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Abstract The bending and springback behaviors of sand-
wich sheets are more complicated than those of monolith-
ic layer metallic sheet due to the extremely large differ-
ence in mechanical properties and in the gauges of poly-
mer core and the skin sheet. In the present study, the
bending and springback behaviors of aluminum-polymer
sandwich sheets were investigated by using analytical
method and conducting experiments and numerical simu-
lations. A simplified analytical model was proposed to
calculate the bending moments for sandwich sheet in un-
constrained bending process through analyzing the strain
and stress distributions of skin sheet and core materials.
Then, the analytical model was applied to predict the
springback of sandwich sheets after bending. Numerical
simulations and experiments of unconstrained bending
process for aluminum-polymer sandwich sheets were con-
ducted to investigate the influences of mechanical proper-
ties of each layer and thickness ratio of two layers on the
folding defects, neutral layer location, and springback.
The results show that the neutral layer shifts dramatically
toward the compression region of the specimen during
bending. The folding angle mainly relates to the strength
difference between the skin sheet and the core polymer.
The springback angle of sandwich sheet is mainly deter-
mined by the mechanical properties of skin sheet.
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1 Introduction

Metal-plastic sandwich sheet, which consists of two metallic
sheet skins with a thermoplastic core in between, is one of the
mostly used sandwich sheets [1]. Typically the metallic skin is
steel or aluminum alloy and the thermoplastic core is polypro-
pylene or polyethylene. Compared with monolithic metallic
sheet, metal-plastic sandwich sheets offer lower density, higher
specific flexural stiffness, better dent resistance, and better sound
and vibration damping characteristics [2]. Due to these advan-
tages, metal-plastic sandwich sheets are gaining increasing appli-
cations in aeronautical, marine, automotive, and civil engineer-
ing. Taking automobile industry as example, metal-plastic sand-
wich sheets have been used to manufacture some automotive
components which were formed by the monolithic metallic
sheets in order to reduce the weight of the whole car, such as
dash panel, wheel house inner, and so on [3].

Aluminum-polymer sandwich sheets have better mechani-
cal properties than steel-plastic sandwich sheets [4]. By using
different kinds of aluminum alloy as skin sheet and different
kinds of polymer as core, several aluminum-polymer sand-
wich sheets have been developed [5–9]. Among these
aluminum-polymer sandwich sheets, AA5182/polypropyl-
ene/AA5182 sandwich sheet has been developed for potential
application on automotive body panels in future high perfor-
mance automobiles with significant weight reduction [10].

The forming of aluminum-polymer sandwich sheets has
become a major challenge due to the extremely large differ-
ence in mechanical properties and in the gauges of polymer
core and the aluminum skins. The forming behaviors of sand-
wich sheets are quite different from those of monolithic me-
tallic sheets because the interface stress between skin sheet
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and core layer has a great influence on the deformation behav-
ior of sandwich sheet [11]. Furthermore, the sliding and shear-
ing behaviors occur between skin sheet and core polymer
hence affects the formability of the sandwich sheet. On one
hand, the polymer core has a beneficial effect on the forming
limit diagram (FLD) of sandwich sheets and the formabilities
of sandwich sheets increase with increasing thickness of poly-
mer core [6, 8, 9]. On the other hand, some defects, which do
not arise in forming monolithic aluminum sheet, will occur in
forming aluminum-polymer sandwich sheets. For example, in
the bending process, large deformation in the polymer core
causes reverse bending of sandwich sheets at the bent flange
[12]. In deep drawing process, the polymer core has negative
effect on limit drawing ratio of sandwich sheets because the
soft polymer core imposes higher tensile hydrostatic stress on
outer aluminum face sheet near punch nose, which causes
void volume fraction to increase [13].

Bending is one of the most commonly used sheet metal-
forming methods and springback refers to the elastic recovery
caused by the release of the non-uniformly distributed stress in
a deformed part after the deformation load is removed.
Springback significantly affects the geometry accuracy of de-
formed parts. There have been considerable previous re-
searches on the principle of springback and many methods
have been developed to predict the unloading springback of
sheet metals, including analytical [14], semi-analytical [15],
numerical [16], and other methods [17, 18]. Some factors
affecting springback such as mechanical properties, tooling
geometry and shape, process parameters, etc., have been
widely studied. But most of these researches are for monolith-
ic metallic sheet. In case of springback of sandwich sheets,
researches are minor.

