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Analytical and Finite Element Analysis of
Hydroforming Deep Drawing Process

Maziar Ramezani and Thomas Neitzert

Abstract—This paper gives an overview of a deep drawing
process by pressurized liquid medium separated from the sheet by a
rubber diaphragm. Hydroforming deep drawing processing of sheet
metal parts provides a number of advantages over conventional
techniques. It generally increases the depth to diameter ratio possible
in cup drawing and minimizes the thickness variation of the drawn
cup. To explore the deformation mechanism, analytical and
numerical simulations are used for analyzing the drawing process of
an AA6061-T4 blank. The effects of key process parameters such as
coefficient of friction, initial thickness of the blank and radius
between cup wall and flange are investigated analytically and
numerically. The simulated results were in good agreement with the
results of the analytical model. According to finite element
simulations, the hydroforming deep drawing method provides a more
uniform thickness distribution compared to conventional deep
drawing and decreases the risk of tearing during the process.
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I. INTRODUCTION

ANY innovative deep drawing techniques have been

introduced in recent decades to eliminate some
problems of conventional deep drawing processes [1], [2]. The
main purposes of these processes are enhancing the limiting
drawing ratio, minimizing the variation of thickness of drawn
cups, and reducing the cost of tooling especially for irregularly
shaped parts. A class of these processes uses hydraulic
pressure instead of one half metallic tool to increase the
limiting drawing ratio and decrease the variation of thickness
of the formed component. A higher depth to diameter ratio can
be achieved by the hydroforming deep drawing process and
irregular and unsymmetrical shapes can be drawn.

Fig. 1 shows the main components of the instrument for
hydroforming deep drawing. It consists of a pressure
container, a metallic rigid punch, blank-holder and a rubber
membrane that is used for sealing the pressurized liquid in the
container. The process starts by positioning the blank over the
rubber diaphragm. The blank-holder is then positioned on top
of the blank to prevent it from moving upward. A liquid is
pumped into the cavity and at the last stage, the punch moves
down to form the blank. The hydraulic pressure inside the
container plays an important role throughout the drawing
process. A pressure valve is generally used to control and
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regulate the liquid pressure inside the container. After the
component is formed, the punch moves upward and the liquid
in the container is withdrawn. The blank-holder can now be
removed and the deep drawn cup can be collected from the
press machine.

Because of the hydraulic pressure acting on the outer edge
of the work-piece, a radial stress (equal to the fluid pressure)
acts on the periphery of the flange. This radial stress helps to
draw cups with higher drawing ratio before the cup wall
reaches its ultimate tensile strength. The pressurized rubber
pushes the cup to the punch and creates a frictional force
between the blank and the punch contact area. This frictional
stress helps to transfer the region of the maximum draw stress
from the punch nose radius to the die radius, during the
process. The limiting drawing ratio may also increases
because of the absence of friction at the die radius which
happens in the conventional deep drawing process. Thus, the
combination of the radial stress in the periphery of the flange
area and frictional stress in the cup wall, together with the
absence of contact in the die radius region cause the higher
drawing ratio achievable in hydroforming deep drawing. In
this process, the radius at the intersection between the flange
and the cup wall is not constant as there is no die present. The
size of this radius can be controlled by changing the pressure
inside the container and cups with small radius joining the
flange area can be fabricated by increasing the pressure at the
final stage. Since the blank is in contact with the rubber
diaphragm instead of a rigid die, cups with very small radius
between the wall and flange area can be produced without
fracture. This is because of the hydraulic pressure pushing the
rubber to the blank when it forms around the punch and the
radial stress acting on the periphery of the flange. The
combinations of these two stresses decrease the tension on the
cup wall and postpone failure of the cup. However, if the
hydraulic pressure is too high, it increases the frictional
resistance between the blank and the blank-holder which will
increase the drawing force necessary to form the cup causing
the cup to fracture. On the other hand, if the pressure is too
low, wrinkling will occur in the flange area. Because of the
absence of a rigid die in this process, puckering may also
occur at the connecting region between the flange and cup
wall due to the lack of sufficient pressure. So, the pressure in
the container should be regulated in such a way to keep a
balance between these opposing effects [2].

