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ABSTRACT

This paper presents an experimental and theoretical study on the hydrostatic
bulging of single and laminated elliptical sheets (diaphragms) made of aluminum and
mild steel materials. The bulge tests were carried out on the sheets at rolling direction
parallel and transverse to the major axes of the diaphragms. Furthermore, the sheets
were tested one over the another and vice versa. Theoretical expressions were
developed to predicate the bulge pressure and strains of diaphragms. In order to
determine the yielding stresses of the materials, tensile tests were carried out on samples
from mild steel and aluminum materials. A method for measuring the experimental
strains along the minor and major axes of bulge diaphragms was developed. Detailed
observations were made on the characteristic modes of failure of tested diaphragms. It
was concluded that the maximum bulge pressure of single mild steel diaphragm was
considerably more than in the case of aluminum diaphragm and the crackes of the single

sheet or laminated diaphragms occurred either near the pole or at the edge of
diaphragms.

KEYWORDS: Diaphragm; Bulge Bressure; Elliptic Die; Strains; Mild Steel;
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INTRODUCTION

The increasing requirement of the sheet metals by industry has led to many
studies being conducted to investigate sheet metal properties under simple and complex
loading conditions. Testing of sheet metals under hydrostatic bulge loading is an
interesting way to determine the flow stress-strain characteristics of the sheet metal.
The important advantage of this test that there is no contact (friction) between
specimens and tools in the region of bulging, which allows tosimplify the theatrical
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analysis for stress- strain and increase test accuracy [1]. Furthermore, the bulge test can
be used to determine the strain hardening, and plastic properties of sheet metals [2-4].
The hydraulic bulge test is interesting subject of many researches. Yousif et al [5]
investigated the deformation and failure mechanisms of the rectangular diaphragms.
They found that the diaphragm either ruptured along the edge or the pole along the
major axis depending on the aspect ratio of the ellipse and diaphragm material. Tomov
et al[6] outlined the mechanical conditions when sheet metals tested by hydraulic
bulging. They found that the mechanical state of sheet bulging can be analyzed in more
general way without any restrictions to the loading rate and pressure distributions.

Kim et al [7] used an aero-bulge test to characterise the plastic behavior of a very
thin copper foils. They introduced an analytical model for calculating the dome radius
and thickness at the crown area. Recently, Sobotka et al [8] introduced a new plasticity
yield criterion (so called Vegter yield) by using the bulge test. This criterion accurately
matches to the deformation behavior of highly anisotropic materials. More recently,
Tonging et al [9] studied the surface effect on the mechanical behavior of the bulge
membrane at nano-scale using combined continuum theories and atomistic simulations.
Janbakhsh et al [10] performed bulge and uniaxial tests to determine the flow stress
curves of four different sheet metal alloys and they reported that the hydrostatic bulge
test provided flow stress properties at higher strain levels as compared to uniaxial
loading.

Although considerable researches have been devoted to the behavior of single
sheet under bulging pressure, rather less attention has been paid to laminated sheets [11-
13]. Therefore, it is the purpose of the present paper to study experimentally and
theoretically the deformation behavior and characteristic of the equivalent strains of
single and laminated sheets of the mild steel and aluminum materials under hydrostatic
bulge test.

EXPERIMENTAL WORK
Material

Materials used for experiments are mild steel sheets with thickness of 0.833 mm
and deep drawn aluminum sheets with thickness of 0.66 mm. Table 1 shows the
measured mechanical properties of two materials according to the SA370 standard

method [14].