Some investigations on springback of metal-plastic sand-
wich sheets have been conducted in V-, pure, or double curve
bending processes. Bending and springback theory of metal-
plastic sandwich sheets was firstly developed by Ito et al. [19].
They calculated stress-strain relations and the shift in neutral
layer after bending of a sandwich beam and then presented the
springback of laminates. After that, some analytical methods
have been developed. Liu et al. [20] proposed an analytical
solution based on the Euler-Bernoulli straight and curved
beam deflections to predict springback and side wall curl for
steel/polymer/steel laminates in wiper die bending. Yuen [21]
derived a generalized solution for the springback of a multi-
layer strip by examining the evolution of the stresses and
strains involved in each layer during a stretch bending opera-
tion. They then proposed the simplified closed-form solutions
for a three-layer composite. Other than developing analytical
model, finite element method also has been used to study the
bending behaviors and springback for sandwich sheets [12,
22, 23]. Bending moment, sheet thinning, and transverse
stress distributions were studied for different punch radii.
Results introduced that bending moment distribution, which

directly affects springback, is dependent on punch radius, con-
tact pressure, sheet thinning, and relative sheet-die geometry
[24]. Springback increases with punch stroke, punch radius,
and die opening in air-bending process, and die opening was
found to be the most influential parameter [25]. Springback
also increases with increasing friction coefficient and core
thickness, and decreases the bending radii in double curve
bending process [26]. Bending at elevated temperatures led
to a reduced springback in both four-point bend and channel
bend tests [27].

In this paper, the bending and springback behaviors of
aluminum-polymer sandwich sheets were systemically inves-
tigated by using analytical method and conducting experi-
ments and numerical simulations. A simplified analytical
model was proposed to calculate the bending moments for
sandwich sheets in unconstrained bending process through
analyzing the strain and stress distributions of skin sheet and
core materials. Then, the analytical model was applied to pre-
dict the springback after bending. Numerical simulations and
experiments of unconstrained bending processes for
aluminum-polymer sandwich sheets were conducted to inves-
tigate the influences of structure parameters and mechanical
properties of sandwich sheets on the reverse bending, neutral
layer shift, and springback.

2 Analytical analysis of springback

The structure of sandwich sheet is shown in Fig. 1. It consists
of two layers of metallic sheet as skin and a polymeric material
as core. Rule-of-mixtures (ROM), based on volume fraction
of metal and polymer layers in the laminate, was used to
predict the Young’s modulus and Poisson’s ratio of sandwich
sheets.

ts ¼ 2t f þ tc ð1Þ
Es ¼ 2E f t f þ Ectc

� �
=ts ð2Þ

μs ¼ 2μ f t f þ μctc
� �

=ts ð3Þ

where E, μ, and t are the Young’s modulus, Poisson’s ratio,
and thickness, respectively. Subscript s, f, and c denote sand-
wich sheet, metallic skin sheet, and polymer core.

Fig. 1 The structure of sandwich sheet
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The schematic view of sandwich sheet-bending model is
shown in Fig. 2. In the figure, Ri and Ro are radii of concave
and convex surfaces, respectively. Rn is the neutral layer radius.
Rc is the central surface radius. θ is the bending angle. In order to
calculate the bendingmoment, some basic assumptions for sand-
wich sheet-bending are listed here:

1. The plane section remains planar during bending with the
prescribed tensile force.

2. The strain due to bending is proportional to the distance
from the neutral layer.

3. The neutral layer is a zero-strain layer.
4. Straight lines perpendicular to the neutral layer remain

straight during the bending process of sandwich sheets.
5. Bauschinger effect is neglected and only elastic deformation

occurs during the unloading process for metallic sheet.
6. The shear stress at the interface of metallic sheet and

polymer core is ignored.
7. The sandwich sheet is wide enough relative to its thick-

ness. Therefore, the strain in the width direction is zero.
8. Ignoring the through-the-thickness compression and then

the through-the-thickness stress is zero.

Basing on these assumptions, the bending moments were
derived in the following sections.

