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Abstract: A novel experimental approach was presented, namely the overlapping elliptical bulge test, which can load and research
thickness normal stress. Theoretical analysis model of the overlapping elliptical bulging was described, the equivalent stress—strain
curves of target sheets with different ellipticity ratios were determined experimentally, and influences of the material performance
and thickness of overlapping sheets on the flow property of the target sheet were also researched. The results show that, in the
overlapping hydraulic bulge test, the equivalent stress—strain curve can be determined up to larger strains before necking than in the
no overlapping hydraulic bulge test. And as the die ellipticity ratio decreases, the flow stress curves tend to move away from the
curve obtained by circular (b/a=1) bulging test. Meanwhile, the flow property of the target sheet can be improved by choosing higher
strength coefficient K, larger work hardening exponent n and proper thickness of the overlapping sheet.
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1 Introduction

The determination of the materials’ flow properties
is one of the important subjects to research the
deformation behavior of metal materials. The test
methods widely used to determine the material flow
stress include uniaxial tension, compression, torsion,
hardness indentation and hydraulic bulge. The uniaxial
tension test is simple to conduct, but it has limitations
because the flow property of the sheet metal is only
provided under uniaxial deformation conditions. In
contrast, the material deforms under biaxial deformation
conditions during stamping operation, so most of the
stress—strain curves currently are obtained through
circular die hydraulic bulging test. However, for the
sheet hydro-mechanical deep drawing, a significant
characteristic is that the hydraulic pressure induces and
generates a thickness normal stress. Under the three-
dimensional stress state, the flow property of the sheet
metal can be improved substantially. But the methods to
determine the stress—strain curve currently cannot
characterize the influence of the thickness normal stress
on the flow property of sheet material. Therefore,

studying the new method to characterize the thickness
normal stress and determine the stress—strain curve of
sheet metal is of paramount significance for the material
property testing of sheet hydro-mechanical deep
drawing [1,2].

In view of the above problem, in this work, a novel
experimental approach is proposed to load the thickness
normal stress, that is, the overlapping hydraulic bulge
test. Meanwhile, in order to obtain the equivalent
stress—strain curve of the target sheet under different
stress states, elliptical dies with different aspect ratios are
used for the hydraulic bulge test, so as to determine the
flow property of sheet material during sheet hydro-
mechanical deep drawing more accurately. The
overlapping hydraulic bulge test employs the same or
different kinds of materials overlapped on one side of
target sheet. Under the effect of hydraulic pressure, the
overlapping sheet is formed together with target sheet
which is located on the liquid chamber side. So, the
target sheet can be constrained and loaded with reverse
pressure to achieve the biaxial-stretched and thickness
compressed  three-dimensional  stress state. The
overlapping hydraulic bulge process and stress states are
shown in Fig. 1 [3,4].
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Fig. 1 Overlapping hydraulic bulge process and stress states

For the hydraulic bulging through circular die,
HILL [5] proposed the typical analytical model of pole
thickness and pole curvature radius in 1950.
PANKNIN [6], SPOTA and SPISAK [7], and
KRUGLOV et al [8] proposed different theoretical
models for the circular hydraulic bulging and verified
them. For the material’s
stress—strain curve by hydraulic bulge test using
elliptical dies, there have been seldom reports. REES [9]
proposed a theoretical analysis model of plastic flow at
the pole through the elliptical bulge, the inherent
anisotropy was considered, and the theoretical model
was validated by experiments which mainly examined
the equivalence between pole flow for elliptical bulges,
with five different aspect ratios, and the plastic flow in
tension. LAZARESCU et al [10,11] presented a new
experimental procedure for the determination of the
equivalent stress—strain curves by bulging through
elliptical dies. The procedure only involves the
measurement of two parameters, the hydraulic pressure
and polar deflection. By using the proposed methodology,
the equivalent stress—strain curve of the DC04 low
carbon steel was obtained. BANABIC et al [12]
proposed an analytical model for the elliptical bulging of
sheet metals by using the deformation theory and the
classical Hill yield criterion, which can be applied to
both strain hardening and superplastic materials
effectively. RAGAB and HABIB [13] evaluated the
equivalent stress—strain curves of sheets by using circular
die, rectangular die and elliptical die. ZHOU et al [14]
carried out the FE simulation of elliptical bulging of
AZ31 magnesium sheet, based on a new method of
bulging of two clamped blanks, the materials’ plastic
flow and strain localization for various “double blank”
configurations were studied, also the FLD of AZ31 sheet
was predicted. LI et al [15] used different elliptical dies
for hydraulic bulging tests, and obtained the true
stress—strain curves of pure aluminum L2, brass H62 and
carbon steel SPCD. By comparison and analysis, they
concluded that there was a linear relation between the

determination of the

ellipticity ratio and stress ratio, for the same material,
with the increase of stress ratios, the limit equivalent
strain of the material increases and the equivalent stress
also increases correspondingly.

