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Abstract

The flow localization factor (FLF), which enables quantitative description of the localization process of unstable plastic flow,
was proposed in the authors’ previous work. In this paper, the relation between the FLF and superplastic forming limits is further
investigated via finite element simulations and experiments on the bulging of superplastic Ti–6Al–4V sheets at 900 °C. With the
insight from these studies, a superplastic fracture criterion, which is in terms of an integral form of the FLF, is proposed.
Fracturing is explained as the result when the flow localization accumulated throughout the entire forming process achieves a
critical value. Satisfactory results are obtained for the verifications of the fracture criterion under various forming conditions.
Finally, pressure design guidelines for superplastic bulging based on the proposed fracture criterion are recommended. Designers
can adopt the most appropriate forming path according to the requirements of each specific case. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The most common form of superplastic forming
(SPF) is blow-forming (bulging). The forming pressure
is often regulated by the well-developed constant strain
rate control. That is the strain rate corresponding to the
highest strain rate sensitivity is maintained throughout
the forming process. However, this value of the strain
rate is usually very small. Consequently, the forming
time is often excessively long.

Since SPF is a slow process, there is a strong incen-
tive to increase the efficiency of production. Forming
the workpiece with higher pressures, however, can lead
to less uniform distribution of wall thickness, thus
resulting in a lower quality part. To balance productiv-
ity and quality, Ding et al. [1,2] proposed variable
strain rate paths that ensured a stable deformation for
bulging of Ti–6Al–4V sheets. It was shown by finite

element simulations that a reduction in the forming
time could be achieved compared to the conventional
constant strain rate control method, while the unifor-
mity of wall thickness distribution was hardly affected.

In their studies, Ding et al. control the deformation
along the limit of stability. However, superplastic mate-
rials possess excellent necking resistance and can un-
dergo large amounts of deformation even after the
onset of instability. Therefore, further improvement in
productivity of SPF can be made. To further improve
the productivity of SPF, while at the same time main-
tain the required thickness distribution and avoid frac-
turing during the forming process, analysis of flow
localization process during superplastic deformation
and a fracture criterion are required.

For superplastic materials that are not sensitive to
cavity growth, fracturing is dominated by the localiza-
tion process of unstable plastic flow [3]. We proposed in
our previous study [4] a flow localization factor (FLF),
which enables quantitative description of the flow local-
ization process for both uniaxial tension and biaxial
stretching. In this paper, a fracture criterion for super-
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plastic materials that are not sensitive to cavity growth
is proposed in terms of the FLF. The proposed fracture
criterion and the analysis of flow localization process
are then applied to design SPF processes for the
achievement of both productivity and quality
(uniformity).

2. Analysis for flow localization

2.1. Flow localization factor

The FLF, which enables quantitative description of
flow localization, has been derived in our previous
work [4], and a brief review will be presented here.

For biaxial stretching, the deformation is unstable if
[1]
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which characterizes the degree of flow localization, and
is defined as the FLF. It can be shown that
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which is a factor governing principal strain rate ratio.
Defining the strain hardening coefficient (�) and the
strain rate sensitivity (m) to be
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the FLF defined by Eq. (4) for biaxial stretching is
expressed as

�II=
1−a�

m
−1 (7)

where the subscript II indicates ‘biaxial.’ Under uniax-
ial tension, �= −0.5 and a=1, and �II reduces to �I

�I=
1−�

m
−1 (8)

where the subscript I indicates ‘uniaxial.’ This form is
similar to that proposed by Cáceres and Wilkinson [5].

The physical meaning of the FLF is the degree of
flow localization. When ��1, a neck does not grow [6].
This condition corresponds to �I� −1. On the other
hand, when �I� −1, a neck starts to grow, with higher
�I leading to more severe flow localization and the
condition �I�0 corresponding to Hart’s stability crite-
rion [7], �+m�1. It should be noted that the FLF
applies to both uniaxial tension and biaxial stretching
conditions, while the parameters proposed in other
works [5,6] to describe flow localization are only valid
for uniaxial tension.