2.1 Stress in the section of sandwich sheet

Figure 3 shows the strain and stress distributions in transverse
direction through-the-sandwich sheet thickness under bending.
Where h is the distance from the inner surface of outer metallic
sheet to the neutral layer. h1 is the elastic region thickness of outer
metallic sheet, and h2 is the elastic region thickness of inner
metallic sheet. The bending deformation of sandwich sheet can
be divided into six portions: elastic tensile region and elastic
compressive region in polymer core, elastic tensile region in
outer metallic sheet, elastic compressive region in inner metallic

sheet, elasto-plastic tensile region in outer metallic sheet, and
elasto-plastic compressive region in inner metallic sheet.

The calculations of stress and corresponding moment at
each portion were derived as follows:

Based on Kirchhoff theory, the bending strain can be ap-
proximated as

εθ ¼ R−Rn

Rn
: ð4Þ

Due to the small deformation degree of core polymer and
that the strain at the elastic limit of the polymer is much larger
than that for the metal, the elastic deformation behavior with
no viscous effect is considered for the core polymer. The elas-
tic region of polymer follows Hooke’s law and the stress in
transverse direction can be expressed as

σθ ¼ E R−Rnð Þ
1−μ2ð ÞRn

; ð5Þ

where σθ denotes the stress in transverse direction.
During bending process, the skin sheet may undergo elastic,

elasto-plastic, or full plastic deformations. It depends on the
thickness of core polymer and the yield stress of aluminum alloy
sheet. When the sandwich sheet is very thin and the bending
radius is relatively large, the skin sheet undergoes elastic defor-
mation and the bending angle will completely recover after
unloading. For this case, the springback angle do not need to
be calculated. When the sandwich sheet is very thick and the
bending radius is relatively small, the skin sheet will partially
or completely undergo plastic deformation and then the bending
angle will partially recover after unloading.

According to Hill’s quadratic yielding function, for aniso-
tropic skin sheet, the material yields

F2 σij; εij
� � ¼ σ2

θ þ σ2
z−

2r

1þ r
σθσz−σ

2
¼ 0; ð6Þ

where σ is the equivalent stress, σz is the width stress, and r is
the transverse anisotropy coefficient.

Because the plastic strain in transverse direction is zero, so
that

dεpz ¼ dλ
∂F
∂σz

¼ 0; ð7Þ

where dλ is a coefficient relative to a material hardening rule.
Combined with Eq. (6), σz can be expressed as

σz ¼ r

1þ r
σθ: ð8Þ

Substitution of Eq. (8) into Eq. (6) yields

σθ ¼ f σ; ð9Þ

Ri Ro
Rn

Rc

drr

r

+

Fig. 2 Schematic view of the sandwich sheet-bending model
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where

f ¼ 1þ rffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2r

q :

From plastic work formulation, the equivalent strain is

ε ¼ f εθ: ð10Þ

Assuming that the plastic region material of aluminum al-
loy sheet follows exponential strain hardening law, namely:

σ ¼ k ε0 þ ε
� �n

; ð11Þ

where ε is the equivalent plastic strain. k is the strength coef-
ficient. n is strain hardening index, and ε0 is the initial strain.

Substitution of Eqs. (9) and (10) into Eq. (11), he transverse
stress in skin layer is

σθ ¼ kf ε0 þ f
R−Rn

Rn

� �n

: ð12Þ

2.2 Bending moments

The bending moments of sandwich sheet at the end of the
loading process are the summation of bending moments in
three layers,

Ms ¼ M if þMc þM of ; ð13Þ

where Ms. is the total bending moment of sandwich
sheet, Mif is the bending moment of inner layer alumi-
num alloy sheet, Mc is the bending moment of core
polymer, and Mof is the bending moment of outer layer
aluminum alloy sheet.

During the bending process of sandwich sheets, the neutral
layer locates near the inner surface. The deformation in inner
skin sheet is different from that in outer skin sheet. The loca-
tion of the neutral layer is expressed by the distance between
the neutral layer and the outer surface h. The bending moment
of each layer can be derived according to the stress
distribution.

1. Bending moment of core polymer

The bending moment of core polymer can be calculated by
integrating the elastic stress multiplied by the coordinate from
the neutral layer.

