R1

h i
−p ð15Þ

σ3 ¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σsln
r=R1

−p ð16Þ

The average tangential stress can be expressed as [22]:

σ1 ¼
∫R

0
1

ρ σþ
1 dr þ ∫ρR1

σ−
1dr

t0

¼ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs
R
0
1

.
t0
lnR

0
1−

R1=t0 lnR1−ln
ffiffiffiffiffiffiffiffiffiffi
R1R

0
1

q� �
ð17Þ

Fig. 8 Bending process of the convex rounded corner

Fig. 9 Loading paths with different pre-bulging heights
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The incidental stress caused by bending and straightening
deformations is as follows:

Δσ1 ¼ σbt0
2R1 þ t0

ð18Þ

where σb is the tensile strength. Meanwhile, σ3 = − p
So, the maximum equivalent stress of bending region of the

convex rounded corner can be calculated by the following
formula:

σ ¼
ffiffiffi
3

p

2

1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p σs
R
0
1

.
t0
lnR

0
1−

R1=t0 lnR1−ln
ffiffiffiffiffiffiffiffiffiffi
R1R

0
1

q� ��

þ σbt0
2R1 þ t0

þ p
�

ð19Þ

In sheet tensile test, the true strain at fracture can be
expressed as:

ε f ¼ −ln 1−λð Þ ð20Þ

λ ¼ A0−Af

A0
ð21Þ

where λ is the fracture section reduction rate, A0 is the initial
cross section area at the fracture location, and Af is the final
cross section area at the fracture location.

The constitutive equation of the material is assumed to be
as follows:

σ ¼ Kεn ð22Þ

So:

σ f ¼ Kεnf ¼ −Klnn 1−λð Þ ð23Þ

The fracture condition of the convex rounded corner can be
expressed as:

σ ¼ σ f ð24Þ

Fig. 10 Different pre-bulging
methods: plus pre-bulging and
minus pre-bulging

Fig. 11 Specimen multiple
wrinkles or even fracture
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The relation between the hydraulic pressure and the mini-
mum relative radius of the convex rounded corner is obtained
as follows:

p ¼ 2
ffiffiffi
3

p

3
Klnn 1−λð Þ þ 1þ ξffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2ξ
p σs þ 1þ ξð Þσs

2r1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξ

p þ 2σb

2r1 þ 1

ð25Þ

(b) Wall thickness distributions

(a) Measuring point position

Fig. 12 Wall thickness
distributions of the specimen
under the four kinds of loading
paths. aMeasuring point position.
b Wall thickness distributions

Fig. 13 Effects of pre-bulging on the maximum thickness reduction and
unevenness level of wall thickness Fig. 14 Loading paths with different maximum hydraulic pressures
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The relationship between the hydraulic pressure and the
relative radius of the concave rounded corner can be expressed
by the following formula:

p ¼ σs þ σb

2r2
ð26Þ

From the Eqs. (25) and (26) can be seen that the smaller
convex and concave rounded corner radii, the greater hydrau-
lic pressure required for forming process.

(a) Maximum hydraulic pressure of 8 MPa (left) and 20 MPa (right) at position A

(b) Maximum hydraulic pressure of 8 MPa (left) and 20 MPa (right) at position B

Fig. 15 Punch fitting processes of the typical position A and B under different hydraulic pressure conditions. aMaximum hydraulic pressure of 8 MPa
(left) and 20 MPa (right) at position A. b Maximum hydraulic pressure of 8 MPa (left) and 20 MPa (right) at position B

Fig. 16 Fracture at position A
caused by hydraulic pressure
8 MPa

Int J Adv Manuf Technol (2018) 95:3905–3918 3913



5 Analysis and discussion

5.1 Influences of hydraulic pressure loading path
and rigid-flexible effect on the forming quality
of inner panel

At the beginning of the forming process, the blank produces
elastic-plastic deformation under the assisted action of hy-
draulic pressure, which will conduct the hydro-mechanical
deep drawing. The pre-bulging effect is applied to perform
at the initial stage (as shown in Fig. 9). According to the
different position of the punch during pre-bulging forming
process, as illustrated in Fig. 10, it can be divided into plus
pre-bulging and minus pre-bulging [23]. The plus pre-bulging

fixes the punch at a certain position on the blank before
forming (the blank position is the zero position). Then, the
loaded hydraulic pressure makes the blank deform inversely
to contact the punch, the materials thin out in advance with the
increase of stiffness. The minus pre-bulging makes the punch
continue to descend at a certain position after touching the
blank, and then the hydraulic pressure is loaded, which will
let the blank possess more inflows before forming. As shown
in Fig. 11, when the plus pre-bulging is used (the loading path
1 in the Fig. 9), the specimen has the phenomenon of multiple
wrinkles or even fracture. The reason is that the part has the
complex multiple features and the hydraulic pressure is loaded
too early in the plus pre-bulging. This makes it difficult to
control the blank forming and synchronous and sequential
deforming may not be monitored correctly. Meanwhile, the
fracture defect would be produced under the extruding of the
punch after the wrinkling of the side-wall unconnected region
of the specimen corners and the partial local features. The wall
thickness distributions of the specimen under the four kinds of