For all the reasons mentioned above, deep drawing using
hydroforming technique is considered to be the simplest
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technique for producing complex shapes economically. It is
also possible with this process, to draw complex parts in a
single step, while it may requires several drawing steps and
subsequent works if forming by the conventional deep
drawing process. Other advantages include higher accuracy
and dimensional control and better surface finish with scratch
free drawn parts on one side.

Punch force

Blank-holder Blank-holder

Rubber
diaphragm

BRRRAR
Pressure chamber

I O O O I O I T Y

To pressure control valve

Fig. 1 Hydroforming deep drawing process

In a pioneering study, Fukui et al. [3] presented a
mathematical analysis of the hydroforming deep drawing
process based on total strain theory. They investigated the
general characteristics starting from the use of fluid pressure
as a die. Yossifon and Tirosh [4] developed a mathematical
model for the hydroforming deep drawing process which
provides the permissible operating fluid pressure path to avoid
failure of the part. They showed that wrinkling and rupture of
the work-piece can be avoided if the fluid pressure path can be
restricted to travel only within their suggested bounds.

Thiruvarudchelvan and Lewis [5] designed and developed
simplified tooling for a hydroforming deep drawing process
that uses a constant hydraulic pressure. The experimental
results and a simple theoretical analysis for the upper and
lower bounds for the fluid pressure are presented in their
article. In another study, Thiruvarudchelvan and Travis [1]
investigated different versions of hydraulic-pressure-enhanced
deep drawing processes and their advantages and
disadvantages. Various aspects including the principles
underlying these techniques are discussed in their paper.

Vollertsen et al. [6] introduced a deep drawing technique
using multiple elastomer membranes pressurized by fluid
media. They determined the necessary punch force for this
process using a theoretical model. Kandil [7] investigated the
hydroforming deep drawing of aluminum and copper blanks
experimentally. He studied the effect of main process
parameters such as the initial pressure, sheet thickness, sheet
material properties, punch geometry, punch load and drawing
ratio on the drawing performance of the cup.

Lang et al. [8], [9] presented a new hydro-mechanical deep
drawing technique assisted by radial pressure. In this method,
a radial pressure is loaded along the blank rim to reduce the
drawing force. They used experimental and finite element
approaches for analyzing the forming process of aluminum
alloy blanks. Djavanroodi and Derogar [10] investigated the
formability, fracture mode and strain distribution of aluminum
and titanium alloy sheets during the hydroforming deep
drawing process. They also studied the effect of process
parameters on forming limit diagram by using finite element
simulations.

In the present paper an analytical analysis has been carried
out to study the effect of the process parameters on the
hydroforming deep drawing process. It is followed by finite
element simulations of the process to investigate the
deformation mechanism of the drawn cups. The relationship
between the deep drawing ratio, blank thickness, drawing
pressure, and drawing load during hydroforming operation are
presented. Comparisons between the results of the analytical
model and the results obtained by finite element simulations
are also carried out.

II. THEORETICAL ANALYSIS

A. Conventional Deep Drawing of Cylindrical Cups

Considering the deformation of a flange during cylindrical
cup drawing, two major deformation mechanisms are often
found in deep drawing: (1) biaxial stretching over the punch,
in which both principal strains in radial and hoop directions
are tensile, and (2) drawing the flange into the die cavity in
which the radial principal strain is tensile and the hoop
principal strain is compressive.

During a deep drawing process, the flange area of the blank
is subjected to a combination of a radial tensile stress and an
induced compressive hoop stress. Wrinkles may occur in the
flange portion if the magnitudes of these two stresses reach a
critical value. This critical value mostly depends on the
current flange dimensions and the properties of the blank
material. To prevent or postpone wrinkling in the flange area,
blank-holders are usually used.

