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Abstract: The mechanical model of viscous pressure bulging process is presented. The viscous pressure bulging process of

hemispherical sphere is analyzed by the numerical simulation and experiments. The research results show that the viscosity

of viscous medium significantly affected the thickness distribution, strain distribution and shape of hemispherical sphere,

which provides analytic basis for selecting reasonably viscous medium and designing process of viscous pressure forming.
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1 INTRODUCTION

Viscous pressure forming( VPF) is a new devel
oped technology for sheet metal flexible forming,
which uses a kind of semrsolid, flowable and viscous
medium as pressure-carrying medium' ', Sheet met-
al is affected not only by normal pressure of viscous
medium but also by tangent adhesive stress of viscous
medium in VPF process. The action of viscous medi-
um on sheet metal improves sheet metal formability.
It can postpone local necking in the sheet metal and
can make the thickness distribute uniformly'®™ .

The viscosity of viscous medium is one of the
most important factors that affect the sheet metal de-
formation. Because of only less research on the influ-
ence of viscous medium on deformation of sheet met-
al, there are not enough academic base for selecting
the viscous medium and designing VPF process. In
this paper, the tangent adhesive stress of viscous
medium is introduced into the updated Lagrange fi-
nite element formulation based on Mindlin degenerat-
ed shell element. An elasto-plastic FEA code is devel
oped to analyze the viscous pressure bulging process of
sheet metal. The influence of viscosity of viscous
medium on thickness distribution, strain distribution
and shape of hemispherical sphere are investigated,
which provides analytic basis for selecting reasonably
viscous medium of VPF and designing VPF process.

2 MECHANICAL MODEL OF VISCOUS PRES
SURE BULGING

Compared with hydro-bulging process and rigid

punch bulging process, viscous pressure bulging pro-
cess has some unique characteristics. Firstly, the
pressure distribution of viscous medium during viscous
pressure bulging process is normruniform and is differ-
ent from that of hydro-bulging process( in later case it
is uniform) . Secondly, sheet metal is applied by the
tangent adhesive stress of viscous medium during the
whole forming process. The value of tangent adhesive
stress is affected by the viscous medium pressure, vis-
cosity and forming time. With the increase of load,
the viscous medium pressure and the tangent adhesive
stress become higher! ' In addition, the tangent ad-
hesive stress is also the function of forming time. To
express the relationship between the tangent adhesive
stress and the normal pressure of viscous medium, the
coefficient of tangent adhesive stress C, is defined as
the value of the tangent adhesive stress yielded by u-
nit normal pressure of viscous medium. The tangent
adhesive stress coefficient is related to the viscosity of
viscous medium, forming time and the viscous medi
um pressure and varies during the viscous pressure
bulging process. This phenomenon is different from
the friction between sheet metal and rigid punch in
the rigid punch forming process.

The mechanical model of viscous pressure
bulging is shown in Fig. 1( p denotes the normal pres-
sure of viscous medium, 7T is the tangent adhesive
stress). Assuming that the tangent adhesive stress be
in proportion to normal pressure of viscous medium,
the tangent adhesive stress can be calculated by

Eqn. (1)
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Fig. 1 Mechanical model of viscous
pressure bulging process

T=Cyp, N t)p(x, ¥, 2z, t) (1)
where C, denotes the tangent adhesive stress coeffr
cient, Tlis the viscosity of viscous medium, ¢ is form-
ing time and x, y, z denote the nodal coordinate.

3 FINITE ELEMENT MODEL

3.1 Mindlin thick shell element model''"

A 4node degenerated shell element based on
M indlin- Reissner theory is employed for the finite ele-
ment numerical simulation, as shown in Fig. 2.
X1X2X3 is the global Cartesian coordinate system,
x/y/z/ is the node coordinate system, &2 is the natu-
ral coordinate system, and x ;x2x 3 is the local coordr
nate system. The displacement of an arbitrary point
in the element can be expressed by shape function V;
(& TN) and the displacement [ u;, v;, w;] of the
mid-surface nodes.

€3

€ X]

Fig. 2 4-node Mindlin thick-shell element

u 4 uj
b= ZNi(E ||+
w i=1 w;
q; Q;
51 Vi= Val| g (2)

where t; is the thickness of element; o; and B mean
the normal rotation of the mid-surface; Vi; and V5,

are the unit vectors of node coordinate system.

3.2 Constitutive equation

With constitute relation of the Jaumann rate of
Cauchy stress and the von Mises yield criterion, the
constitute equation under local coordinate can be ex-

12
pressed as! %!

