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Abstract: Aimed at the high rejection ratio, poor dimensional precision and low fatigue durability for aluminum alloy complex-
shaped components with a doubly curved surface, formed by conventional deep drawing and drop stamping, the hydroforming was
used to investigate its formability. Based on numerical simulations and experiments, the deformation mode and the process were
analyzed during hydromechanical deep drawing. The wrinkle and the fracture were discussed, and the stress state and stress value
were explored in the area of defects. The results show that the reasonable chamber pressure to avoid the above defects is 10—-30 MPa.
According to the effects of loading paths on the thickness, a reasonable pressure of 20 MPa is determined finally.
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1 Introduction

In the sheet hydroforming process, the liquid
chamber (or the lower die) is first filled with the liquid
medium, and then the punch presses the sheet into the
liquid chamber. Simultaneously, the established internal
pressure pushes the sheet against the punch, and a
lubrication film is formed that outflows between the
bottom interface of sheet and the top surface of die [1].
Comparing with the conventional deep drawing, it has
main advantages of high forming limit, high precision,
good surface quality, less passes and lower cost [2—3]. At
present, the researches on deep drawing are mostly
focused on deep cylindrical cups with a large
height-to-diameter ratio [4—7], and the materials include
aluminum alloy, superalloy, carbon steel and stainless
steel [8—11]. For aluminum alloy complex-shaped
components, Amino North America Corporation did
some research to reduce the mass of automobile, and the
aluminum alloy autobody panels such as aluminum hood
outer, aluminum fender, aluminum door inner and so on
were applied to some luxury cars [12]. SPS Corporation
developed 100 MN hydroforming machine, which was
used to manufacture aluminum roofs of jeep. Prebulging
and hydroforming were combined to improve the
strain-hardening and structural stiffness [13]. For
complicated components hydroforming, the above
research shows that wrinkling is easy to eliminate. Based

on the sheet hydroforming process, combining with the
essential characteristic of deep drawing, several new
methods were proposed to improve the forming limit
[14—17]. By warm hydroforming, the limiting drawing
ratio of 2.95 at room temperature can be increased to 3.3
at 100 °C for 1 mm thick SUS304 sheet. By hydro-
forming with a circumferential pressurizing, the limiting
drawing ratio of 3.3 can be reached for 1 mm thick 1050
aluminum sheet. By hydroforming with a controllable
radial pressurizing, the limiting drawing ratio can be
improved to 2.8 from 2.4 for 1 mm thick 5A06
aluminum alloy sheet. With a forward and backward
pressurizing, the limiting deep drawing ratio of 3.5 can
be reached for 0.8 mm thick DC04 carbon steel sheet.
Aluminum alloy is one of the main structure
materials of launch vehicles and aircrafts. The
manufacturing technology for sheet metal parts with
complex curved surface in aerospace industry includes
lift hammer forming (needing annealing during the
processes) and manual repairing, and conventional deep
drawing. For lift hammer forming, the main problems
include a high rejection rate, a poor dimensional
precision and an internal microstructure damage to affect
the fatigue performance. Simultaneously, the tools made
of lead and zinc pollutes the environment, and it is
forbidden presently. For conventional deep drawing, due
to a low plasticity of aluminum alloy, the main problems
lie in needing multiple deep drawings and intermediate
annealing, and a high rejection rate and a poor product
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quality is the main problem. With the application of
high-strength aluminum alloys, the plastic forming of
these materials becomes increasingly difficult.

Due to its complex curved surface and poor material
performance, the aluminum alloy complex-shaped
component with a doubly-curved surface is hard to
fabricate. The wrinkling often occurs when the internal
pressure is too small, whereas the fracturing takes place
when the internal pressure is too high. Usually, the
thickness distribution is affected by the internal pressure
and loading path directly. So far, the research is very
limited on the defects and wall thickness distribution for
the hydroforming of aluminum alloy complex-shaped
component. Aimed at the above problems, the
hydroforming of aluminum alloy complex-shaped
component with a doubly curved surface is investigated.
This research will determine the practicability of
hydroforming and lay a foundation for the application of
hydroforming technology for aluminum alloy complex-
shaped components.