Several analytical models are available for the conventional
deep drawing process [11], [12]. In all of these models, two
major regions are considered for the mathematical modeling
of deep drawing, i.e. the flange area and the cup wall. The
wall of the drawn cup undergoes a considerable drawing force
to cause the deformation in the flange. For blanks with a large
diameter, the necessary drawing force acting on the wall to
draw the blank through the die might go beyond the ultimate
tensile stress of the material and will cause necking or fracture
in the cup. The formability in deep drawing is usually
characterized by limiting drawing ratio (LDR) of the cup,
which can be described as the ratio of the largest diameter of
the blank that can be drawn without failure, to the diameter of
the punch [13]. The theory described here for conventional
deep drawing is from the work of Mielnik [13]. He made the
following simplified assumptions for the analytical modeling:
1. The work due to external and internal friction loss due to

bending and unbending is initially neglected and it will be
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considered at the final step by employing a deformation
efficiency factor 77 .

2. Since the strain-hardening exponent n has negligible
effect on limiting drawing ratio (LDR), the material of the
work-piece is considered to be perfectly plastic with
n=0.

3. The thickness of the sheet remains constant during the
drawing process.

4. The material has planar isotropy.

Fig. 2 Schematic illustration of a partially drawn cup showing the
dimensional notation

The deformation mechanism in the flange during the deep
drawing process is shown in Fig. 2. Assuming the plane strain

condition in the flange (&, =0), volume constancy of the
sheet leads to the following relationship:

7 pé =np®+2xr h=constant @

where p,, o, 1 and h are illustrated in Fig. 2. By taking the
derivative, we arrive at:

27 pdp+2rrdn=0 or dp=-19"
Considering dgy = d_p and de, =0, we have:
P
de, =-de, = _do_n dzh ®)
p P

where I, is the cup radius and dh is the incremental punch
travel. The incremental work dW done on the element
shown in Fig. 2 is equal to the volume of the element
27t pdp times the incremental work per volume

de, =0 and

ode, +o,de +0,de,.  Since g

de, =—de,, the work per volume is (o, —o,)ods,,

and so the work on this element is:

dW = 2t pdp (O'XZ— c,)(r,dh) @
P

The total work for an ideally plastic material on all elements
of the flange per increment of punch travel is:

dw Jf.27zrltaf
dh : P

dpo=2rrto, In(rijz F,

1

The drawing force F,, is maximum at the beginning of the

draw, when I =T, so:

Fimx =271 1O In{r—oj =2rnto; IHL%j (6)

h 1

=0 In{%j (7
1

where d, and d; are the blank and cup diameters,

respectively, o, is the drawing stress and o, is the flow
stress of the sheet in the flange. This equation is valid for 100
percent deformation efficiency, i.e., for 7 =1. By taking into

account the external and internal frictions, the deformation
efficiency factor (77) can be introduced into (7). Therefore, at

any instant as the cup is being drawn at d. , the drawing stress
for a deformation efficiency of 77 can be given by:

Fy =17rdi110'f In[ij (®)
n d;
2ty
o, =—0;In[ = 9)
n d,

Let us now consider the deformation mechanism in the cup
wall. To avoid failure, the cross-sectional area of the cup wall

must withstand the maximum drawing force F, So, the
limiting drawing ratio will be reached when the axial stress
o, reaches the flow stress of the sheet in the wall o, .

max *

=" — 5 In L} (10)
2t d,
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Therefore, the wall of the cup will begin to neck when
o, = o,,. Since the circumference of the wall is constrained
by the rigid punch from shrinkage, plane strain occurs, where

d

¢, =0, and so the limiting drawing ratio (LDR = %)
1
can be obtained by the ratio of the two plane-strain flow

strengths, that is, o, of the cup wall and o; of the flange,
as follows:

% (6,=0) In(LDR) 11)
Gf (‘92 = O)

For the isotropic case and for an ideally plastic material,
o, =0,, (11) leads to LDR =exp(l) =2.72. However,

compared to practical results, this is too high and hence, the
calculated work in the flange and the calculated drawing force
should be modified by multiplying with the deformation
efficiency factor, 77 to take into account the work against

friction and the work to cause bending. In this case
LDR =exp(77) . Usually the LDR is about 2, and so the
efficiency is roughly 0.70.