Table 1: Measured mechanical properties of aluminum and mild steel sheets

Material Oyp Out Eyp Sut E
(MPa) (MPa) (%) (%) (MPa)
Mild steel 230 325 1.2 18 200
Aluminum 100 120 0.18 20 70

Preparation of the Specimens

Several specimens, for bulge tests, with dimension of 194x155mm, were cut as
received condition without annealing from the two sheets at rolling direction parallel
and transverse to the major axis. Each specimen was scribed lightly on one side in form
lines of 5 x 5 mm square grid net work. These lines were used to measure the
longitudinal and transverse strains of the bulged specimen.
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The Bulge Test Rig

Figure (1a) shows a photograph of the test rig. It consists of an elliptical die,
working table, high pressure hydraulic pump, pipe fittings, pressure transducers,
pressure gauges and instrumentation connections. The die was machined from a hard
steel plate with thickness 80 mm. The die consists of two main parts, the base plate and
clamping plate that contained an aperture profile with required shape of diaphragm (see
Figure 1b). Several holes were drilled in the base plate for hydraulic and measurement
connections.

Clamping plate

= TR o=
(b) \ Base plate

(a)
Figure 1: (a) test rig, (b) elliptic die

Bulge Test Procedure

The bulge test was carried out by placing a specimen between two parts of the
die and then clamped together by high strength bolts. A hydrostatic pressure was
applied on the specimen by the hydraulic pump until the bulge failure take place. The
continuous data of pressure and displacement readings were sent to the computer
through a data acquisition.

Strain Measurements

After finishing the test, displacements (xi+;) and (y;) were measuring by sticking
a transparent stripe sheet ( 25x200mm) along the major and minor axes of deformed (
bulged ) sheet using sticky tape. This sticky tape allowed the deformed positions of
nodal points marked previously on the sheet were then carefully marked onto the
transparent strip using any sharp edged tool and then the displacement between
deformed nodes were measured by vernier microscopic. The final thickness (t;) of the
bulged diaphragm at various points was measured by passing the deformed diaphragm
between fixed ball and digital dial gauge. From these measurements, the longitudinal,
transverse and thickness strains were calculated using the following equations:

& = In[ZEH] (1)
ey = In[] )
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g = In[2] 3)

where, &, &, and €, are the longitudinal, transverse and thickness strains respectively

and 5 mm was the original distance between each grid. (xi+;) and ( X;) are the final and
initial longitudinal distances respectively.

THEORTICAL ANALYSIS
Plastic Deformation of Laminated Diaphragms

In order to develop the theoretical analysis of the plastic deformation of the
elliptical laminated diaphragm, it was assumed that the sheets are initially elliptic in
shape, clamped rigidly around their edges and subjected to uniform hydrostatic pressure
on one side. Figure (2) shows a schematic view of a elliptical diaphragm deformed out
of plane at a stage deformation where the laminated sheets are stacked together and
remain in contact during the deformation. During the deformation of sheets, it was
observed that the profile shapes for minor axis was closely circular whereas for major
axis, the radius of curvature at the pole initially slightly less than and finally greater
than at the edges and therefore, the profile shape may be approximated as circular.

1 V4

|
Major axis |
\. |

Minor axis

Figure 2: Schematic view of a elliptic diaphragm under bulging pressure [1]

Thus for deformed elliptical diaphragm shown schematically in Figure (2), the radii of
curvatures of the minor (p, ) and major (p,) axes are given by:

h2+ 2

px = = ©)
h?+ b?

p_'y = 2h (5)

Strain on the Major Axis
The strain along the major axis was developed by assuming that the trajectory of
a point on the major axis near the pole was orthogonal to the profile at any instant.
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Figure (3) shows an element from the deformed diaphragm along the major axis with
arc length of p, d6 [5] .

de

2b

Figure 3: a view of an element from deformed diaphragm along the major axis [5]

When the pressure is increased by say dp, the height of the crown increases by dh.