Earlier works were concentrated mostly on the
determination of flow properties of the sheet materials
through the monolayer sheet elliptical bulge test. Few
researches were reported on the determination of
equivalent stress—strain curve of the sheet metal by using
the overlapping hydraulic bulge test. In this work, on the
basis of the previous work, the focus is put on
investigation into the flow property of aluminum alloy
by overlapping sheet metal using the elliptical bulge test,
so as to more accurately reflect the true flow property of
the sheet metal during sheet hydro-mechanical deep
drawing. The analysis of the
overlapping elliptical bulging is described, the equivalent
stress—strain curves of target sheets with different
ellipticity ratios are determined experimentally, and the
influences of material performance and thickness of
overlapping sheets on the flow property of the target
sheet are also researched.

theoretical model

2 Analytical model

2.1 Radius at pole

Geometrical description of the elliptical bulge is
shown in Fig. 2. It is assumed that the shape of the bulge
is elliptical in plane x—x, and it is a circle in plane y—y in
Ref. [12]. According to the geometrical relationship, the
curvature radii (p;, p,) at the pole can be calculated by
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Fig. 2 Geometrical description of elliptical bulge
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where /4 is the pole bulging height of the target sheet, a
and b are the lengths of the semi-major and semi-minor
axes of the bulge reference plane, respectively, which
are consistent with the semi-major and minor axes of
die aperture, respectively. The curvature radius at the
pole can be calculated accurately by measuring the
instantaneous pole bulging height.

2.2 Equivalent stresses at pole

During the mechanics analysis of the overlapping
hydraulic bulge through elliptical dies, in order to seek
the analytical solution, we will have to admit a set of
simplifying assumptions: 1) the sheet material is
isotropic; 2) the effect of bending is neglected near the
flange region; 3) due to very small relative thickness of
square blank, it can be thought that the reverse pressure
of the overlapping sheet to the target sheet is uniformly
distributed along the sheet thickness; 4) the tangential
friction force of the overlapping sheet to the target sheet
is neglected in the bulging process. Applying the
condition of equilibrium to the pole element, shown in
Fig. 3, gives

Fig. 3 Equilibrium of pole element of target sheet

2pdoto, sin(d—fj +2p,d60tc; sin(dT(p) +
P2(de)(0,d0) = p(pdp)(p,d0) (5)

which leads to

i_,’_ﬁ:pl_pZ (6)
PP t

where p; is the hydraulic pressure, p, is the reverse
pressure of the overlapping sheet to the target sheet, 7 is
the target sheet instantaneous thickness, o, and o, are the
principle stresses on the target sheet surface through
elliptical bulging, p; and p, are the corresponding radii of
curved surface. By using Timoshenko’s formulas [16]
and combining with Ref. [11], the principle stresses on

the target sheet surface can be defined as follows:

o = % )
_2i=P)pa|,_ P2
72" 2t [2 P J ®

The thickness normal stress o3 is expressed in the
average stress, SO

_Pr= D
)——2 )

b=p1—p2 (10)

During the overlapping hydraulic bulge using
elliptical dies, the stress state of target sheet at the pole is

1
o3==(p +p,
2

01>0, 6,>0 and 03<0. The equivalent stress & can be
calculated by von Mises plastic flow criterion:

5=g\/(gl —02)2 + (o, —o-3)2 + (o3 —0'1)2 =

%J{(s—am 1P +(a® =3)p2 +12 (11)

2.3 Equivalent stains at pole

According to Ref. [9], the derivation process of pole
strains can be applied to this work, which is expressed as
follows:

bY >
& :(;j ln[l+b—2J (12)
2
& =1n(1+’;—} (13)

g = h{ti] (14)
0

where & and &, are the principle strains on the target
surface through elliptical bulging, &3 is the normal stain,
to is the target sheet original thickness.