B. Hydroforming Deep Drawing of Cylindrical Cups

The analytical model presented in this section is based on
the work of Fukui et al. [3]. The mathematical analysis for
deep drawing using hydroforming is fundamentally the same
as conventional deep drawing analysis and the only difference
is the consideration of the effect of liquid pressure. The high
pressure in the liquid chamber pushes the blank to the rigid
tools and causes frictional resistance between blank-holder
and flange portion of the blank (Fig. 3 A-B). At the other side
of the blank which is in contact with the rubber diaphragm, the
rubber deforms and moves with the blank and therefore, the
frictional resistance at blank-rubber contact surface is not
significant. Considering the blank-holder plate as a plane
normal to the punch axis, the relations for radial stress and
strain can be expressed as:

d(o,.R.t)
d—RZUyt'i',upiR (12)
de 1 -
L= (1-e"T™ 13
R R( ) (13)

For the flange portion, we have from (12) and (13):

For conventional deep drawing processes, the second term
in the right hand side of (12) becomes zero since p, =0.

Similarly, the relation for radial stress and strain in the
forming radius portion (Fig. 3 B-C) is given as:

d(o,.R.t)

ngyt (14)
de, 1 1 ...

=—(1-——e" ™ 15
drR R( sind ) =

For conventional deep drawing processes, a term caused by
friction would be added to the right hand side of (14).
However, for the case of hydroforming, the friction between
rubber and blank can be neglected.

In the preceding equations, o represents true stress and &
represents logarithmic strain. As shown in Fig. 2, the
subscripts X, y and z represent the radial, circumferential and
thicknesswise components, respectively. Considering the
relationship between equivalent stress & and equivalent

strain £ as & =C(&)", the general relation between stress
and strain in the plastic range can be given as follows:

o,+o0
6 =K@ (0, -7
—\m o, +0,
Sy:K(U) (O'y—T (16)
o, -|‘O'y

£, =K(@)" (0, - 757

where K =(1/¢)¥™ and m=(1-n)/n are material

constants that can be determined from tensile tests. Combining
(12), (13), (14), and (15) with (16), the following simultaneous
equations can be established.

do, B'C-BC
dR AB'-A'B
(17)
do—y _ AC,_A’C
dR AB'-AB

1 1.
A=R+ RO-X[Z Km(a)" (20, -0, -0,)x(20, -0, —O'Z)—E K(@)"]

B= RO'X[% Km(5)"?*(20, -0, -0,)x(20,~0,~0,) —% K(@)"]

R
Czay—ax+ypT
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A =%Km(&)m’2(26x -0,-0,)x(20, -0, ‘Gz)‘%K(E)m

B'= % Km(a)"?*(20, -0, -0,) +K(3)"

1

C'= R[l—exp[;) K(3)" (o, —GX)]}

For the forming radius portion and from (14) and (15), we have:

A=R+ RO'X[% Km(c)"? (20, -0, -0o,)x(20, -0, —GZ)—%K(E)”‘]

B= RO'X[% Km(z)"? (20, -0, -o,)x(20,~0,~0,) —% K(a)"]

C=o0,-0,

A =%Km(5)m’z(20x —6,~0,)x(20, -0, —o—z)—% K(&)"

B'= % Km(3)™ (20, - 0, - 7,) + K(5)"

2 Y oK) (o
c'- [1 P K@) (o, ax)]}

R
L]‘unrh force Blank-holder
1 /A '
-~k g s e
i 3 i)f'
Drawn cup
K P I
P |
R,

I T
“:\-‘.
1

Fig. 3 Geometry of cup during deep drawing process

The above equations can be used to determine the stress and
strain distributions in the formed component. To solve these

equations numerically, the initial values of o5, o, and

o, for the flange portion can be found as follows:
R=r = o,=0,=0p

So, from (16) we have:

r
gyO = In(r) - K(O-XO _Gyo)mﬂ
0

For forming radius portion, the initial values of o, and

o, at point B (Fig. 3) on the inside edge of the flange are

used. For this reason, the position of point B must be
determined, since point B varies with the applied forming
pressure and the value of the radial stress created in the blank

piece. By taking the punch and the blank portion R,, as

shown in Fig. 3 as an integral unit and taking into account the
axial equilibrium, we will have:

Fy =77R12 P

In numerical calculations, the punch force Fd found from

FE simulations were used for determining the value of R, .

