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Influence of viscous medium temperature distribution on sheet fracture in
viscous pressure forming at warm temperature
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Abstract: Viscous pressure forming (VPF) of aluminum alloy AA3003 sheet metal at warm temperature was investigated by using
coupled thermo-elastoplastic-viscoplastic finite element method. The influence of viscous medium temperature distribution on sheet
fracture location was studied and the distributions of fracture factor at different temperatures were obtained by using ductile fracture
criterion. The results show that the failure of sheet metal varies with increasing initial temperature of viscous medium. When the
initial temperature of viscous medium is near that of sheet metal, the failure location occurs at dome center, and when the initial
temperature of viscous medium is too low, however, the failure location occurs at die corner. The occurrence of fracture can be
postponed and even prevented through controlling the temperature distribution in viscous medium.
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1 Introduction

Lightmass materials like aluminum and magnesium
alloys offer an additional potential for mass
reduction[1—3]. The high alloy percentages in aluminum
alloys and the hexagonal structure of magnesium,
however, lead to a relatively low formability of this sheet
metal at room temperature[4—6]. So the forming of these
alloys sheet metal has taken a challenge to conventional
sheet metal forming methods. A promising strategy for
the enhancement of the formability is to conduct the
forming processes at elevated temperatures up to the
recrystallisation temperature. In recent years, warm deep
drawing or warm hydroforming of aluminum alloy,
magnesium alloy and titanium alloy has been presented.
For the stamping formability of pure titanium sheets at
various temperatures, the limited drawing ratio increases
from 2.2 at room temperature to 2.9 at 300 ‘C[7]. For
the warm deep drawing of aluminum alloy and
magnesium alloy, the similar results are obtained[8—9].
Processes in which forming is undertaken using fluid

media have recently attained a high-ranking
position[10—11]. In warm hydroforming, the temperature
of fluid media is uniform. The formability of sheet metal
mainly lies on its plasticity that varies with temperature.

Viscous pressure forming (VPF) is a new sheet
metal flexible-die forming process and shows potential
application for the forming of low-plasticity
material[12—13]. On the basis of VPF at room
temperature, VPF at warm temperature was developed
through heating the viscous pressure-carrying medium to
various temperatures[14]. In this work, by using the
coupled thermo-elastoplastic-viscoplastic finite element
method and experimental methods, the characteristics of
VPF at warm temperature were analyzed. The influences
of viscous medium temperature distribution on sheet
fracture location were investigated at various forming
temperatures by using ductile fracture criterion. And the
numerical simulations of viscous pressure forming
conical taper part at warm temperature were carried out
at room temperature, warm temperature and in
non-isothermal condition.
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2 Viscous pressure
temperature

bulging at warm

2.1 FE model

FE simulations of the aluminum alloy viscous
pressure forming at warm temperature were conducted
using an implicit FE code DEFORM2D, a coupled
thermo-mechanical commercial FEM code, which can be
used for non-isothermal simulation. FE model is shown
in Fig.1.
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Fig.1 FE model of non-isothermal VPB

Sheet metal is formed under the pressure of viscous
medium pumped by piston. Analysis is realized on half
of the geometry because of axisymmetry of the model.
Sheet metal is meshed with quadrilateral element. These
elements have both temperature and displacement as
their degrees of freedom to predict both deformation and
temperature variation during the process. The die,
medium container, piston are considered to be rigid parts.
For non-isothermal VPF, rigid parts are meshed to
calculate the heat exchange in order to investigate the
influence of temperature distribution. The initial
temperatures of each part of the model are listed in Table
1. The initial temperature of sheet blank keeps at 250 C.
In this study, aluminum alloy AA3003 was used. The
flow stress of AA3003 sheet at different temperatures,
obtained by ABEDRABBO et al[l5-16], can be
expressed as
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Table 1 Temperature parameters used in simulation

Sheet, die, medium

Viscous medium . .
container and piston

Forming mode

temperature/'C temperature/'C
Non-isothermal 20, 100, 150, 180, 250
forming 200, 230
Isothermal forming 20, 100&53 0, 130,

where K= —0.505 87+210.40; n= —0.000 47+0.218 5;
m=0.001 8 exp(0.014 77).

The failure characteristics are investigated through
varying the initial temperature of viscous medium. The
process parameters used in simulations are present in
detail in Ref.[16].

In order to predict the fracture, the Cockroft and
Latham’s fracture criterion[17] was used.
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where dz and & are the increment of effective strain

and effective stress, respectively, ¢* is the maximum
principal stress, and C is the damage value. For a
homogeneous material, the critical damage value can be
considered a material constant C.;. The condition of
fracture is satisfied when C attains critical value Cy;.

According to uniaxial tension tests at various
temperatures, the fracture strains in tension test can be
measured. The relationship between the critical damage
and temperature can be determined

Cei=1.420 5X10°° 7°+1.828 6 X107 7+0.285 13 (3)

2.2 Temperature distribution

Ignoring the heat generation from the plastic work,
the temperature of sheet metal keeps stable in isothermal
VPB process. In non-isothermal VPB, however, the heat
exchange occurs between sheet blank and viscous
medium. Fig.2 shows the temperature distribution of
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Fig.2 Temperature distributions of sheet metal at different
bulging heights: (a) ~=0 mm; (b) #=6.0 mm; (c) #=13.0 mm
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sheet metal during forming at different bulging stages in
non-isothermal VPB, the initial temperature of viscous
medium is 20 ‘C. During forming, the sheet, which is
initially at uniform temperature of 250 C, comes in
contact with viscous medium at room temperature and
looses heat rapidly due to its high thermal conductivity
and low specific heat capacity. Thus, the region of sheet
metal in contact with viscous medium has lower
temperature compared with that in contact with the die,
as shown in Fig.2. The temperature gradient is formed in
sheet metal, the lowest temperature is located in dome
centre areas and increases along the radial direction. As
the deformation proceeds, the sheet looses temperature
continuously. A small increase in minimum temperature
was observed in the dome area due to the heat generation
from the plastic work.