Mc ¼
Z h

h−tc
σθydy ¼ Ec

3Rn 1−μ2
c

� � h3− h−tcð Þ3
h i

ð14Þ

2. Bending moment of skin sheet

Assuming the skin sheet undergoes elasto-plastic deformation,
the bending moment of outer skin sheet can be determined as

Mof ¼
Z hþh1

h

E f

1−μ2
f

� �y2dyþ
Z hþtf

f

hþh1
kf ε0 þ f

y
Rn

� �n

ydy

¼ E f

3Rn 1−μ2
f

� � hþ h1ð Þ3−h3
h i

þ kRn

nþ 1
ε0 þ f

hþ t f
Rn

� �nþ1

hþ t f
� �

−
kRn

nþ 1
ε0 þ f

hþ h1
Rn

� �nþ1

hþ h1ð Þ−

kRn
2

nþ 1ð Þ nþ 2ð Þ f ε0 þ f
hþ t f
Rn

� �nþ2

þ kRn
2

nþ 1ð Þ nþ 2ð Þ f ε0 þ f
hþ h1
Rn

� �nþ2 :

ð15Þ

The bendingmoment of inner skin sheet can be determined as

M if ¼
Z tc−hþh2

tc−h

E f

1−μ f
2

� �y2dyþ
Z tcþct f −h

tcþch2−h
kf ε0 þ f

y
Rn

� �n

ydy

¼ E f

3Rn 1−μ f
2

� � tc−hþ h2ð Þ3− tc−hð Þ3
h i

þ kRn

nþ 1
ε0 þ f

tcþct f −h
Rn

� �nþ1

tcþct f −h
� �

−
kRn

nþ 1
ε0 þ f

tcþch2−h
Rn

� �nþ1

tcþch2−h
� �

−

kRn
2

nþ 1ð Þ nþ 2ð Þ f ε0 þ f
tcþct f −h

Rn

� �nþ2

þ kRn
2

nþ 1ð Þ nþ 2ð Þ f ε0 þ f
tcþch2−h

Rn

� �nþ2 :

ð16Þ
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Bending moments are discussed for two conditions.

1. When h1 = 0, the first term in Eq. (15) will be zero and
then the bending moment of outer skin sheet is a fully
plastic moment. When h1 = tf, other terms except the first
term will be zero and then the bending moment of outer
skin sheet is a fully elastic moment.

2. For inner skin sheet, when h2 = 0, the bending moment of
inner skin sheet is a fully plastic moment. When h2 = tf,
the bending moment of inner skin sheet is a fully elastic
moment.

h1 and h2 are derived as the following expressions:

h1 ¼
f σsRn 1−μ2

f

� �
E f

− Ri þ t f þ tc−Rn
� �

; ð17Þ

h2 ¼
f σsRn 1−μ2

f

� �
E f

þ Ri þ t f −Rn
� �

: ð18Þ

2.3 Calculation of springback angle

The non-uniform stress distributions through sheet thickness
during bending process will change the part profile and cause
springback when the loading is removed. Figure 4 shows the
schematic view of springback angle and folding angle.

After calculating the moment, the springback angle can be
calculated by

Δθ ¼ 12MT

Et3
; ð19Þ

where Δθ is springback angle, t is thickness of sheet, E is
plane strain Young’s modulus, expressed as

E ¼ E
1−μ2

; ð20Þ

During the unloading process, the recovery of shear stress
in sandwich sheet will result in the changing of shape and
dimension. The moment acts in an opposite sense and changes
the curvature radius of the neutral layer.

1

Rn
−

1

R
0
n

¼ Ms

E
0
sI s

; ð21Þ

where R
0
n is the curvature radius of the neutral layer after

unloading and Is is the area moment of inertia per unit width
of sandwich sheet, expressed as

I s ¼
2t f þ tc
� �3

12
: ð22Þ

Fig. 4 Measurement of bending angle and folding angle before and after
springback

Fig. 3 a Transverse strain and b
transverse stress distributions in
the sandwich sheet thickness
under bending
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E
0
s is the Young’s modulus of sandwich sheet under plane

strain state, expressed as

E
0
s ¼

Es

1−μ2
s
: ð23Þ

At the end of the unloading process, the radius of the neu-
tral layer can be determined by using the equation

R
0
n ¼

2t f E f þ tcEc
� �

2t f þ tc
� �2Rn

2t f E f þ tcEc
� �

2t f þ tc
� �2−12MsRn

: ð24Þ

Assuming that the end of sandwich sheet keeps plane be-
fore and after unloading, the bending angle before unloading
θ and the angle after unloading θ′ can be determined. So

R
0
nθ

0 ¼ Rnθ: ð25Þ

After bending, the specimens were removed from the tool
and the angle changes were measured. The springback angle
Δθ of sandwich sheet after unloading can be determined by
solving Eq. (26).