Fig. 17 Fracture at position B caused by hydraulic pressure 20 MPa
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Fig. 18 Maximum wall thickness reduction at position A and B under
different hydraulic pressures

Fig. 19 Rigid-flexible coupling forming window of BHF

Fig. 20 Wall thickness reductions in points A, B, C, and D with different
BHFs
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loading paths are shown in Fig. 12. In addition, the uneven-
ness level of wall thickness is introduced for further study on
the pre-bulging effect, which is defined as:

γ ¼ tmax−tmin

t0
� 100% ð27Þ

where tmax is the maximum wall thickness, and tmin is the
minimum wall thickness. The variation of γ is depicted in
Fig. 13.

As seen in the Fig. 12 and Fig. 13, the wall thickness
distribution uniformity and formability of the specimen are
the best in the loading path 4. Under the condition of minus
pre-bulging and low hydraulic pressure at the initial stage, the
material has more inflows into the die cavity. After that, the
higher hydraulic pressure is loaded, which makes full use of
the friction conservation effect of the hydroforming and be
beneficial for the specimen forming. For this kind of

specimen, the hydraulic pressure does not need to be loaded
too early during the forming process, like the path 2. It will
cause the material to stick to the small features of the punch in
advance, so that its surrounding blank cannot flow smoothly,
and the excessive thinning occurs at the tip.

Themaximum hydraulic pressure also plays a significant role
at the rigid-flexible coupling stage of the later forming. Five
loading paths are designed, as depicted in Fig. 14, with maxi-
mum hydraulic pressures varying from 8 to 20MPa. The punch
fitting processes of the typical position A and B of the specimen
under different hydraulic pressure conditions are shown in
Fig. 15. As seen in the figure, when the hydraulic pressure is
low at the rigid-flexible coupling stage of the later forming, the
enough friction conservation effect cannot be formed at the po-
sition A, resulting in serious thinning and even fracture. Its me-
ridional tensile stress is too large and the deformation is close to
the plane strain state. However, for the position B, although the
low hydraulic pressure makes the materials hard to entirely fit
the punch at the initial stage of the rigid-flexible coupling
forming, the blank finally fits the punch properly under the
coupling effect of the local rigid insert block and the low hy-
draulic pressure. The specimen formed by using the maximum
hydraulic pressure of 8MPa is shown in Fig. 16, which indicates
that the fracture has appeared at the position A. When the hy-
draulic pressure is large at the rigid-flexible coupling stage of the
later forming, the friction conservation effect of position A is
good with high forming quality. However, under the large hy-
draulic pressure, the rounded corner at the position B constantly
is filled and the surrounding material cannot flow. The rounded
corner can only be formed by blank self-thinning, which even-
tually will thin seriously and even fracture. It may lead to failure
to form the rigid-flexible effect. Its meridional and zonal tensile
stresses are large. The specimen formed by using the maximum
hydraulic pressure of 20 MPa is shown in Fig. 17, which indi-
cates that the fracture has appeared at the position B. The

Fig. 23 Average and maximum blank inflow values with optimal
parameters of draw bead

Fig. 22 Wall thickness reductions in points A, B, C, and D under different
draw bead heights

Fig. 21 Blank inflow displacements in the corner and bottom of the
specimen under different draw bead heights
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maximum wall thickness reductions at positions A and B under
different hydraulic pressures are shown in Fig. 18. Analysis of
synthesis exhibits that the specimen forming quality is the best
when the maximum hydraulic pressure is 12 MPa.