2.3 Fracture location and limit dome height (LDH)

The ductile fracture criterion is used to predict the
failure and limit dome height (LDH). The relationship
between LDH and forming temperature are shown in
Fig.3. For isothermal forming, the fracture occurs at
dome center and is independent of forming temperature.
But the limit dome height increases with increasing
forming temperature.
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Fig.3 LDH of specimens for non-isothermal forming and
isothermal forming

Different from isothermal forming, two facture
modes may occur for non-isothermal forming. When the
initial temperature of viscous medium is lower than 150
‘C, the fracture is located at die corner and the LDH
increases with increasing forming temperature. When the
initial temperature of viscous medium is higher than 150
°‘C, the fracture locates at dome center and the LDH
decreases with increasing forming temperature. The
fracture difference between isothermal forming and
non-isothermal forming owe to the temperature gradient

in sheet blank as the initial temperature of viscous
medium is lower than that of sheet blank for
non-isothermal forming[16].

3 VPF of conical taper part at warm temperature

3.1 FE model

FE simulation model of warm viscous pressure
forming of conical taper part is shown in Fig.4. Sheet
metal was formed under the pressure of viscous medium
pumped by piston. Blank holder pressure was applied on
top of die. Analysis was realized on half of the geometry
because of axisymmetry of the model. The finite element
discretization includes 1 000 quadrilateral element to
model sheet blank and 1 500 quadrilateral elements to
model viscous medium. Three layers elements are
discrete along normal direction for sheet blank. The
velocity of piston is 0.2 mm/s. The time increment step is
0.2 s. The mechanical properties of sheet metal are the
same as that used in numerical simulation of viscous
pressure bulging at warm temperature. The process
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Fig.4 FE model of non-isothermal viscous pressure forming of
conical taper part

Table 2 Process parameters of conical part forming at warm

temperature
Parameter Value
Sheet diameter/mm 86
Die corner radius/mm 3
Die cavity radius/mm 55
Blank holder pressure/MPa 5
Friction coefficient of sheet metal

and dic 0.1(Column model)
Friction coefficient of viscous

medium and sheet metal 0.2(Shear model)
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parameters of warm viscous pressure forming of conical
part are listed in Table 3. Three temperature conditions
were investigated, forming at room temperature,
isothermal warm forming and non-isothermal warm
forming.

Table 3 Forming temperatures of conical part forming

Viscous medium and Blank, die and medium

No. piston temperature/’C  container temperature/'C
1 20 20
2 20 200
3 200 200

3.2 Temperature distribution

The temperature distributions of sheet are shown in
Fig.5 at different piston strokes. Because the initial
temperature of viscous medium is lower than that of
sheet blank, the temperature of sheet blank decreases
gradually after contacting with viscous medium. Before
contacting with die, the temperature distribution of sheet
blank is similar to that in non-isothermal VPB. The
temperature is minimum at dome center and increases
along with the radial direction. The high temperature at
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flange is beneficial to improving the free flow of sheet
metal. After contacting with die, the temperature at dome
center increases gradually because of the high

temperature of die.

3.3 Fracture distribution

The predicted damage value distributions in the
conical taper part for three forming conditions are shown
in Fig.6. The maximum damage value() is located at top
of conical taper part for all conditions. For forming at
room temperature and isothermal forming, the maximum
damage values are 0.784 and 0.477, respectively and are
far larger than the critical damage value (0.29 and 0.39).
Thus fracture is predicated to occur at this location. But
for non-isothermal forming, the maximum damage value
is 0.38 and lower than other two forming conditions. It
shows that the temperature gradient in sheet blank is
beneficial to postponing the occurrence of fracture.
Comparisons of predictions and experiments for forming
at room temperature and non-isothermal forming are
shown in Fig.7, which proves that the numerical
simulation is capable of accurately predicting the viscous
pressure forming process at warm temperature.
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Fig.5 Temperature distributions of sheet in non-isothermal VPF forming of conical part at different piston strokes: (a) A=0 mm; (b)

H=8 mm; (¢) =10 mm; (d) A=12.2 mm
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Fig.6 Damage value distributions in conical taper part under different forming conditions: (a) Forming at room temperature;

(b) Isothermal forming; (c) Non-isothermal forming
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Fig.7 Comparison of predictions

and experiments for:
(a) Forming at room temperature; (b) Non-isothermal warm

forming
4 Conclusions

1) The initial temperature of viscous medium has
obvious influence on sheet deformation even failure
location in non-isothermal viscous pressure bulging.
When the initial temperature of viscous medium is too
low, the temperature of sheet metal at dome center is
much lower than that at die corner and the failure
location occurs at die corner.

2) The temperature gradient in sheet blank is
beneficial to postponing the occurrence of fracture for
the forming of conical taper part.

3) The comparisons between numerical simulation
results and experimental ones show that the coupled
thermo-mechanical model is capable of predicting the
viscous pressure forming process at warm temperature.
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