Δθ ¼ θ−θ
0 ð26Þ

3 Unconstrained bending experiments of sandwich
sheets

3.1 Sandwich sheets

Three commonly used structure aluminum alloy (AA1060-O,
AA2024-T3, and AA5052-O) were used as skin sheet of sand-
wich sheets. Its thickness is 0.5 mm. The thickness of poly-
ethylene are 0.5, 1.0, and 2.0 mm, respectively. Tensile tests
were conducted to determine mechanical properties of alumi-
num alloy and polyethylene according to ASTM-E8 standard.
The engineering strain-nominal stress curves of aluminum
alloy sheets and polyethylene are shown in Fig. 5. The plastic
behavior of aluminum alloy sheet was described by using a
Swift-type hardening law (Eq. (11)). Table 1 lists the mechan-
ical properties of these three aluminum alloys and polyethyl-
ene sheet. Compared with metallic sheet, polyethylene has a
larger elastic deformation zone. Aluminum-polyethylene
sandwich sheets were fabricated by hot press bonding [8]. A
50-μm-thick layer of a hot-melt adhesive was inserted be-
tween polyethylene sheet and aluminum alloy sheet. Then,
the sandwich sheet was consolidated by heating to 180 °C in
a hot press for 7–10 min. The thickness of sandwich sheets
was measured after fabrications.
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Fig. 5 Strain-stress curves of aluminum alloy sheets and polyethylene

Table 1 Mechanical properties
of aluminum alloy sheets and
polyethylene

Materials AA5052-O AA2024-T3 AA1060-O Polyethylene

Young’s modulus, E (GPa) 69 66.7 69 0.8

Poisson’s ratio, μ 0.33 0.33 0.33 0.42

Yield stress, σs (MPa) 108 335 22 Shown in Fig. 5
Strength coefficient, k (MPa) 428.9 814 152.81

Strain hardening index, n 0.28 0.245 0.325

Normal anisotropy exponent, r 0.69 0.9 1.0 –

Fig. 6 Unconstrained cylindrical bending test equipment
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3.2 Unconstrained bending tests

Unconstrained cylindrical bending tests were conducted to
investigate the springback for all sandwich sheets. Three spec-
imens as a group were tested to check the scatter of experi-
mental results. The cylindrical bending tests were carried out
on a universal testing machine. Figure 6 illustrates the exper-
imental setup. The punch is connected with the movable
crosshead. The velocity of bending punch is set to move in a
speed of 3 mm/min to reach the expected stroke depth of
25mm. The radius of punch is 17mm. The load cell measured
the bending force. Before experiments, specimens with 100-
mm length and 25-mm width were prepared. The bent sam-
ples were then removed from the tooling and their angles after
springback were measured. Experimental samples after bend-
ing tests are shown in Fig. 7. To measure the bending angles of
the test samples before and after springback, images were
taken using a digital camera. Then, the angles from the images
taken before springback (Fig. 6) and after springback (Fig. 7)
were measured using CAD software.

4 Numerical analysis of unconstrained bending
and springback of sandwich sheets

4.1 Finite element analysis model

Several approaches have been proposed to model the sand-
wich sheets. The simplest method is to consider the sandwich
sheets as a homogeneous material using the overall tensile
properties of the sandwich sheet. But this method cannot ac-
count for the deformation difference between skin material
and core material. In the present study, the commercial FEA
software package ABAQUS/Standard was used to simulate
the bending and unloading process of sandwich sheets. A
three-layer sandwich sheet with skin sheet of aluminum alloy
and central sheet of polymer was constructed. The adhesion
behaviors at the interface of skin sheet and core polymer were
ignored because debonding seldom occurs in bending process
for sandwich sheet. The 4-node bilinear plane stress quadri-
lateral, reduced integration element, CPS4R, is used to model
the bending sample. In the numerical simulations, frictional
effects were taken into account by means of the Coulomb
model. The friction coefficients between punch and sandwich
sheet and sandwich sheet and die were set to 0.05, in order to

simulate the utilization of lubricants. Figure 8 shows the finite
element model of unconstrained cylindrical bending tests.
Taking into account the plane and symmetrical deformation
of bending sample, only a sectional half model was set up. The
process parameters in numerical simulations are same with
those in experiments. In order to investigate the influences
of core polymer on the bending and springback behaviors,
other two polymers were used as core of sandwich sheets.
Mechanical properties of these two polymers are listed in
Table 2. Among these three polymers, the strength of nylon
is the highest and the strength of polyethylene is the lowest. In
numerical simulations, thickness of core polymers are 0.5, 1.0,
and 1.5 mm, respectively.