C. Drawing Stress

Drawing stress of the cup body at any instant of the
hydroforming deep drawing process is given by [17]:

F
04 = — - =0 * Tpic +op=Llog Inf-py
P (18)
(ftm + #4p) Pi , 52 1, 9p t
+Mm TPV -D(=+)—+ p—
5 (B )(ﬂ )~ Ufs(Zrd)

where F, is the force on the cup wall needed for drawing,

dp is the punch diameter, t is the original thickness of the
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blank, ,6’ is the draw ratio, P, is the internal fluid pressure in
the die cavity, 4, is the coefficient of friction between
membrane and sheet metal, g is the coefficient of friction

between blank-holder and sheet metal, and I, is the radius

t, .
between cup wall and flange. o, = o (=—) is the stress

d
caused by bending and unbending; o . is the friction stress

in the region of the flange; and oy =1.10, In # — p; isthe
ideal forming stress. o is the average flow stress of sheet

material in the flange region and is almost equal to 1.350

where o, is the ultimate tensile strength of the sheet metal.

O, is the yield stress of the work-hardened material at the

die-corner regions, and can be determined using the following
relationship:

n

o, =cClIn /1+L (19)
rp

where C¢ and n are the strength coefficient and strain
hardening exponent of the sheet metal, respectively, and r, is
the punch edge radius.

Under high internal pressure the blank is completely

surrounded by the rubber diaphragm. Due to the
incompressibility of rubber, it can be assumed to behave like a

liquid and thus the internal pressure p; acts on the flange area

of the blank too and reduces the ideal drawing force.
According to Panknin and Muhlhauser [17], the value of

internal pressure [; can be subtracted from (18). Subtracting

p; from equation of &, leads to:

_ (O Py e A
o,=11c,Inp+ 8 {(ﬁz 1)(ﬂ+1) " :|+O-fs(2r;j)

(20)
which gives the drawing stress of the cup wall along the

drawing direction. Using (18) and (20), the drawing force can
be simply calculated as:

Fg =7d,tll.loy Inﬁ+@><

A ot
(B 1)(ﬁ+1) " ]+0fs(2r0| )

(1)

To prevent the blank from lifting off the blank-holder when
the punch pushes on it, F, must be less than the load applied
on the annular area of the blank by the hydraulic pressure
[5]. Therefore, we must have:

Fd:adﬂdpt<pi%(D2—d§) 22)

where D s the flange diameter. Simplifying (22) we arrive
at:

Pi
Oy <Kpt(D2—d§) (23)

Furthermore, to prevent lifting off of the blank-holder
during the hydroforming deep drawing process, the minimum
pressure can be determined as follows by combining (20) and
(23):

t
llo: InB+os(—
¢Ing fs(zrd)

Pi > d
1(D2—d2)—(ﬂm+’ub)(,82—1)(l+1)tp

4d,t P 8 i

t
llos InB+os(—
¢Ing fs(zrd)

Ty o o Gt ) 2 o
4t(ﬂ 1) 8 ) 1)(ﬂ+1)t
(24)

However, to prevent wrinkling of the flange and puckering
in the unsupported areas, the internal pressure would have
different lower limits which were analyzed in [4].

On the other hand, to avoid instability of the cup wall in

tension that leads to fracture, we must have oy < o . Using
(20) we arrive at:

oy —1lo; Inﬂ_o-fS(Z:’ )
pi < : (25)
' d
(/um+/ub)(lg2 —1)(1-1-1) p

8 gt

In practice, to avoid excessive thinning of the cup wall, the
draw stress is kept considerably below the ultimate tensile
strength of blank material and thus, (25) gives an over-
estimate of the hydraulic pressure. Therefore, from the
simplified theoretical analysis presented above, the liquid
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pressure, P; in hydroforming deep drawing process must lie
within the limits given by (24) and (25)

I1l. FINITE ELEMENT SIMULATION

Finite element simulations have been used for analysis and
design of metal working processes in recent years. Compared
to experimental analysis, computer simulations have the
advantages of low cost, short time, more information and well-
illustrating  graphics, although they require practical
verification. The numerical simulations of the hydroforming
deep drawing process were conducted in ABAQUS based on
finite element formulation. The dimensions of the tools used
in the simulations are listed in Table I. By taking advantage of
axisymmetry it was possible to simulate the die, blank and
rubber assembly as a 2-D axisymmetric model. Two different
types of elements, namely CAX4R and CAX4RH, were
employed to model the blank and the rubber, respectively. The
Young’s modulus and Poisson’s ratio of the blank material
were selected to be 70.4GPa and 0.33, respectively.