5.2 Influence of BHF on the inflow of blank

For the rigid-flexible coupling forming of the automobile inner
panel, the blank holder force (BHF) must be in the reasonable
range, from the critical BHF of wrinkling to the critical BHF of
fracture. The region consisting of all the reasonable BHFs is
called the forming window, which represents the formability of
aluminum alloy sheet and is an important basis for determining
the forming process. The forming window of BHF obtained by
rigid-flexible coupling tests for the aluminum alloy inner panel is
shown in Fig. 19, which provides the critical BHF when the
blank is in wrinkle and fracture conditions. As seen in the figure,
the specimen gets wrinkled when the BHF is less than 60 t and it
ruptureswhen the BHF ismore than 150 t, so the safety ranges of
BHFs during forming are from 60 to 150 t. Meanwhile, with the
increase in the BHF, the blank inflow values in the corner and
bottom of the specimen (the position is shown in Fig. 21) de-
crease gradually. Due to the different shapes of the local features,
the whole blank inflow values in the bottom are higher than that
in the corner. Thewall thickness reductions in pointsA, B, C, and
D on the surface of the specimen corresponding to the BHF
changes are shown in Fig. 20, exhibited definitely different under
the same BHF. The reduction of point D is the best but point B
has the inferior reduction among all points. Due to the long
distance from the specimen edge, the sensibility of point D to
the BHF value is inferior to the other 3 points. However, for the
point B, the material inflow value is small because of the huge
bending before the materials inflow and large depth and defor-
mation of the specimen. With the increase in the BHF, the value
of the material to the die cavity decreases while the specimen
thickness reduction increases clearly.

5.3 Influence of draw bead on the inflow of blank

The influence of the draw bead height on the blank inflow value
is investigated by setting the draw bead heights as 1, 2, 3, 4, and

5 mm, respectively. The blank inflow displacements in the
corner and bottom of the specimen corresponding to the chang-
es of draw bead height are shown in Fig. 21. It can be seen that
with the increase in the draw bead height, the blank inflow
value of the specimen decreases. In addition, the reduced am-
plitude of the blank inflow value in the bottom is obviously
larger than that in the corner. The wall thickness reductions in
points A, B, C, and D on the surface of the specimen under
different draw bead heights are shown in Fig. 22. With the
increase in the draw bead height, the wall thickness reductions
of the three typical positions (points A, B, and C) have the
tendency to increase obviously, but the reduction of point D
is not obvious because of the long distance from the specimen
edge. Therefore, the reasonable application of the draw bead
can control the flow of material effectively during the rigid-
flexible coupling forming of the aluminum alloy automobile
body panel. The different draw bead heights are selected com-
prehensively according to the blank inflow values and the wall
thickness reductions of different positions in the specimen. Its
average and maximum blank inflow values are shown in
Fig. 23. This parameter of the draw bead can satisfy the forming
requirement of the specimen well and also is able to be benefi-
cial to the decrease of springback.

(a) The supplementary part (b) The final part

Fig. 24 Qualified part
manufactured by using the
proposed rigid-flexible coupling
forming process. a The
supplementary part. b The final
part

Fig. 25 Comparison of thickness distributions between FEM and
experiment
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The qualified specimen manufactured by using the pro-
posed rigid-flexible coupling forming process is shown in
Fig. 24. The wall thickness was measured by the ultrasonic
thickness gauge and compared with the result of FEM, as
depicted in Fig. 25. The results of the test coincide well with
FEM. Meanwhile, it also indicated that the rigid-flexible cou-
pling forming process can be well used for manufacturing this
kind of complex multi-feature sheet parts.

6 Conclusions

(1) In order to achieve the precision forming for the complex
multi-feature/small-feature aluminum alloy sheet parts,
the rigid-flexible coupling forming process is proposed
in this paper, which is a new derivative technique comb-
ing the hydroforming and rigid forming in a single stage,
having both forming advantages. In addition, it would
also broaden the complexity and functional requirement
of the parts formed by hydroforming.

(2) The relationship between the local rounded corner fea-
ture and the hydraulic pressure is given by theoretical
calculation, which provides the theoretical basis for the
design of the hydraulic pressure loading path.

(3) For the complex aluminum alloy inner panel of automo-
bile engine hood researched in this paper, the optimal
maximum hydraulic pressure is 12 MPa. The hydraulic
pressure does not need to be loaded too early during the
forming process, like the path 2. In fact, it will cause the
material wrinkling and also stick to the small features of
the punch in advance, so that its surrounding blank can-
not flow smoothly, and the excessive thinning even frac-
ture occurs at the tip.

(4) The forming window of BHF is obtained by the rigid-
flexible coupling test for the aluminum alloy inner panel.
With the increase in the BHF, the material’s inflow to the
die cavity decreases while the specimen thickness reduc-
tion increases clearly. The reasonable parameters of the
draw bead can satisfy the forming requirement of the
specimen well and also is able to be beneficial to the
decrease of springback. With the increase in the draw
bead height, the restriction effect of the materials flow
increases obviously.
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