0j'= D Futu (3)
where 0, denotes the Jaumann rate of Cauchy stress
under local coordinate x;.

Dilu represents the elasto-plastic stress strain

matrix, which is

D= T T 8ie a6+ T80 -
3 OyOu
2o 14 '%H/(1+ W/E (4)
where  §; is Kronecker delta, M is the Poisson ra-

tio, E is the elastic modulus, H' is the slope of the

stress —plastic strain curve, Ois the effective stress,
/ . . .
and O ; is the deviatoric stress tensor.

3.3 Element equilibrium equation
The virtual work-rate principle of finite deforma-
tion with updated Lagrange formulation is em-

ployed' !
.| ow; "
J.Vtijé‘ a_XJI dVv = I 8p:dA + J.AfamdA
(5)

where tU denotes the first Piola Kirchhoff stress rate
sensor; V and A r are the volume and surface area of

element respectively; f" and f° are the applied exter
: v .
nal volume and surface force, respectively; ox . s the
1

velocity gradient.

When the tangent adhesive stress T; is intro-
duced into above formulation under local coordinate
system and the volume force is ignored, there is

.l Oy . )
J.Vtij 5X1I L= ."A,rdplau‘dA * J.ATdT‘&)‘dA
(0)

where p and T are the normal pressure rate and the
tangent adhesive stress rate, respectively.

The incompressibility of plastic deformation vol-
ume is assumed, then the relation between the Jau-
mann rate of Cauchy stress O and the first Piola
Kirchhoff stress rate 7 ; can be obtained

ti(t)= Of— Oa&i— €+ Gwj, (7)
Now substituting Eqns. (3) and (7) into Eqn. (6),
yields .

J. I (D3 - Fg‘kl] €6 &+ Guw;, xOu;, il dV =

v

J.A ];if‘yuidA+ J‘ TL&}LdA (8)
' '
The element equilibrium equation is represented in
matrix form:

[K]{d}'= {F)° (9)
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where

(F} = LHNT(}; dA + L“NTO"EdA (10)

[K] = L,/BT(E‘*"— F)B+ ByQBy/dV  (11)

According to the above theory, a three dimen-
sional elasto-plastic FEA code was developed for ana-
lyzing the viscous pressure bulging process.

4 VERIFICATION OF NUMERICAL SIMULA-
TION PROCEDURE

In order to validate numerical simulation method
presented in this paper, numerical simulation and ex-
periments are conducted respectively for hydro-
bulging process and viscous pressure bulging process
of circular sheet.

4.1 Hydro bulging of hemispherical sphere
The experimental material is LY 12, its initial
thickness is 0. 89 mm and the property parameters are

listed in Table 1.

Table 1 Property parameters of experimental
material LY 12

State E/GPa 1% n

0,/ M Pa

Anneal 71 0.3 0.269 110

The shape curves of sections along radius direc
tion of sheet specimens obtained by numerical simula-
tion and experiments are shown in Fig.3. The nu-
merical simulation results show good agreement with

that of commercial FE code DYNAFORM and experi-

mental ones.

32 +—16.7mm, DYNAFORM
2l * — 16.7 mm, Experiment

v —16.7 mm, authors code

s+ —26.5mm, DYNAFORM
» —26.5 mm, experiment

» —26.5 mm, authors code
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Fig.3 Shape curves of sections along
radius direction of sheet specimens
obtained by numerical simulations

and hydro-bulging experiments

4.2  Viscous pressure bulging of hemispherical
sphere

The shape curves of sections along radius direc
tion of sheet specimens obtained by the numerical
simulation and experiment are shown in Fig. 4 at the
same viscous pressure bulging height. The results of
numerical simulation show a little difference from ex-
perimental ones. This is the reason why the pressure
distribution of viscous medium near sheet metal is not
accurately measured '

The shape curves of sections along radius direc
tion of sheet specimens of viscous pressure bulging
and hydro-bulging by numerical simulations are
shown in Fig. 5. It can be seen that two curves are
different. The shape of sheet specimens with viscous
pressure bulging process tends to hemisphere because
the pressure distribution of viscous medium is norru-
niform in viscous pressure bulging process.
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Fig. 4 Shape curves of section along radius
direction of sheet specimens obtained by

numerical simulation and experiment
for viscous pressure bulging
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Fig. 5 Shape curves of sections along radius
direction of sheet specimens calculated by
numerical simulations for viscous
pressure bulging and hydro-bulging
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5 INFLUENCE OF TANGENT ADHESIVE
STRESS ON VISCOUS PRESSURE BULGING 7. ¢ — Uniform pressure distribution

OF HEMISPHERICAL SPHERE

In order to analyze the influence of tangent adhe-
sive stress on viscous pressure bulging process, nu-
merical simulation method is used to research the in-
fluence of tangent adhesive stress on thickness distri-
bution and strain distribution of sheet metal under
different values of tangent adhesive stress. Two pres-
sure distribution modes of viscous medium are shown
in Fig. 6 and can be obtained by varying the position
of inject nozzle.