TABLE |
DIMENSIONS OF THE TOOLS FOR FE SIMULATIONS
Parameters Values
Punch diameter, d p (mm) 70
Punch nose radius, rp (mm) 5
mmkmMMdema,do(mm) 160
Blank initial thickness, t (mm) 15
Rubber diaphragm thickness (mm) 10
TABLE I
PROPERTIES OF AA6061-T4 [9]
Parameters Values
Yielding stress, O yield (MPa) 125
Ultimate tensile stress, O, (MPa) 221
Young's modulus, E (GPa) 803;
Poisson's ratio, V ’
Strain hardening exponent, N 0.236
Hardening coefficient, C (MPa) 405

A Coulomb friction law was assumed. The friction
coefficient was equal to 0.1 between blank and metallic tools
and 0.25 between blank and rubber diaphragm. The values of
the coefficients of friction are based on the results of a friction
analysis of a rubber-pad forming process conducted previously
by one of the authors [14]. Surface to surface contact
algorithm was selected to model the contact between the sheet
metal and tools including punch, rubber diaphragm and blank-
holder. The movement of the punch was defined using its
reference node. This node was also employed to obtain the
drawing force during the simulation. Appropriate boundary
conditions were applied to the models of sheet, punch, rubber
and blank-holder. The blank-holder was fully constrained and
the punch could move only along the Z-direction,
corresponding to the central axis of the punch. The punch
motion used a constant velocity profile in order to limit

inertial effects. All metallic tools were modeled as analytical
rigid bodies. The blank and rubber were modeled as
deformable bodies.

An elasto-plastic material model with Hill's yield criteria
was used for the blank. The blank material is aluminum alloy
6061-T4. The mechanical properties of AA6061-T4 are listed
in Table 1. The strain-hardening model applied in the
simulation was isotropic hardening, and the material
characteristics were represented by the power law, which is
given by:

oc=cg" (26)

where o is the flow stress (MPa), & is the total true strain
(dimensionless), C is the strength coefficient (MPa) and N is
the strain-hardening exponent (dimensionless).

Flexible  materials  have  nonlinear  stress—strain
characteristics for relatively large deformations. Under such
conditions, they are generally assumed as nearly
incompressible. To model these hyper-elastic materials
through FEM, a constitutive law based on total strain energy
density W has to be adopted. Among several approaches,
Ogden theory [15] was used to model rubber material in finite
element simulations. This material model has previously been
used with success to predict the behavior of hyper-elastic
materials [16]. The form of the Ogden strain energy potential
is:

Oij —% (27)
v 88”
N 2u Ta . a7 a N 1 e i
W= G+ A0+ -3+ (3% -1y
= G iz D,
(28)

where W is the strain energy per unit of reference volume; /T,

are the deviatoric principal stretches which can be defined by
-1

/Ti =J3 Ai; J is the total volume ratio; J el s the elastic

volume ratio; and 4, «; and D; are temperature-dependent

Ogden constants. Compressibility can be defined by

specifying nonzero values for D;, by setting the Poisson's

ratio to a value less than 0.5, or by providing test data that
characterize the compressibility. We assumed a fully

incompressible behavior for rubber with v =0.4997 and
D; equal to zero and then, the second expression in (28) can

be eliminated. To determine the strain energy density W,
ABAQUS uses a least-squares fitting algorithm to evaluate the
Ogden constants automatically from a stress-strain curve. The
stress-strain curve of the polyurethane is presented in Fig. 4.
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IV. RESULTS AND DISCUSSIONS

The distribution of the von-Mises stress in the drawn cup at
the last stage of the simulation is illustrated in Fig. 5. The
maximum FE predicted von-Mises stress for the blank at the
last step of the forming process is 259MPa. Fig. 6 shows the
punch load-stroke curve for hydroforming deep drawing of a
AAG6061-T4 blank, obtained from FE simulation. As can be
seen from the figure, the maximum load is 182.56kN at punch
stroke of 48mm. The maximum load predicted using (21) is
194.30kN which shows a 6% error.