2 Component and material

The geometry of the aluminum alloy complex-
shaped component is shown in Fig. 1. The surface of the
component consists of a cylindrical surface at the top and
a doubly curved surface at the left end, and a flange
exists. The depth of the component is 118 mm, and the
opening distance from the left to the right is 194 mm.
The fillet radius is 32.5 mm in the left of opening, and
the radius is 131 mm at the transition from the curved arc
to the straight line. The radius is 105 mm at the transition
from the flange to the top, and the radius of cylindrical
surface at the top is 78 mm. The radius of transition
corner between the curved surface and the flange is 5
mm. The size is 156 mm from the front to the back of
opening. A rectangular blank with cut corners was used in
the paper. The dimension is 440 mmx360 mmx160 mm.
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Fig. 1 Geometry of component (unit: mm)

The material used in the experiment is 2A12 aluminum
alloy with 1.5 mm thickness and the mechanical
properties of the material are shown in Table 1.

Table 1 Mechanical properties of 2A12 aluminum alloy

Yielding  Strength

.. Elongation Anisotropic Hardening
stress/ limit/ .
/% parameter, I coefficient, n
MPa MPa
75 185 19 0.80 0.192

Figure 2 shows the schematic illustration of sheet
hydroforming. During the process of hydroforming,
because an un-supporting area exists, the initial pressure
and the subsequent chamber pressure play an important
role in the forming of complex-shaped component and
for the thickness distribution. With numerical simulations
and experiments, under the condition of the initial
pressure of 3 MPa, loading paths with different
subsequent chamber pressures 3.5, 5, 10, 15, 20 and 30
MPa were analyzed, respectively, as shown in Fig. 3. The
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Fig. 2 Schematic illustration of sheet hydroforming [12]
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effects of the subsequent chamber pressure on the
forming process was analyzed, and the reasonable
chamber pressure was determined through comparing the
minimum thickness.

3 Hydroforming process of complex-shaped
component

With the loading path of initial pressure of 3MPa
and chamber pressure of 15 MPa, the deforming process
is shown in Fig. 4. In the initial stage of deforming, as
shown in Fig. 4(a), a certain bulging occurs in the role of
the chamber pressure, which presses the material to form
a soft bear at the unsupporting area. The main
deformation mode is bulging near the left end of the
doubly curved surface. The material at the flange area
has almost no flowing into the die cavity. The blank
becomes thinner and the minimum thickness is 1.44 mm.
The main deformation mode is bending for the material
to form the cylindrical surface, and the thinning is very
small. With deep drawing going on, as shown in Fig. 4(b),
the chamber pressure increases gradually. The curvature
radius of the soft bear at the unsupporting area decreases
gradually. When the depth of drawing is 50 mm, as
shown in Fig. 4(c), the soft bear basically disappears. At
this time, the flange near the cylindrical surface begins to
flow into the die cavity at first, but the material of the left
unsupporting area near the end of the doubly curved
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surface is used to form the doubly curved surface. The
flowing delay of the flange at the end of component has
some effects on the flange to form the cylindrical surface,
which results in a thinning of the flange used to form the
cylindrical surface near the die corner, and the minimum
thickness is 1.25 mm, as shown in Fig. 4(c). When the
soft bear near the left end of the doubly curved surface
disappears, the flange near the left end of the doubly
curved surface begins to flow into the die cavity. When
the main deformation mode of the flange to form the
doubly curved surface is deep drawing, the main
deformation mode of the flange to form the cylindrical
surface is bending. The different deformation modes
result in the different thinning near the die corner, as
shown in Fig. 4(d).

4 Typical defects and mechanism

Figure 5 shows the typical defects during the
process of complex shaped component hydroforming.
The width of flange is close to 45 mm, while the corner
radius of the die opening is 34 mm. From the view of
deep drawing, when the drawing ratio reaches 2.3, the
compressive deformation is great. The deformation mode
of the flange to form the doubly curved surface is mainly
drawing. The tangential stress at the flange is
compressive and the radial stress is tensile. As seen in
Figs. 5(a) and (b), the occurrence of wrinkling can be
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Fig. 4 Hydroforming process (unit: mm): (a) Initial bulging; (b) Stroke of 15 mm; (c) Stroke of 50 mm; (d) Stroke of 118 mm
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observed both in the experiments and simulations. It is
mainly because the compressive deformation is too large
that the reverse bulging pressure cannot effectively
reduce the compressive stress during hydroforming.
Figure 6(a) shows the result of the tangential
compressive stress under different chamber pressures.
The compressive stresses are —121, —106, =92, =78, —60
and —48 MPa under the chamber pressures of 3.5, 5, 10,
15, 20 and 30 MPa, respectively. When the pressure is
lower than 10 MPa, the compressive stress reaches the
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Fig. 5 Defects of wrinkling: (a) Numerical result (p=3.5 MPa); (b) Experimental result (p=3.5 MPa)
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critical wrinkling stress and the wrinkling occurs. The
radial tensile stress increases with increasing chamber
pressure (Fig. 6(b)). The frictional resistance between the
upper surface of the flange and blank holder increases
when the pressure reaches 30 MPa and the radial tensile
stress reaches 350 MPa. At the same time, due to the
excessive bulging, serious thinning occurs after the soft
bear experiences bending and reverse bending. Its
thickness is only 1.19 mm and it will fracture during the
subsequent hydroforming, as shown in Fig. 7.
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Fig. 6 Relation between stress and chamber pressure: (a) Tangential stress; (b) Radial stress
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Fig. 7 Defects of fracturing: (a) Numerical result (p=30 MPa); (b) Experimental result (p=30 MPa)
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5 Effects of pressure on thickness distribution

