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Abstract: Temperature is one of the key parameters for BT20 titanium alloy cylindrical workpiece manufactured by vacuum hot
bulge forming. A two-dimensional nonlinear thermo-mechanical coupled FE model was established. Numerical simulation of vacuum
hot bulge forming process of titanium alloy cylindrical workpiece was carried out using FE analysis software MSC Marc. The effects
of temperature on vacuum hot bulge forming of BT20 titanium alloy cylindrical workpiece were analyzed by numerical simulation.
The simulated results show that the Y-direction displacement and the equivalent plastic strain of the workpiece increase with
increasing bulge temperature. The residual stress decreases with increasing bulge temperature. The optimal temperature range of
BT20 titanium alloy during vacuum hot bulge forming is 750-850 °C. The corresponding experiments were carried out. The

simulated results agreed well with the experimental results.
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1 Introduction

BT20 alloy is widely used in aerospace industries
due to its high specific mechanical strength, creep
resistance, corrosion resistance and excellent welding
property[1]. Because thin wall of cylindrical workpiece
is made up of sheet of BT20 alloy by welding, which has
big spring-back and is easy to crack when formed at
room temperature, hot bulge forming method is usually
used for the formation of workpiece of titanium alloy[2].

Vacuum hot bulge forming is an innovative
manufacturing method, in which components can be
shaped using different expansion coefficients between
the workpiece and the die. Vacuum hot bulge forming is
referred to a combined mechanical and vacuum heat
treatment process, which takes place in the cylindrical
workpiece of titanium alloy. Different from other metal
forming technique[3—7], the elastic-plastic deformation
of material is dominant, the ‘vacuum hot bulge forming’
deformation takes place at low stress levels and the

amount of plastic deformation is directly related to
holding time and temperature during vacuum heat
treatment[§].

Due to the complexity of the vacuum hot bulge
forming process, theoretical studies to date have
produced a relatively limited understanding of the
process. XIONG and LIN[9] experimentally established
the theoretical rule of hot sizing of titanium alloy plates
and also discussed the effects of various technical
parameters on the sizing. ZHOU et al[10] reported
experiments on aging-stress relaxation sizing of 2024
and LY2 aluminium alloy plates and studied the
relationships among the sizing ability, sizing temperature,
time and predeformation. LIN et al[11—13] developed a
new set of physically based unified aging-creep
constidutive equations to predict stress relaxation and
springback in age forming. Very few finite element
simulation studies were found on vacuum hot bulge
forming of titanium alloy cylindrical workpiece. In
particular, the temperature effect on vacuum hot bulge
forming of titanium alloy cylindrical workpiece has not
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been simulated yet. Therefore, in this study, a
two-dimensional nonlinear thermo-mechanical coupled
FE model was established to simulate the process of
vacuum hot bulge forming of titanium alloy cylindrical
workpiece, and the temperature effect on vacuum hot
bulge forming of titanium alloy cylindrical workpiece
was investigated by numerical simulation using FE
analysis software MSC Marc. The simulated results
provide scientific basis for designing technological
scheme correctly and selecting process parameters
reasonably.

2 Principle of vacuum hot bulge forming

Vacuum hot bulge forming utilizes difference of
coefficient of linear thermal expansion between the
workpiece and the die. Fig.1 shows the principle of
vacuum hot bulge forming. The die can freely put in the
cylindrical workpiece at room temperature. In vacuum
heat treatment process, the workpiece and the die are
expanded with increasing temperature. Because
coefficient of linear thermal expansion of the die is larger
than that of the titanium alloy at the same temperature,
the workpiece can fit the die fully and have high
dimensional accuracy at high temperature. Once the
thermal expansion force of the die goes beyond the yield
limit of the titanium alloy at the corresponding
temperature, the expected bulging forming can be
obtained due to the plastic deformation of the workpiece.
During cooling, the die is regained the initial stage and
the plastic deformation of the workpiece is kept at room
temperature.
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Fig.1 Principle of vacuum hot bulge forming process: d;
Outside diameter of die at 20 ‘C; dz Internal diameter of
workpiece at 20 ‘C; d. Internal diameter of workpiece and
outer diameter of die at high temperature

3 Finite element analysis model

A 2-D thermo-mechanical coupled model of
vacuum hot bulge forming process was established by
finite element software MSC Marc. The nonlinear factors,
radiative heat transfer and material property parameters

(thermal physical and mechanical property parameters)
were considered in the model. Simulations were carried
out to bulge the BT20 alloy cylindrical workpiece of 1.5
mm in wall thickness, 1 070.6 mm in upper diameter,
1 080.2 mm in bottom diameter and 342 mm in height.
The material of the die is 1Cr18Ni9Ti stainless steel. The
heating equipment is model V6072 of vacuum heat
treatment furnace. By taking advantage of axis-symmetry,
it is possible to model half of the problem for FEA. Fig.2
shows the finite element model. Point 1 is indicated for
further discussion. Non-uniform mesh is divided in the
model in order to ensure the calculation accuracy and
save the computing time. The vacuum furnace, the die
and the workpiece were modeled by using 4-node
axis-symmetric quadrilateral element. A total of 4 237
elements described the model.
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Fig.2 Model of FEM simulation

3.1 Material property

The major simplifications and assumptions of the
model are given as follows: 1) The material is isotropic
and continuous; 2) The workpiece and the die are
modeled by using a piecewise linear elastic-plastic
material model; 3) The total strain is composed of elastic,
plastic and thermal strain; 4) The effect of loading platen
and retainer on temperature is neglected; 5) The
workpiece and the die are treated as a deformable body;
6) The hardening effect on the material behavior is
included; 7) The flow stress of BT20 alloy is o=
0.001 44s*'Sexp(13 1627 ")[14]; 8) The temperature
dependency of the material stress-strain behavior has
been taken into account by means of linear interpolation.
The criterion used for this study is the Von Mises
criterion. The emissivity of BT20 alloy is taken as 0.6
during bulge forming process[15].
Mechanical properties and thermal expansion coefficient

vacuum hot

of materials are measured by experiment. Thermo-
physical properties of BT20 alloy dependant on
temperature are shown in Fig.3[15].
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3.2 Boundary condition