Stress (MPa)
o

0 T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 07

Strain

Fig. 4 Stress-strain diagram of polyurethane

3, Mises
(&ve. Crit.: 75%)

S722e+05

Fig. 5 Distribution of von-Mises stress at the final stage of
hydroforming deep drawing

The distribution of von-Mises stress in the rubber
diaphragm at the end of the process is shown in Fig. 7. As
illustrated in the figure, the maximum von-Mises stress occurs
at the punch nose region where it is forced to deform

excessively together with the drawing of the blank. The
regions of the rubber diaphragm which are in contact with the
bottom of the cup have relatively same level of stress which
causes the rubber to exert a quite uniform pressure to the
blank. The maximum principal logarithmic strain of the rubber
diaphragm at the end of the process is shown in Fig. 8. As can
be seen in the figure, the regions of the flexible punch which
are in contact with the blank, have the lowest strain which is
because of the cohesive behavior of rubber. This behavior
causes a stick region between rubber and blank and helps to
form the part more uniformly. The maximum principal
logarithmic strain happens at the middle of the rubber in
punch nose region, where the punch pushes the blank to form
and take the shape of the punch. Therefore, considering the
strain behavior of rubber diaphragm, it should be designed
such that its dimensional stability could be preserved during
the process.

200

180 ~

160 -

140

120 4

100 4

Punch force (KN)

80

B0

40

0 20 40 60 a0
Punch stroke (mm)

Fig. 6 Punch load-stroke curve for hydroforming deep drawing of
AAB6061-T4 obtained from FE simulation

Using the mathematical model presented in Section Il. B,
the distribution of stress and strain at zone A to C (see Fig. 3)
of the blank is calculated. Figs. 9 and 10 show the true stress
and logarithmic strain at the punch stroke of 25mm and Figs.
11 and 12 show the true stress and logarithmic strain
distribution at the punch stroke of 50mm. According to the
figures, a tensile radial stress develops in the blank during the
hydroforming deep drawing process and the value of this
tensile stress increases constantly from the periphery of the
blank to the wall region. By comparison of Figs. 9 and 11, it
can be also seen that the radial stress increases as the punch
stroke increases. On the other hand, the model predicts a
negative circumferential stress which is quite constant in the
flange area of the blank. This compressive circumferential
stress decreases as we move from the flange area to the cup
wall area. According to the figures, the circumferential stress
increases, as the punch stroke increases. The thicknesswise
stress has a constant value throughout the process which is
equal to the value of fluid pressure inside the chamber.
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Fig. 7 Distribution of von-Mises stress in rubber diaphragm at the
end of the process
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Fig. 8 Distribution of Logarithmic strain in rubber diaphragm at the
end of the process

According to Figs. 10 and 12, the radial logarithmic strain is
positive throughout the process. This is because of the
descending of the punch which forces the blank to stretch and
take up the shape of the punch into the cavity. As the punch
stroke increases, the blank radial strain increases. The
thicknesswise strain starts from a positive value and becomes
negative at the bending area of the cup. This shows that the
thickness increases slightly at the flange area and decreases at
the bending area and wall of the cup. The circumferential
strain has a negative value during the simulation. A
comparison of Figs. 10 and 12 shows that the values of radial
and circumferential strain reaches a maximum value at a
punch stroke of 25mm and then decreases as we move to the
cup wall area. However, as the punch stroke increases, the
strain values increase constantly during the process at A to C
zone and there is no decrease in the values.