Based on the process parameters obtained by the
numerical simulation, the hydroforming experiments
were conducted with the pre-bulging pressure of 3 MPa
and different chamber pressures including 10, 15 and 20
MPa, respectively. The complex-shaped component can
be formed successfully, as shown in Fig. 8. The thickness
was measured along the transverse and longitudinal
sections, as shown in Fig. 9.

Fig. 8 Hydroformed component

Figure 9(a) shows the thickness distribution of
transverse section. The minimum thickness is about 1.30
mm under the chamber pressure of 10 MPa, which is
located at the measured point 8. It can be seen that the
thinning is larger because of the lower chamber pressure
when point 8 contacts with the punch, which is about 7
MPa. Although the chamber pressure can increase the
beneficial friction between the punch and blank
effectively, which can decrease the thinning, the bulging
is the main deformation mode that is easy to result in
thinning. The deformed blank gradually contacts with the
punch, and the thinning no longer occurs at point 8.
Figure 9(b) shows the thickness distribution of
longitudinal section. The minimum thickness is about
1.36 mm, which is located at the measured point 6. The
flowing delay of the flange at the left end of component
has some effects on the flange to form the cylindrical
surface, which results in a thinning of the flange to form
the cylindrical surface near the die corner after bending
and re-bending. From the above results, due to the
different deformation modes, the thinning is different at
the transverse section and longitudinal section.

With the chamber pressure of 15 and 20 MPa, the
thickness of transverse section are 1.32 and 1.41 mm at
the measured point 8, the thickness of longitudinal
section is 1.38 and 1.40 mm, respectively, at the
measured point 6. It can be seen that the increase of
chamber pressure can improve the uniformity of the
thickness distribution of the transverse section and
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Fig. 9 Thickness distribution (p=10 MPa) (Unit: mm): (a)
Transverse section; (b) Longitudinal section

longitudinal section. When the chamber pressure exceeds
30 MPa, the beneficial friction caused by chamber
pressure makes the thickness unchanged at the measured
point 8, and the thinning point gradually transforms to
the die opening. Severe thinning results in bursting, as
shown in Fig. 7(b).

6 Conclusions

1) Aluminum alloy complex-shaped component
with a doubly curved surface can be hydroformed in one
step. It can avoid the microstructure damage by lift
hammer forming and multiple annealing, and can
improve the dimensional precision.

2) Different deformation modes result in different
thinning at the transverse section and longitudinal section
for the complex-shaped component. The thinning is
affected by the chamber pressure. The minimum
thickness is 1.41 and 1.40 mm at the transverse section
and longitudinal section, respectively, when the pressure
is 20 MPa. The optimal chamber pressure is 20 MPa.
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3) The wrinkling and fracturing of the complex- [8] XU Yong-chao, KANG Da-chang. Hydromechanical deep drawing

shaped component are directly affected by the chamber of alumite LF6 [J]. The Chinese Journal of Nonferrous Metals, 2003,

. 13(1): 60—64. (in Chinese

pressure. The radius of curvature at the left end of the (W ( ) )