During the overlapping hydraulic bulge using
elliptical dies, the strain state of target sheet at the pole is
£1>0, &>0 and &<0. The equivalent strain £ can be
calculated by von Mises plastic flow criterion:

Ezg\/(é‘l —5) +(6,—&) +(5-6) =

gmw)[@az —DIn(1+7)+2ap; 1+, + i

(15)

p=mL (16)
Iy

B> =1nZM (17)
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t
ﬁ3 ZIHW (18)

2.4 Thickness at pole
The current value of the polar thickness ¢ can be
calculated from the following relationship:

1 a+l
t=tyexp[—(& +&)]=1 (_) (19)
I+y

The equivalent stress—strain can be
constructed using Eqgs. (11) and (15). From Eqgs. (11) and
(15), the equivalent stress and equivalent strain can be
calculated by the experimental determination of the
following process parameters: the
hydraulic pressure p;, the reverse pressure of the
overlapping sheet to the target sheet p,, the pole bulging
height of target sheet /2 and the target sheet instantaneous
thickness ¢ and making the necessary processing for
experimental data.

curves

instantaneous

3 Experimental

3.1 Material

Aluminum alloy 2B06 with a nominal thickness of
1.0 mm, mostly used for aircraft manufacturing area, was
chosen as the target sheet for the experiments in this
work. Different materials used as the overlapping sheet
included aluminum alloys 2B06, 2024 and stainless steel
SUS321. The mechanical properties of the materials are
shown in Table 1. Sheet blanks were cut to the size of
200 mm %X 200 mm. In order to obtain the strain
distribution of the bulging specimen, the grid was printed
on the surface of the sheet blank and was used for
measuring the strain distribution.

Table 1 Mechanical properties of overlapping sheet materials

Strength factor,  Strain hardening Elongation,

Material K/MPa factor, n 5/%
2B06 275 0.16 10
2024 366 0.24 12

sUs321 890 0.45 40

3.2 Elliptical bulging equipment and tooling

Hydraulic bulge tests were carried out on the self-
developed 500 kN sheet hydroforming equipment at
Beihang University, China. The machine was controlled
through a hydraulic feed controller, the dynamics of
which was provided by a hydraulic oil filled
accumulator, charged using a two-stage pump located
next to the machine for performing hydraulic bulge
function. All test conditions could be set up through the
software installed in the computer integrated to the press

forming machine. In the overlapping elliptical bulge test,
the hydraulic bulging pressure can be measured
instantaneously by setting the pressure sensor on the oil
inlet circuit of the liquid chamber. The reverse pressure
of the overlapping sheet to the target sheet was measured
by the self-designed measurement system, which can
instantaneously measure the pressure and distribution
between the two sheets. The instantaneous pole bulging
height, which can be used to calculate the instantaneous
variation in thickness of the target sheet, was measured
by a displacement sensor. The elliptical bulge test dies
are shown in Fig. 4. The major axis (a) of die apertures is
100 mm and the minor axis (b) is 100, 90, 80 and 60 mm,
respectively. The ellipticity ratios (b/a) are 1.0, 0.9, 0.8
and 0.6, respectively.

3.3 Experimental procedure

Two types of tests were performed in this study. In
the first type of tests, the equivalent stress—strain curves
of target sheets were obtained by using different
overlapping sheet materials. Three kinds of overlapping
sheets 2B06, 2024 and SUS321 with thickness of 1.0 mm
were used, and the material of target sheet is aluminum
alloy 2B06 with thickness of 1.0 mm. The influence of
overlapping sheet materials on the plastic behavior of
target sheet was studied concurrently. In the second type
of tests, the same tests were carried out by using different
overlapping sheet thicknesses. SUS321 overlapping
sheets with thicknesses of 0.5, 1.0 and 1.5 mm (the
thickness of 2B06 target sheet is 1.0 mm) were chosen to
carry out the bulge test. Meanwhile, the influence of
overlapping sheet thickness on the
stress—strain curves of target sheets was researched
correspondingly (as shown in Table 2).

equivalent

Table 2 Elliptical bulging test schemes

Test Overlapping sheet Target sheet
scheme  Material Thickness/ Material Thickness/
mm mm
2B06
1 2024 1.0 2B06 1.0
SUS321
0.5
2 SUS321 1.0 2B06 1.0
1.5