4.2 Validation of FEA models

Numerical simulation results were compared with experimen-
tal results to validate the used FEAmodel. Figure 9 shows the
punch loads obtained from the simulations for test specimens
with different thicknesses and three aluminum alloy skin
sheets. The predicted punch loads have good agreements with
experimental ones. Then, the used numerical simulation mod-
el for sandwich sheet was validated.

5 Unconstrained bending behavior

5.1 Folding angle

During the bending process of sandwich sheets, a folding
defect was observed due to the shear deformation produced
in the polymeric layer [12]. In Fig. 5, folding defects were
seen in some bent specimens. The AA2024-polyethylene

Fig. 7 Bending test samples with
the skin sheet of: a AA2024, b
AA5052 and c AA1060

Fig. 8 Finite element analysis model of unconstrained bending test
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sandwich sheet with core thickness 1.9 mm shows obviously
folding defect. But for AA1060-polyethylene sandwich sheet,
no visible folding defects can be seen. In order to investigate
the effects of sandwich structure on folding defects, folding
angle α of three aluminum alloy sandwich sheets were com-
pared. Figure 10 show the deformed geometries of bent spec-
imens before springback. Table 3 summarizes the folding an-
gle values of all bent specimens. For AA1060 skin sheet,
whatever the core polymer is, the folding angle is very small.
But for AA2024 skin sheet, the folding angle is very large
when the core polymer is polyethylene or polypropylene.

Generally speaking, the folding angle value increases with
increasing strength of skin sheet and decreasing strength of
core polymer. In other words, the more the strength difference
between the skin sheet and the core polymer is larger, the
folding angle is bigger. Furthermore, the folding angle also
increases with the thickness of sandwich sheet.

5.2 Stress distributions in the sandwich sheet thickness

The stress distribution in a sheet-bending part before
unloading decides the magnitude and direction of springback

Table 2 Mechanical properties
of two polymers Materials Young’s

modulus
E (GPa)

Poisson’s
ratio υ

Yield
stress

σs (MPa)

Stress-plastic strain relationship

(MPa)

Nylon-6 2.75 0.33 56.9 σ ¼ 132:4 0:1þ εð Þ1:6 þ 53:6

Polypropylene 0.83 0.33 23.5 σ ¼ 29:4 0:1þ εð Þ2:0 þ 23:25
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Fig. 9 Load-stroke curves of aluminum-polymer sandwich sheets with the skin sheet of a AA1060, b AA5052, and c AA2024
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of the part after unloading. The transverse stress distributions
in the sandwich sheets at the bending zones are presented in
Fig. 11 for the following two cases: when the core polymer is
polyethylene and when the skin aluminum ally is AA5052.
For the two cases, the thickness of core polymer is 1.0 mm.
From Fig. 11a, it can be seen that the transverse stress distri-
butions on the inner and outer face show great difference, but
the transverse stress distributions on core polymer are same
for the three sandwich sheets. So, skin sheets have no effect on
the transverse stress distribution on the core polymer.
Figure 11b shows the influence of core polymer on the trans-
verse stress distribution in sandwich sheet thickness. The core

polymer has not effect on the stress distribution of skin sheet
but great effect on that of core polymer.

5.3 Location of neutral layer

The location of neutral layer is significant to sandwich
sheet and it has an important effect on springback calcu-
lation during bending. However, how the neutral layer of
sandwich sheet shifts has still not been confirmed. So, the
present work aims at understanding the shift of neutral
layer of sandwich sheet during bending. Effects of some
structure factors of sandwich sheets on the location of
neutral layer were analyzed.

1. Mechanical properties of skin sheet

Figure 12 shows the transverse strain distributions for three
sandwich sheets and monolithic layer AA5052 aluminum
sheet with same thickness of sandwich sheet. For these three
sandwich sheets, the core polymer is polypropylene and its
thickness is 1.0 mm. The total thickness of sandwich sheet is
2.0 mm. The outer region of the sandwich sheet is under
tension state while the inner region is under compression state,
which is consistent with monolithic layer metallic sheet.
Because the core polymer is thick, the neutral layer lies within
the core polymer.