Before we state the fracture criterion, a series of
experiments and finite element simulations are per-
formed to gain some confidence on analysis accuracy
and to reveal physical insights of the FLF.

2.2. Experimental method

Since the Ti–6Al–4V alloy is not sensitive to cavity
growth and the fracture mode is dominated by unstable
plastic flow [8], this material was used in this research
to study the relation between the FLF and the forming
limits of superplastic bulging. We designed a series of
experiments of superplastic fracture bulging by placing
a 2.0-mm thick Ti–6Al–4V sheet over a cone-shaped
die, and high purity argon gas was blown over one side
of the sheet at 900 °C until fracturing occurs. The
fracture time was then measured. A schematic diagram
for superplastic bulging of a cone is shown in Fig. 1.Fig. 1. Schematic diagram for superplastic bulging of a cone.
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Table 1
Fracture time of Ti–6Al–4V sheets bulged at 900 °C

2.548 2.254 1.96 Step-downForming pressure (MPa) Step-up2.94

748 883Fracture time (s) 1133591 858 838

Bulgings with constant pressures of 2.94, 2.548, 2.254
and 1.96 MPa have been accomplished in the previous
work, and the experimental details are given in Ref. [4].
The results are shown in the first five columns in Table
1.

In the present work, two other pressure profiles were
also applied in the bulging experimentation. One is the
step-down profile, and the other is the step-up profile,
as shown in Fig. 2. The step-down profile describes a
pressure profile that remains at 2.94 MPa initially, then
drops linearly to 1.96 MPa from 320 to 360 s, and then
maintains the final value until the formed part frac-
tures. The step-up profile describes a pressure profile
that is held at 1.96 MPa initially, then is raised linearly
to 2.94 MPa from 500 to 540 s, and then maintains the
final value until the formed part fractures.

2.3. Finite element simulation

A commercial finite-element package, ABAQUS, was
used to perform the modeling and analysis for the
experiments. The die is considered rigid, and the sheet
is modeled by two-node linear axisymmetric membrane
elements. The material behavior is modeled by the
constitutive relation �̄=K�̄� m�̄n, in which m and n are
functions of strain rate. With this relation, �=n/�. This
constitutive relation indicates that both the strain hard-
ening and strain rate hardening effects are considered.
Details of how the finite element model was established
are also given in Ref. [4], where a verification showed
that this model produced simulation results in good
agreement with experiments. The FLF at fracture
points is also computed by means of the finite element
simulation.

2.4. Results and discussions

The fracture time for the bulging experiments de-
scribed in Section 2.2 is shown in Table 1 (the data
presented are average values of several experiments).

Fig. 3 shows the computed curves of the FLF at the
fracture points (the summits of the superplastically
formed cones) versus forming time during constant
pressure bulging. From the figure, as discussed in Ref.
[4], the localization process during constant pressure
bulging can be divided into three stages, which are (1)
the developing period of initial localized flow, (2) the
steady stage of strain concentration, and (3) the acceler-
ating stage of strain concentration. The second stage

Fig. 2. Step-down and step-up pressure profiles.

Fig. 3. FLF versus forming time during constant pressure bulging.
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Fig. 4. FLF versus forming time for various pressure profiles.

For superplastic materials that are not sensitive to
cavity growth, fracturing can be viewed as the result
when the flow localization accumulated at a material
point during a forming process reaches a critical value.
Since the FLF represents the degree of flow localization
at an ‘instant,’ a quantity defined properly by integrat-
ing the FLF can stands for the flow localization accu-
mulated throughout the whole forming process, and
thus can be regarded as the index of fracturing. This
concept is used to propose a fracture criterion in the
next section.