4 Result and discussion

4.1 Flow property of target sheet with different
ellipticity ratios
Specimens of 2B06 with the same overlapping sheet
material and different ellipticity ratios are shown in
Fig. 5. The flow stress curves obtained from the
elliptical bulging tests were evaluated by the overlapping
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Fig. 5 2B06 specimens with different ellipticity ratios: (a) b/a=1.0; (b) b/a=0.9; (c) b/a=0.8; (d) b/a=0.6
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hydraulic bulge and no overlapping hydraulic bulge tests
(shown in Fig. 6). The main difference between these
two tests is the stress state of target sheet, the plane stress
state in the no overlapping hydraulic bulge test and the
three-dimensional stress state in the overlapping
hydraulic bulge test. Localized necking occurs for
different ellipticity ratios in the no overlapping hydraulic
bulge tests at lower strain levels before material fractures
and higher strain levels were attained in the overlapping
hydraulic bulges. And under the overlapping mode, the
equivalent stress of the target sheet decreases and the
flow property is improved. Through above analysis, it
can be seen that the thickness normal stress has a
significant influence on the flow property of 2B06
materials. Therefore, for the aluminum alloy materials
with poor plastic flow property, the flow property can be
improved by using the overlapping mode which can
increase the thickness normal stress of target sheets
effectively. Moreover, for the elliptical dies with
different aspect ratios, the flow stress curves tend to
move away from the curve obtained by circular (b/a=1)
bulging test as the die ellipticity ratio decreases. Figure 7
shows the error of the experimental stress—strain curves
obtained by the proposed procedure (the material of
overlapping sheet is SUS321). Through many tests, the
standard error, which will be the judgment standard of
experimental error, is calculated by Eq. (20) for the stress
and strain values. As seen in Fig. 7, the proposed
procedure can describe the equivalent stress—strain
curves of 2B06 target sheet well.

280
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Fig. 6 Equivalent stress—strain curves of 2B06 target sheet with
different ellipticity ratios

6=\/§<X,» ~X) Jn-1) (20)
in1

where 0 is the standard error, X; is the single test value,
X 1is the arithmetic average value of test values, and »
is the test number.
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Fig. 7 Errors of experimental stress—strain curves obtained by

proposed procedure

4.2 Influence of material properties of overlapping
sheet on flow property of target sheet

For the elliptical hydraulic bulge test with different
overlapping sheet materials, the equivalent stress—strain
curves of 2B06 target sheet are shown in Fig. 8. As
shown in Fig. 8, the influence of overlapping sheet
materials on flow property of target sheet is the same for
the different ellipticity ratios, namely, with the selection
of materials with good plasticity for the overlapping
sheet, the equivalent stress of the target sheet decreases
and the equivalent strain increases. With the overlapping
sheet material SUS321, the equivalent stress of the target
sheet is minimum, the equivalent strain before localized
necking is maximum and the flow property is best,
followed by the overlapping sheet 2024 having better
and 2B06 having inferior flow property among the three
overlapping sheet materials.

The improvement of flow property of target sheet is
associated with the thickness normal stress provided by
overlapping sheet, while this is closely related with the
mechanical performance parameters of the overlapping
sheet. During this research, it has been assumed that the
stress and strain of the overlapping sheet and target sheet
satisfy the Hollomon constitutive model [4]. The
stress—strain relationship of overlapping sheet is

o, = K& 1)

where K; is the overlapping sheet strength coefficient,
and », is the overlapping sheet hardening exponent.
The stress—strain relationship of target sheet is

oy = Kye" (22)

where K, is the target sheet strength coefficient, and n, is
the target sheet hardening exponent.