The heat transfer of the workpiece heating and
holding is a single radiation heat transfer process in the
vacuum heat treatment furnace. The body heat flux was
utilized to define the boundary condition of heating
element. By controlling the heating rate of heating
elements using the user subroutine function of MSC
Marc, intelligent control PID of the furnace temperature
can be realized. The Monte Carlo method was used to
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Fig.3 Thermal and mechanical properties of
(a) Thermal
conductivity; (b) Yield stress; (c¢) Specific heat;

BT20 alloy with temperature:

(d) Elastic modulus; (e) Expansion coefficient

calculate the radiation view factors. This calculation was
made at the initialization of the thermo-mechanical
simulation. Then finite element analysis automatically
read view factors. The boundary condition is fixed
constraint on one side of the workpiece and the die and
other sides are displacement free.

The initial temperature of the workpiece, the die and
the corresponding temperature was 20 “C. The initial
stress of the workpiece and the die was zero.
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4 Results and analysis of numerical simula-
tion

This paper utilized numerical simulation to research
the effect of temperature on vacuum hot bulge forming
of titanium alloy cylindrical workpiece. Fig.4 shows a
chart of the vacuum hot bulge forming cycle. Holding
temperatures are 700, 720, 750, 800, 850, 880 and 900
C, respectively. Fig.5 shows the relationship between
displacement of Y-direction and temperature. Fig.6
shows the relationship between equivalent plastic strain
and temperature. It can be seen that Y-direction
displacement and equivalent plastic strain linearly
increase with increasing temperature. The curve at
from 750 C to 850 C s
approximately smooth. The expansion force of the die

temperature range
producing on the workpiece increases, because the
coefficients of linear expansion of the workpiece and the
die increase with increasing temperature, but the
coefficient of linear expansion of the die is greater than
that of the workpiece. The general deformation of the
workpiece is constant, so the higher the temperature, the
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Fig.4 Vacuum hot bulge forming process
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larger the thermal expansion force of the die on the
workpiece, displacement of Y-direction and equivalent
plastic strain of the workpiece.

Fig.7 shows the relationship between residual stress
and temperature. It can be seen that residual stress of the
workpiece linearly decreases with increasing temperature.
But residual stress is changed small at 750-850 C.
According to high temperature softening of materials and
principle of stress relaxation[8—10], yield stress of
material decreases with increasing temperature. When
temperature is higher, residual stress of the workpiece is
observed smaller after unloading. Therefore, the
spring-back is smaller due to the workpiece plastic
deformed. Forming quality of the workpiece is higher.
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Fig.7 Relationship between residual stress and temperature

Because BT20 alloy is a near-a titanium alloy, the
temperature of phase transformation is 995 ‘C. When
holding temperature during hot bulge forming process
approaches the temperature of phase transformation, a—
p phase transforms quickly, and the properties of alloy
are change. Aging treatment almost does not affect the
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strength and plasticity of BT20 alloy at 800—850 °C, but
effective forming of the workpiece is difficult to achieve
below 750 °‘C in Ref.[16]. Therefore, the optimal
temperature range for vacuum hot bulge forming of
BT20 alloy is 750-850 °C.

5 Experimental study

In order to verify the validity of simulated results,
the corresponding experiments were done. Vacuum hot
bulge forming process is that: the heating rate is 6 C/min,
the holding time at 750 “C is about 120 min. The
cooling is done in the furnace. Comparison of simulated
results and experimental results at the same temperature
shows in Fig.8. Simulated value of displacement of point
1 is 2.26 mm. Experimental value is 2.42 mm. The initial
value of radius of point 1 is 509.4 mm. Radius of design
demand is 511.8 mm after hot bulge forming. Error is
+0.2 mm. It can be seen that the simulated results agree
well with the experimental results.

Fig.9 shows the geometrical configuration of the

800

600

e — Simulated value of
monitor thermocouple

o — Experimental value of
monitor thermocouple

a — Simulated value of point 1

s — Experimental value of

point 1

0 4 8 12 16
Time/ks

Temperature/C
s
[
(=]

200

Fig.8 Comparison of simulated results and experimental results
of temperature

Fig.9 Geometrical configuration of workpiece and die at
different stages: (a) Before hot bulge forming; (b) After hot
bulge forming

workpiece and the die at different stages. It can be seen
that the workpiece is completely separated with the die
after hot bulge forming. The workpiece is deformed
according to outside section of the die. The internal
section of the workpiece is in good agreement with the
outside section of the die.

6 Conclusions

1) A two-dimensional nonlinear thermo-mechanical
coupled finite element model is established for the
vacuum hot bulge forming of BT20 alloy cylindrical
workpiece. The temperature and deformation fields of
the vacuum hot bulge forming of BT20 alloy cylindrical
workpiece are calculated. The validity of the present
model is verified by experimental method. The simulated
results are in agreement with the experimental results.

2) Effect of temperature on vacuum hot bulge
forming of BT20 alloy cylindrical workpiece was
simulated and analyzed. With increasing the temperature,
the volume of bulge forming and plastic strain increase
and the residual stress decreases under the same
technological condition. The optimal temperature range
for vacuum hot bulge forming of BT20 alloy cylindrical
workpiece is from 750 C to 850 C.
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