In order to clearly show the effect of skin aluminum alloy
sheet on the location of neutral layer of sandwich sheet, the

Fig. 10 Deformed geometries of bent specimens before springback for three cases: a core polymer = polyethylene, b tc = 1.0 mm, and c skin sheet =
AA2024

Table 3 Folding angle values of bent specimens

Core polymer Thickness (mm) Aluminum alloy skin sheet

AA1060 AA5052 AA2024

Polyethylene 0.5 0.45 1.539 9.147

1.0 0.982 2.309 17.756

1.5 1.54 5.202 26.86

Polypropylene 0.5 0.312 0.989 5.423

1.0 0.41 1.036 11.671

1.5 0.683 2.547 20.451

Nylon 0.5 0.1 0.129 0.599

1.0 0.12 0.204 0.735

1.5 0.11 0.634 2.52
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neutral layer radius was measured for sandwich sheet and was
compared with that of monolithic layer aluminum alloy sheet,
as shown in Fig. 13. The analytical neutral layer radius of
5052 aluminum alloy sheet was calculated according to
the classical Hill’s theory. The simulated neutral layer
radius of 5052 aluminum alloy sheet is 17.954 mm and
is almost equal to the analytical value of 17.97 mm. The
neutral layer radius of sandwich sheet is smaller than that
of 5052 aluminum alloy sheet. For these three sandwich
sheets, the neutral layer radius of AA1060-polypropylene
is the largest and that of AA2024-polypropylene is the
smallest, as shown in Fig. 14. The neutral layer radius
of sandwich sheet decreases with increasing strength of
aluminum alloy sheet. In other word, the neutral layer
shifts to the compression region with increasing strength
of aluminum alloy sheet.

2. Mechanical properties of core materials

Next, the influence of core polymers on the location of
neutral layer was analyzed. Figure 15 shows the neutral layer
radii of sandwich sheets with three core polymers. For these
sandwich sheets, the thickness of core polymer is 1.0 mm and
the total thickness of sandwich sheet is 2.0 mm. From Fig. 14,
it can be seen that the core polymer has a great effect on the
location of neutral layer. The neutral layer radius of
aluminum-nylon sandwich sheet is the biggest and that of
aluminum-polyethylene sandwich sheet is the smallest. The
neutral layer radius increases with increasing strength of core
polymer. Furthermore, the strength of core polymer affects the
location of neutral layer to a different degree for three alumi-
num alloy skin sheet. With increasing strength of aluminum

-200 -150 -100 -50 0 50 100 150 200
Stress (MPa)

 Nylon
 Polypropylene
 Polyethylene

-600 -400 -200 0 200 400 600

Stress (MPa)

AA1060AA5052AA2024

a b

Fig. 11 Transverse stress distributions in sandwich sheets after bending for the case of a core polymer = polyethylene and b skin sheet = AA5052

Fig. 12 Transverse strain distributions of a AA1060-polypropylene sandwich sheet, b AA5052-polypropylene sandwich sheet, c AA2024-
polypropylene sandwich sheet, and d monolithic layer 5052 aluminum alloy sheet
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alloy sheet, the influence of core polymer strength on the
location of neutral layer becomes more obvious.

3. Thickness ratio of skin sheet to core materials

Thickness ratio of skin sheet to core materials is an important
structure parameter for sandwich sheet. In order to investigate the
influence of thickness ratio of skin sheet to core materials on the
location of neutral layer, a relative neutral layer radius was de-
fined as

Φ ¼ Rn=RAl; ð27Þ

where Rn is the neutral layer radius of sandwich sheet obtained
from simulations and RAl is the neutral layer radius of monolithic
layer aluminum alloy sheet with same thickness to sandwich
sheet calculated according to Hill’s theory.

Figure 15 shows the influence of thickness ratio of skin
sheet to core polymer on relative radius of neutral layer.
With increasing thickness ratio of sandwich sheet, the relative
neutral layer radius decreases and namely, the location of neu-
tral layer shifts to compression region. The influence of thick-
ness ratio of sandwich sheet on the location of neutral layer
becomes more obviously with increasing strength of alumi-
num alloy sheet.

