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a b s t r a c t

A method integrating theoretical analysis, numerical simulation and experimental methods was adopted
to solve the existing problems, including fillet less-plumping, cracks and wrinkling, in the forming pro-
cess of a double curvature, thin-wall aluminum alloy part (DCTAP) of the aircraft skin. The mechanical
properties of a 0.5 mm thick aluminum alloy sheet (2A12) were obtained through the uniaxial tensile
test. The optimal blank holder force (BHF), blank shape (BS) and blank dimension (BD) were obtained
by simulation using DYNAFORM. A stamping die was fabricated for experiment validation. The experi-
mental results obtained by the coordinate grid strain analysis technology (CGSAT) agreed well with
the simulation results, which demonstrated that the method presented here conduced to improving
the formability of DCTAP.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled aluminum alloy shells have been increasingly ap-
plied with the development of aeronautics, aerospace and military
industry [1]. However, the description of the mechanical properties
and the deformation mechanisms and the forming laws of the thin-
walled aluminum alloy shell are difficult to obtain by using tradi-
tional analytical and experimental methods. The finite element
method (FEM) combined with analytical and experimental meth-
ods [2] is an effective way to study the deformation mechanisms
and the forming laws of the thin-walled aluminum alloy shell
[3,4]. The FEM formulation is not suitable for the numerical mod-
eling of the material behaviors of aluminum alloys because the
current material descriptions are good for the steel but not for alu-
minum alloys [5]. During the forming process of the aluminum al-
loy part, the material behaviors such as the anisotropic
characteristics of the aluminum alloy have great influences on
the strain distribution, the thinning rate of wall-thickness (TR),
etc. in the forming process. At present, the plastic anisotropy was
quantitatively described by the yield locus of the material.

The classical Von Mises yield criterion [6] was first proposed for
the description of the anisotropy. Based on the Von Mises yield
criterion, Hill (1948) proposed the widely used quadratic yield
criterion for the description of the anisotropy of the sheet plane
[7], yet the hydrostatic pressure is not considered in his yield

criterion [8]. The three-component anisotropic yield function was
proposed by Barlat and Lian (1989) and its yield surface is set in
accordance with the measured yield surface based on the crystal-
lographic theory. The six-component yield function presented by
Barlat et al. [9,10] can be applied in 3D elasto-plastic finite element
(FE) analysis. The yield functions proposed by Karafillis, Boyce and
Cazacu et al. for anisotropic materials agree well with experimen-
tal results because the coefficient of normal anisotropy (c) and the
yield locus direction are considered in the functions [11]. Banabic
et al. proposed a yield function for the study of the yield properties
of St1405 and Al–Mg–Si alloy [12] and proved that the Banabic
(1999) function is better than the Hill (1948) and Hill (1993)
functions. A new eight-coefficient orthotropic anisotropic yield
function was proposed by Banabic et al. in 2005 [13] and experi-
mentally validated by the forming of the aluminum alloy sheet.
Sun et al. demonstrated that the wrinkling and rupture predicted
by the superquadric yield function are more accurate than those
obtained by the quadric yield function since more parameters in
the forming process are considered in the superquadric yield func-
tion [14]. The above studies mainly focus on theories and numeri-
cal computations of the metal sheet forming. However, the forming
process of a double curvature, thin-wall aluminum alloy part
(DCTAP) has never been profoundly studied.

In this paper, a method integrating theoretical analysis, numer-
ical simulation and experimental methods is adopted to solve the
existing problems including fillet less-plumping, cracks and wrin-
kling in the forming process of a DCTAP (0.5 mm thick; 2A12) of
the aircraft skin. The blank holder force (BHF), blank shape (BS)

1359-8368/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compositesb.2013.07.001

⇑ Corresponding author. Tel./fax: +86 371 63556785.
E-mail address: zhangdehai0318@163.com (D.-H. Zhang).