According to the stress—strain curve of material,
in the overlapping hydraulic bulge, the size of any
point of reverse compressive stress is related with the
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Fig. 8 Equivalent stress—strain curves of 2B06 target sheet with different overlapping sheet materials: (a) b/a=0.6; (b) b/a=0.8;

(¢) b/a=0.9; (d) bla=1.0

deformation stage of target sheet and overlapping sheet.
Since the thicknesses of overlapping sheet and target
sheet are small, we can assume that the deformation of
any point is similar. In this way, the deformation degree
of overlapping sheet and target sheet can be calculated
from the derivation of Egs. (21) and (22):

ol = K" (23)

o} = Kynye™ ™! (24)

Assuming that the overlapping sheet and the target
sheet have the same work hardening exponent n;=n,,
when K>K,, the strength of overlapping sheet is higher
and its deformation is more difficult than that of the
target sheet under certain hydraulic pressure. Therefore,
the target sheet is affected by the high reverse
compressive stress from the overlapping sheet, so
the flow property of target sheet is improved
correspondingly. Meanwhile, the higher the value of K of
the overlapping sheet is, the greater the reverse
compressive stress is and the better the target sheet can
be formed. When K <K,, with low strength of the
overlapping sheet and high strength of the target sheet,
the deformation of the overlapping sheet is easier, the

target sheet is affected by the low reverse compressive
stress from the overlapping sheet and cannot facilitate
the flow property improvement.

Assuming that the overlapping sheet and the target
sheet have the same strength coefficient K;=K,, when
n>n,, strain hardening effect, deformation resistance
ability and deformation uniformity of the overlapping
sheet are better than those of the target sheet. Under
similar forming conditions, the deformation behavior of
target sheet can be constrained by that of overlapping
sheet, and the deformation uniformity is also improved
correspondingly. The higher the n value of the
sheet is, the more significant the
aforementioned constraint effect is and the better the

overlapping

target sheet can be formed. However, when n,<n,, strain
hardening effect of overlapping sheet is worse, the
deformation is easier, while deformation resistance of the
target sheet is higher, and the deformation is more
difficult. So, it has little influence on the flow property of
the target sheet. Again, it indicates that larger strength
coefficient and work hardening exponent are good for the
improvement of target

sheet flow property and

formability.
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4.3 Influence of overlapping sheet thickness on flow
property of target sheet

For the elliptical hydraulic bulge test with different
overlapping  sheet  thicknesses, the equivalent
stress—strain curves of 2B06 target sheet are shown in
Fig. 9. As can be seen, like the influence rule of
overlapping sheet materials on flow property of target
sheet, under different ellipticity ratios, the larger the
overlapping sheet thickness is, the smaller the equivalent
stress of the target sheet is, the larger the equivalent
strain before necking is and the better the flow property
will be. Due to the increasing overlapping sheet
thickness, the higher hydraulic pressure is needed for the
bulging test. Therefore, the reverse compressive stress of
the overlapping sheet to the target sheet also becomes
higher, which is conducive for the improvement in the
flow property of the target sheet. But considering the
production cost and forming difficulties, the thickness of
the overlapping sheet should be chosen as similar with
the target sheet.

Based on the above analysis, it can be found that
different overlapping sheet materials and thicknesses will
induce the target sheet to different stress states, which is
the of sheet metal in
hydro-mechanical deep drawing by changing the

similar to stress  states

Yao WANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 2179-2187

hydraulic pressure. So, the flow property of the sheet
metal in hydro-mechanical deep drawing can be well
characterized by controlling and changing the materials
and thicknesses of overlapping sheets.

5 Conclusions

1) A novel experimental procedure to determine the
stress—strain curve of the sheet metal is presented,
namely the overlapping hydraulic bulge test. Compared
with the existing methods, the proposed procedure can
characterize the influence of the thickness normal stress
on the flow property of the sheet material accurately and
is similarly simple to conduct. Meanwhile, the
overlapping mode can also be used for commercial scale
production, and the formability of the target sheet can be
improved correspondingly. However, the production cost
and process conditions must be taken into consideration.

2) Due to the three-dimensional
induced in the overlapping hydraulic bulge test, the
equivalent stress—strain curve can be determined up to
larger strains before necking than in the no overlapping
hydraulic bulge test. And the equivalent stress of the
target sheet decreases, the flow property is improved
correspondingly. For the elliptical dies of different aspect

stress state
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ratios, the flow stress curves tend to move away from the
curve obtained by circular (b/a=1) bulging test with the
decrease of die ellipticity ratio.

3) For the material that meets the Hollomon
constitutive model, the reversed pressure provided by
overlapping sheet is related to the strength coefficient K
and the work hardening exponent n of the overlapping
sheet. The overlapping sheet materials with higher
strength coefficient K and work hardening exponent » are
helpful for improving the flow property of target sheets.
Meanwhile, this regularity is heightened with
the increase of the overlapping sheet thickness.
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