6 Springback behavior

6.1 Residual stress distribution

The transverse residual stress distributions of sheet part
formed by bending will affect the loading capacity or the
strength of the part. The transverse residual stress distributions
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Fig. 14 Neutral layer radii for sandwich sheets
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Fig. 16 Transverse residual stress distributions in sandwich sheets after
springback

Fig. 13 Neutral layer radii for sandwich sheets and monolithic layer
AA5052 sheet
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of AA5052-polymer sandwich sheets with three polymeric
cores after springback are shown in Fig. 16. After unloading,
the tension side of the bent specimen would have a significant
compressive residual stress at the outer surface and there
would be a residual tensile stress at the inner surface. The core
polymer has little effect on the residual stress distributions of
skin sheet.

6.2 Springback angle

1. Comparison of springback angle

The calculated, simulated, and experimental springback
values were compared to verify the prediction capability of
the proposed springback model and numerical simulation
model. Figure 17 show the deformed geometries of bent spec-
imens after springback. Figure 18 show comparisons of the
measured and calculated springback angles. The springback
angles calculated using the present analytical model was in
fairly reasonable agreement with the experimental values de-
spite the simplicity of our analytical approach. The simulated
springback angle show little smaller than experimental ones.

2. Influence of sandwich structure on springback angle

In Table 4, the springback angles of bent specimens were
summarized. The springback angle decreases with increasing
thickness of sandwich sheet, which is consistent with mono-
lithic layer aluminum alloy sheet. But the influence of thick-
ness on the springback angle relates to the skin aluminum
alloy. When the skin sheet is 1060 aluminum alloy, the
springback angle is very small and the thickness of sandwich
sheet has not obviously effect on the springback angle. When
the skin sheet is 2024 aluminum alloy, however, the
springback angle is very large and the thickness of sandwich
sheet has a significant effect on the springback angle.

For sandwich sheet with different skin sheets, the
springback angle shows a great difference. When the skin
sheet is 2024 aluminum alloy, the springback angle of sand-
wich sheet is far larger than other two aluminum alloy sand-
wich sheets. The springback angle increases with increasing
strength of skin aluminum alloy sheet.

Core polymer has a slight effect on the springback angle of
sandwich sheet. For sandwich sheetwith same thickness and skin
sheet, the springback angle increases with decreasing strength of
core polymer. So, the springback angle of sandwich sheet is
mainly determined by skin sheet.

7 Conclusions

In the present study, a simplified analytical model for
springback prediction of sandwich sheet was proposed
through analyzing the strain and stress distributions of skin
sheet and core materials. Experiments and numerical simula-
tions of unconstrained bending process for aluminum-
polymer sandwich sheets were carried out. Folding defects,
neutral layer position, and stress distributions during bending;
residual stress distributions; and springback angle after

Fig. 18 Comparisons of calculated, simulated, and experimental
springback angles

Table 4 Springback angle of sandwich sheet specimens

Core material Skin aluminum sheet

Thickness Polymer AA1060 AA5052 AA2024

0.5 Polyethylene 1.346 5.105 15.064

Polypropylene 0.777 5.722 14.802

Nylon 1 5.099 14.398

1.0 Polyethylene 1.608 5.047 12.345

Polypropylene 1.039 4.78 11.549

Nylon 0.999 4.097 11.103

1.5 Polyethylene 1.44 4.165 10.247

Polypropylene 1.1 3.772 9.503

Nylon 0.91 3.773 8.739

Fig. 17 Deformed geometries of bent specimens after springback

1528 Int J Adv Manuf Technol (2017) 91:1517–1529



unloading were analyzed. The main conclusions from this
work are given below:

1. The analytical predictions of springback angle have good
agreements with experimental one.

2. The folding angle relates to the strength difference between
the skin sheet and the core polymer. If the strength difference
is larger, the folding angle is bigger. The folding angle also
increases with the thickness of sandwich sheet.

3. Compared with monolithic layer aluminum alloy sheet,
the neutral layer of sandwich sheet shifts to compression
region. The neutral layer radius decreases with increasing
strength of aluminum alloy sheet and decreasing strength
of core polymer.

4. The springback angle of sandwich sheet increases with
increasing strength of skin aluminum alloy sheet and the
springback angle of sandwich sheet mainly depend on
mechanical properties of the skin sheet.
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