Composites: Part B 55 (2013) 591–598

Contents lists available at SciVerse ScienceDirect

Composites: Part B

journal homepage: www.elsevier .com/locate /composi tesb

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2013.07.001&domain=pdf
http://dx.doi.org/10.1016/j.compositesb.2013.07.001
mailto:zhangdehai0318@163.com
http://dx.doi.org/10.1016/j.compositesb.2013.07.001
http://www.sciencedirect.com/science/journal/13598368
http://www.elsevier.com/locate/compositesb


and blank dimension (BD) were simulated using DYNAFORM and
the optimal values for them were obtained. The mechanical prop-
erties of the aluminum alloy sheet were obtained by the uniaxial
tensile experiment. The Baralt (1989) yield criterion, the J2-flow
law [15] and the mechanical properties of the material were used
to improve the simulation results. Then, a stamping die set was de-
signed and fabricated to conduct stamping experiments using
CGSAT. The experimental results agreed well with the simulation
results.

2. Basic theories

The equivalent stress in the Barlat 1989 criterion is defined by
the following relation,

f ¼ ajK1 þ K2jm þ ajK1 � K2jm þ cj2K2jm ¼ 2�rm ð1Þ

with
K1 ¼ r11þhr22
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where K1 and K2 are the principal values of the stress deviator, �r is
the equivalent stress and rij is the component of the effective stress
tensor in the orthotropic rotated axes. a, c, h and p are the parame-
ters of material anisotropy, and a + c = 2 and m is the exponents rel-
evant to the crystal structure of the material. For aluminum alloy,
m = 8, and for steel, m = 6 [16].

The specimen used for the uniaxial tensile test is cut at an angle
u, as shown in Fig. 1. In this case, the non-zero components of the
stress tensor in the orthotropic axes are given by the following
equations:

r11 ¼ ru cos2 u

r22 ¼ ru sin2 u
r12 ¼ ru sin u cos u

9>=
>; ð3Þ

where / e (0,90�), and ru is the yield stress obtained by the uniax-
ial tensile test.

When the volume is constant, Eq. (3) can be rewritten as,

rudep
xx ¼ r11dep

11 þ r22dep
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Based on the Drucher postulate, the plastic strain increment dep
ij is

written as,

dep
ij ¼ dk

@f
@rij

ð5Þ

The coefficients of plastic anisotropy within the range of the angles
ue (0,90�) are defined as,
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The coefficients of plastic anisotropy c0 and c90 are substituted in
Eq. (6), so Eq. (7) is obtained as below,
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Based on the Newton–Raphson iterative method, the parameter p is
calculated by,

gðpÞ ¼
�r
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The J2-flow constitutive equation is defined as,
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where ~sij is Jaumann rate of Cauchy stress and rij is Cauchy stress
and r0ij is Deviatoric part of rij; H0 is strain-hardening rate and E is
elastic modulus and t is Poisson ratio; a is value of unity for plastic
state and zero for elastic state or unloading and _eij is strain rate and
dk is plastic flow factor. The J2-flow law is simplified since all mate-
rial constants are determined by the uniaxial tension test [15].

The relationship of the true tensile stress r and the true tensile
strain e can be written as,

e ¼ ln l
l0

r ¼ F
S ¼ F

S0

l
l0

)
ð10Þ

where F is the tensile force; S0, l0 and S, l are the cross-sectional area
and the gauge length of the extensometer at the initial and current
time points, respectively. The true tensile strain at the end of the
uniaxial tension was obtained by calculating the current cross-sec-
tion area by S = S0l0/l and neglecting the elastic deformation of the
specimen.

The relation between �r and the equivalent plastic strain �e is
used to describe the hardening behavior of the material, as shown
in the following equation

ln �r ¼ ln K þ n ln �e ð11Þ

where n is the strain-hardening exponent and K the material con-
stant. The inclined rate n is obtained using Eq. (11) and the least
square method [17]. A total of 20 experiment points obtained in
the uniformity deformation stage are tested in this paper to better
reflect the degree of material work hardening.

The other parameters are calculated using Eq. (12),

�X ¼ ðX0 þ 2X45 þ X90Þ=4: ð12Þ

3. Numerical analysis

3.1. Material properties

The mechanical properties of 2A12 [18] were obtained using the
uniaxial tensile experiment and shown in Table 1.

3.2. Numerical analysis

FE simulations and related experiments are performed to show
the formability behaviors and anisotropic effect of the 2A12 sheet
in the forming process of DCTAP (Fig. 2). The material model is
established based on the Barlat (1989) yield function and the
mechanical properties of the material are imported into the material
library of DYNAFORM. Values of K, n and c are given in Table 1. TheFig. 1. Coordinate of specimen.
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