The property parameters of sheet metal are listed
in Table 1 and its initial thickness is 0. 8 mm. The
diameter of die is 100 mm.

5.1 Influence of tangent adhesive stress on merid-
ional strain and latitudinal strain distribution

The meridional and latitudinal strain distribution
curves calculated by different tangent adhesive stress

coefficients and obtained by experiment are
shown in Fig.7 and Fig. 8 respectively at the same
16
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Fig. 7

4 — Nonuniform pressure distribution
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Fig. 6 Pressure distribution modes of viscous

medium used for numerical simulation
of viscous pressure bulging

viscous pressure bulging height. With the increase of
the tangent adhesive stress coefficients, the me
ridional strain in dome center area gradually reduces

16
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M eridional and latitudinal strain distribution curves obtained by numerical simulations of

viscous pressure bulging under uniform pressure mode of viscous medium
(a) —Meridional strain; (b) —Latitudinal strain
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Fig. 8 Meridional and latitudinal strain distribution curves obtained by numerical simulations

and experiment of viscous pressure bulging under non-uniform pressure mode of viscous medium
(a) —Meridional strain; (b) —Latitudinal strain
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and the meridional strain near die entrancearea gradu-
ally increases. The tangent adhesive stress would
change the meridional strain distribution of sheet
specimens.

With the increase of the tangent adhesive stress
coefficient in the condition of the same pressure distri-
bution mode of viscous medium, however, the latitu-
dinal strain gradually reduces. The reduction of the
meridional strain and the latitudinal strain in dome
center areas postpone the local necking of hemispheri
cal sphere.

5.2 Influence of tangent adhesive stress on thick-
ness distribution

The thickness distribution curves of sheet specr
mens calculated by different tangent adhesive stress
coefficients and obtained by experiment are
shown in Fig.9 and Fig. 10 at the same viscous
pressure bulging height. When the tangent adhe
sive stress coefficient is lower , the maximum thick -
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Fig. 9 Thickness distribution curves of sheet
specimens obtained by numerical simulations of
viscous pressure bulging under uniform
pressure distribution mode
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Fig. 10 Thickness distribution curves of sheet
specimens obtained by numerical simulations
and experiment of viscous pressure bulging
under non-uniform pressure distribution mode

ness reduction of sheet specimens appears in dome
center area and the thickness gradually increases from
the dome center to the die entrance. The thickness
distribution is similar to that of hydro-bulging pro-
cess. With the increase of the tangent adhesive stress
coefficient, the thickness of sheet specimen in dome
center area gradually increases and then decreases in
die entrance area and the thickness distribution tends
to uniform. The thickness distribution is similar to
that of rigid punch bulging process. In addition, it
can also be seen that the thickness distribution of
sheet specimens of viscous pressure bulging is obvi
ously more uniform than that of hydro-bulging. It
can be seen from Fig. 8 and Fig. 10 that the adhesive
stress coefficient of viscous medium adopted by exper-
iment is between 0. 1 and 0. 2, which provides ana-
lytical basis for qualitatively selecting viscous medi-
um.

6 CONCLUSIONS

1) The calculated shape of sheet specimens of
viscous pressure bulging is in good agreement with
that of sheet specimens measured by experiments.
This means that the mechanical model and the nu-
merical simulation method for viscous pressure
bulging presented in this paper is valid.

2) The shape of sheet specimens obtained by vis-
cous pressure bulging shows obviously difference with
that by hydro-bulging. Viscous pressure bulging is
obviously different from hydro-bulging. The sheet
specimens with different shape can be obtained
through designing and controlling the pressure distri-
bution mode of viscous medium.

3) When the tangent adhesive stress coefficient
is lower, the viscous pressure bulging process is simi-
lar to hydro-bulging process and the necking occurs in
dome center area. With the increase of the tangent
adhesive stress, the thickness distribution of sheet
specimens tends to uniform. When the tangent adhe-
sive stress exceeds the critical coefficients of 0. 35 ~ 0.
45, the thickness distribution of sheet specimens be-
comes more nom-uniform. The numerical simulation
predicting method provides analytical basis for quali-
tative selecting viscous medium.
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