Therefore, the strain (dey) on the element can be calculated as:

_ (pytdn)aé-py,dé _ dh
(dgy )y:() - Py de - Py (6)
Substituting equation (5) in (6) and integrating, lead to the total strain at the pole

along the major axis as:
h2+ b?
(&y)y, =1n [ b2 ]

(7)

Strain on the Minor Axis
By adopting a similar procedure, the longitudinal strain along the minor axis can by
found as :

h2+ bz]

(dex ), = In |5 8)

Thickness Strain
The thickness strain can be deduced[5] as :

&= — (& + Ey) )
Thus :

£t=—(ln[ ]+ln[
The strain ratio at the pole where x=0 and y =0 is:

h2%+ b2
aZ

h2+ b?
)

(10)

hZ+ b2 ]
n

Ex a?
O (1)
&y In ;'2

Equilibrium Equation

The equilibrium equation for a laminated sheet, for example mild steel and
aluminum sheets, at the pole may be derived by considering the stress distribution on a
small elemental strip (see Figure 4) of deformed laminated sheet of current thickness t;
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and t, for the steel and aluminum respectively while the total thickness is t; when the
laminated sheet is deformed under the pressure P.

Figure 4: Schematic a view of element at the pole of bulging diaphragm [5]

The forces acting on the element in radial direction, leads to the following equilibrium
equation [12]:

g, (o2
P=t[=4 reg 12
t [ Px + Py ] ( )
and
_ (oxstst oxata) _ (oyststoygta)
Txeg = T (it ta) s T T ) (13)
RESULTS AND DISCUSIONS

Tables (2a and 2b) show the effect of the rolling direction on the failure pressure of the
single and laminated sheets. It can be observed that there is no effect of rolling direction on the
single sheet of mild steel and laminated sheet of steel on aluminum. However, there is a slightly
effect on the single aluminum and laminated sheet of aluminum on steel. The significant
increase of bulge pressure can be observed between the single bulging sheet and the laminated
sheets.

Table 2a: Failure pressure of sheets with rolling direction parallel to major axis

Description Single sheet | Single sheet Laminated sheet Laminated sheet
mild steel Aluminum Aluminum on steel | Steel on Aluminum
Failure pressure 7.5 MPa 0.83 MPa 9.1 MPa 9.2 MPa
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Table 2b: Failure pressure of sheets with rolling direction transverse to major axis

Description Single sheet | Single sheet Laminated sheet Laminated sheet
mild steel Aluminum Aluminum on steel Steel on Aluminum
Failure pressure 7.5 MPa 1.08 MPa 9.4 MPa 9.2 MPa

Figure (5a) shows the pressure - deflection curves for bulged laminated
diaphragms (aluminum staked on mild steel and vise verse) with rolling direction
transverse to the major axis. It can be seen that at early stages of bulging, the both
laminates exhibited same bulging pressure up to the deflection of 10 mm and then the
pressure of laminated (mild steel staked on aluminum) became higher up to the
deflection of 35 mm. Figure (5b) shows the comparison between the theoretical and
experimental of pressure-deflection curves of the laminated diaphragm (aluminum
staked on mild steel). The two curves are compared well up to the deflection of 16 mm
and then they diverged in which the experimental pressure increased by approximately
25% than the theoretical one. This is probably due to the strain hardening effect. All the
curves of tested diaphragms exhibited the same behavior and showed nonlinearity
which probably due to the ductility (plasticity) of the materials which allowed to high
plastic deformation occurs at high strain rate.
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Figures 5 (a and b) : Pressure-deflection curves for laminated diaphragms
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Fracture Modes

Figure (6a and 6b) shows photographs of fracture modes of mild steel sheet with
rolling direction parallel and transverse to the major axes respectively. It can be seen
that the bulge shape of two sheets along the two axes are almost circle. This observation
was a adopted in the above theoretical analysis. The fracture appeared as small tear
almost near the pole and in direction along the major axis. This fracture mode is similar
to that reported by Gutscher et al [16] in their study.

(a) (b)

Figure 6: Modes of fracture of mild steel sheets with rolling direction, (a) Parallel to major
axis, (b) transverse to major axis

Figure 7 (a and b) shows the modes of fracture of laminated sheet of mild steel
staked on aluminum and tested with rolling direction parallel to the major axis. The
mild steel diaphragm was punched near to the pole where as fracture of the aluminum
diaphragm spared around the circumferential at the clamped edge, which probably due
to the effect of friction and stress concentration at the edges.