K K K . . X [9] KANG Da-chang, CHEN Yu, XU Yong-chao. Hydromechanical
component 1s small, which is easy to result in a wrlnkhng deep drawing of superalloy cups [J]. Journal of Materials Processing
because of larger compressive deformation at the Technology, 2005, 166: 243-246.
unsupporting area when the pressure is lower than 10 [10] XU Yong-chao, KANG Da-chang. Investigation of SUS304 stainless
MPa. Moreover, if the pressure is higher than 30 MPa, steel with warm hydro-mechanical deep drawing [J]. Journal of
the radial tensile stress is too large and causes a Material Science and Technology, 2004, 20(1): 92-93. o
fracturine. The reasonable pressure to avoid the above [11] LANG Li-hui, LI Tao, ZHOU Xian-bin. Optimized constitutive

.g' p equation of material property based on inverse modeling for
defects is 10-30 MPa. aluminum alloy hydroforming simulation [J]. Transactions of
Nonferrous Metals Society of China, 2006, 16: 1379-1385.

References [12] AMINO H, MAKITA K, MAKI T. Sheet fluid forming and sheet

dieless NC forming [C]/International Conference on New

[1] NAKAMURA K. Sheet metal forming with hydraulic counter Developments in Sheet Metal Forming. Stuttgart-Germany, 2000:
pressure in Japan [J]. Annuals of the CIRP, 1987, 36(1): 191-194. 39-66.

[2]  ZHANG Shi-hong, WANG Zhong-ren, XU Yi. Recent developments [13] KLEINER M’ HOMBERG W New 100,000 kN press for sheet @etal
in sheet hydroforming technology [J]. Journal of Materials hydro-forming [C]//Proceedings of the 6th—7th International
Processing Technology, 2004, 151: 237-2414 Conference on Hydroforming. Germany: Fellbach, 2001: 351-362.

[3] HARTL C. Research and advances in fundamentals and industrial (141 XU Yor{g-chao, LIU ?(1n, Liu )Flao-Jlng, YUAN' Shi-jian.
applications of hydroforming [J]. Journal of Materials Processing Deformation and defects in hydroforming of SA06 aluminum alloy
Technology, 2005, 167: 383392 dome with controllable radial pressure [J]. J Cent South Univ

[4] NAKAMURA K, NAKAGAWA T, AMINO H. Various application Technol, 2009, 16: 887-891. A
of hydraulic counter pressure deep drawing [J]. Journal of Materials (15] KHANDEPARKAR T, LIEWALD M. Hydromechanical deep
Processing Technology, 1997, 71(1): 160-167 drawing of cups with stepped Geometries [J]. Journal of Materials

[5] LANG L H, JOACHIM D, KARL BRIAN N. Study on Processing Technology, 2008, 202: 246-254.
hydromechanical deep drawing with uniform pressure onto the (1ol Z'HAO Sheng-dun, ZHANG Z'hl-yuar'l, ?HANG Yong, YUAN
blank [J]. Journal of Materials Processing Technology, 2004, 44: Jian-hua. The study on forming principle in the process of
495-502 hydro-mechanical reverse deep drawing with axial pushing force for

[6] THIRUVARUDCHELVAN S, TAN M. Fluid-pressurc-assisted deep cylindrical cups [J]. Journal of Materials Processing Technology,
drawing [J]. Journal of Materials Processing Technology, 2007, 2007, 187-188: 300-303.

192-193: 8-12 [17] AN Li-hui, LIU Xin, CHEN Bao-guo, XU Jun-rui, XU Yong-chao,

[71 XU Yong-chao, CHEN Yu, YUAN Shi-jian. Loading path YUAN Shi-jian. Effects of prebulging on hydromechanical deep

optimization of hydro-mechanical deep drawing of the cup with a
semi-ball bottom [J]. Journal of Harbin Institute of Technology, 2008,
40(7): 1076—1080.

drawing of 2A12 aluminum alloy complex-shaped components [J].
Aecrospace Manufacturing Technology, 2009(5): 5—8.

meEEFMEmHREREE

RARAR, Fets]

k=1

/RIS MR B TREAE e, iR /KT 150001

B O HSHEREMHES SRR YRR SEURMER. 8k 2 MR AR
P VERESE L, RN BB ANS FEAT ST SR BRI 296 50k, XBHAE T R IR i fE A2 T
Tr BTN BT IR R AR A R AR R BOB X IEHURE, WXl i o A4 DX sl e 3 5 ) 2 R A A
IR/ R . 25 TR, R GBIV 3 R ) X IR] 2 10~30 MPa; AR AN [RIE HS A0 s A0t S 284 gt TR A4 20
ARTRE 520, i A BER S H A 20 MPa.
KR WaEs B R WEED

(Edited by HE Xue-feng)