To compare the results of the analytical model with the
finite element simulation, the values of equivalent stress at
points A to C (see Fig. 3) resulting from the two methods are
compared for the punch stroke of 50mm. As illustrated in Fig.
13, the equivalent stress increases continuously and reaches its
maximum value at point C. As can be seen in this figure, the
values of equivalent stress obtained from both methods
correlate with each other. In general, the finite element
simulation method tends to predict the stress value higher than
the analytical model at the flange area and lower than the
analytical model at the bend radius area. The difference of
predicting equivalent stress at point C using these two
methods is 10.4%.
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Fig. 9 Stress distribution in AA6061-T4 blank at the punch stroke of
25mm
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Fig. 10 Logarithmic strain in AA6061-T4 blank at the punch stroke
of 25mm
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Fig. 11 Stress distribution in AA6061-T4 blank at the punch stroke of
50mm

One of the most important parameters in the analysis of
hydroforming deep drawing is the estimation of the maximum
punch force to select an appropriate forming machine with
suitable capacity. The effect of key process parameters on the
maximum necessary drawing force of the hydroforming deep
drawing process is investigated using (21). Friction is one of
the most important parameters affecting the material flow and
drawing force subsequently. Fig. 14 shows the effect of
friction between blank and metallic tools on the maximum
punch force. As can be seen from the figure, as the coefficient
of friction increases, the maximum punch force necessary to
perform the deep drawing process increases. The results of FE
simulations with different values of friction coefficients are
also presented in Fig. 14. It is clear from the figure that,
compared with the numerical simulations, (21) is more
sensitive to the value of the coefficient of friction and predicts
a higher punch force.
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Fig. 12 Logarithmic strain in AA6061-T4 blank at the punch stroke
of 50mm
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Fig. 13 Comparison of analytical analysis and FE simulation for
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Fig. 14 Effect of friction coefficient on maximum punch force
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Fig. 15 Effect of blank initial thickness on maximum punch force
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Fig. 16 Effect of bend radius on maximum punch force
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Fig. 17 Variation of thickness of the drawn cup at the end of the
process

The effect of the initial thickness of the blank on the
maximum punch force is presented in Fig. 15. As can be seen
from the figure, as the initial thickness of the blank increases,
the necessary load to carry out the process increases. The

influence of bending radius I, between cup wall and flange

on the punch force is also shown in Fig. 16. According to this
figure, drawing the cups with a bigger bend radius needs lower
press capacity. This is due to the lower stress needed for a
bigger bend radius and the lower friction force needed.

Fig. 17 shows the variation of thickness at the drawn cup at
the end of the hydroforming deep drawing simulation. As
illustrated in the figure, a very small thinning happens in the
bottom region. The maximum thinning appears at the punch
nose region due to the excessive stretching of the material
during the process. Along the cup wall region, thinning
happens at the bottom and at the top of the cup, we have
thickening. To compare the results of a hydroforming deep
drawing with conventional deep drawing process, finite
element simulation of conventional deep drawing process has
been carried out with the same geometry and forming

conditions of hydroforming process. As shown in Fig. 17, the
thickness distribution is more uniform for the hydroforming
deep drawing process compared with the conventional
process. This uniform thickness distribution is one of the
significant advantages of the hydroforming deep drawing [2].
The maximum thinning in the drawn cup is 13% using the
hydroforming method and 20% using the conventional
method. The results show that for conventional deep drawing,
maximum thinning occurs in the same area as for the
hydroforming process. However the value of thinning in the
bottom and punch nose area is bigger than the hydroforming
process. It shows that the risk of tearing of the drawn cup can
be reduced significantly using the hydroforming method.

V.CONCLUSIONS

In this paper the hydroforming deep drawing process was
investigated using mathematical models and finite element
simulations. The main conclusions of this research are
summarized below:

e The deformation mechanism of the cup during the
hydroforming deep drawing process is a combination of
tensile radial stress and compressive circumferential and
thicknesswise stresses.

e The analytical model predicts the maximum punch force
with about 6% difference compared to the FE simulation.

e As the coefficient of friction increases, the maximum
punch force necessary to perform the deep drawing
process increases. Compared with the numerical
simulations, the analytical model is more sensitive to the
value of coefficient of friction.

e As the initial thickness of the blank increases, the
maximum punch force to carry out the hydroforming deep
drawing process increases.

e Drawing the cups with a bigger bend radius needs lower
press capacity.

e Simulation results show that the risk of tearing of the
drawn cup can be reduced significantly using the
hydroforming method instead of conventional deep
drawing.
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