(a) Mild steel sheet (b) Aluminum sheet

Figure 7: Modes of fracture of laminated sheet of mild steel (a), stacked on the aluminum
sheet (b), with rolling direction Parallel to major axis

Figure (8a and 8b) shows mode of fracture of a laminated sheet of aluminum
stacked on the mild steel and tested with rolling direction parallel to the major axis.
Compare with the deformation mode in Figure (4), it can notes that the aluminum
diaphragm(Figure 8b) fractured by burst at the pole due to the high bulged pressure
which was produced by the small crack at the crown of the mild steel diaphragm under
net of aluminum diaphragm.
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(a) Mild steel sheet (b) Aluminum sheet

Figure 8: Modes of fracture of laminated sheet of aluminum sheet (b) , stacked on the mild
steel sheet (a), with rolling direction Parallel to major axis

Strain Distributions along the Minor Axis
Figure (9a and 9b) shows the longitudinal (&), transverse (gy) and thickness (&)

strains versus the distance from the pole along the minor axis for (a) mild steel single
sheet and for (b) laminated sheet (Mild steel stacked on aluminum sheet). It can be seen
that the experimental and theoretical of strains exhibited their maximum values near the
pole and then decreased gradually toward the clamped edge. The thickness strains (&)
in both figures became constant for a short distance near the edge, while (&), (gy) values
drop continuously, in which the values of longitudinal strain (e,) are much lower and
almost zero at the edge. The dotted line of the experimental curves near the pole
indicted that there is an area near the pole where, the values of (&), (gy) and (&) could
not be measured accurately because of failure of the diaphragm. The characteristic of
the theoretical strain curves are linear and the experimental values distributed around it.
The correlation between theoretical and experimental strains is reasonable satisfactory.
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Figure 9: Strain distribution along the minor axis (a) single mild steel diaphragm, (b)
laminated mild steel stacked on aluminum diaphragm. The dotted lines (.....)
means that the strain at the region unmeasured due because of failure of the
diaphragm.
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CONCLUSIONS
Based on the above investigations, a number of conclusions were drawn as follows:

The maximum bulging pressure of single mild steel diaphragm was considerably
higher than in the case of aluminum diaphragm.

No significant increase in resistance was offered by any of the laminate
combinations (aluminum stake on mild steel and vice versa).

The experimental and theoretical strains exhibited their maximum values near
the pole and then decreased gradually ( in linear manner) toward the clamped
edges.

The strains in the aluminum sheets were much lower compared to that in mild
steel sheets whether this was deformed as a single sheet or a part of a laminate.
In the most cases, the longitudinal strains is much lower than the others strains.
The fracture mode of mild steel sheet either in single or laminated diaphragm
was almost near the pole area as short tear.

The fracture mode of aluminum sheet as single diaphragm was similar to that in
the mild steel. Whereas in laminated diaphragm was depended on the
combination of laminate. When the mild steel stacked on the aluminum sheet,
the fracture mode was by burst at the pole area.

The rolling direction has no effect on the fraction location either for single
diaphragm or laminated diaphragms.
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NOMENCLATURES

Oyp  Yield stress

Oult Ultimate stress

Eyp Yield strain

Sult Ultimate strain

E Modulus of elasticity

€x Longitudinal strain along the minor axis

gy Transverse strain along the major axis

& Thickness strain

(xi+1) Incremental displacement in the minor axis

(x;) Initial displacement in the minor axis

(yi)  initial displacement in the major axis

(to)  initial thickness

(t) final thickness
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(ts) Thickness of mild steel sheet
(t)  thickness of aluminum sheet
a,b  Minor and major die dimensions

P hydrostatic pressure

h central height of the diaphragm
Px radius of curvature of minor axis
Py Radius of curvature of major axis

Oxeq  €quivalent stress of laminated sheet in minor axis
Oyeq  €quivalent stress of laminated sheet in major axis
Oxs stress of mild steel in minor axis direction
Oxa stress of aluminum in minor axis direction
Oys stress of mild steel in major axis direction
Oya stress of aluminum in major axis direction
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