3. Fracture criterion and verifications

3.1. Fracture criterion

The combination of two processes, localization of
unstable plastic flow and evolution of internal cavities,
controls the fracture mode of superplastic metals [8]. It
has been shown by Zhou et al. [3] that for superplastic
materials that are not sensitive to cavity growth, the
fracture mode is dominated by unstable plastic flow,
and the localization process of unstable plastic flow
controls the amounts of useful deformation that the
material can endure prior to failure. A number of
studies have predicted the limit strains in superplastic
tensile tests [7,9–15], but few have worked on the
forming limits of superplastic bulging (under biaxial
stretching conditions). In this section, a fracture crite-
rion, which is valid for both uniaxial tension and
biaxial stretching, is proposed for materials that are not
sensitive to cavity growth.

As discussed in Section 2.1, when the FLF is greater
than −1, a neck starts to grow. The duration of neck
growth is the stage of flow localization. Therefore, the
index for fracture can be defined by integrating the
FLF from −1 until the material cracks, which is the
area enclosed by the shaded area shown in Fig. 5, i.e.
the area between the ‘�II versus �’ curve and the line
�II= −1. In order to avoid integrating from −1, we
can re-express the fracture index as

C=
� �̄

0

J d�̄ (9)

where

J=
��II+1 if �II+1�0

0 if �II+1�0
(10)

When fracture occurs, C reaches a critical value Ccr, i.e.� �̄f

0

J d�̄=Ccr (11)

Fig. 5. Definition of C.

takes the greatest part of the forming time, and strain
concentration is apparent throughout the third stage,
until the end of the forming process, when fracturing
occurs.

The curves of the FLF at the fracture points versus
forming time for bulgings with step-down and step-up
pressure profiles are shown in Fig. 4, where the curves
for bulgings with constant pressures of 1.96 and 2.94
MPa are also shown for comparison. For bulgings with
step pressure profiles, the FLF drops or rises suddenly
when the pressure drops or rises, indicating that the
degree of flow localization changes rapidly during those
periods.

The above characteristics can be explained by the
fact that the FLF represents the degree of flow localiza-
tion at an ‘instant’ of time. When the forming pressure
changes suddenly, the tendency of the degree of flow
localization changes at that instant. Therefore, the
value of the FLF drops or rises at that time. In the case
of step-down pressure profile, when the pressure drops,
the thickness of the formed part is still thinning. That
means that the material is still approaching its forming
limit, and yet the value of the FLF decreases. Conse-
quently, the FLF cannot be directly used to predict the
forming limits.
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where �f is the fracture strain.
Eq. (11) is the fracture criterion proposed for this

study. Under uniaxial tension, �II reduces to �I, so this
criterion applies to both uniaxial tension and biaxial
stretching.

3.2. Verifications

It is assumed that Ccr is a material property, that is,
it is only a function of material ingredients, grain size,
and temperature, and does not vary for different pres-
sure profiles, sheet thickness, and die geometry. In this
work, the material used is of the same ingredients and
grain size, and the forming temperature is the same for
all cases. Therefore, Ccr can be viewed as a constant.

The procedure for verifying the assumption is as
follows.
1. Simple bulging experiments are performed to mea-

sure the fracture time.
2. The simple experiments are simulated by finite ele-

ment models in which the forming times are set the
same as the fracture time measured. Thus, the value
of Ccr can be calculated by the finite element
simulation.

3. Finite element models are performed to simulate
bulgings under different conditions and predict the
fracture heights and fracture positions by the value
of Ccr obtained in the previous step.

4. Experiments under those conditions in step 3 are
performed to obtain fracture heights and fracture
positions, which are compared with those predicted
in step 3 to verify the assumption for the fracture
criterion proposed.

How the fracture criterion is implemented in the
finite element program is shown in Fig. 6. The whole
model includes a main part of the program and two
user subroutines. The main program simulates the
forming process, and subroutine 1 calculates the value
of C at each material point. The C values are then
passed into subroutine 2 to check if the C value at any
material point exceeds Ccr. If any C value exceeds Ccr,
subroutine 2 will output the fracture position and frac-
ture height, and terminate the simulation. If every C
value is less than Ccr, the main program will run the
next time increment, until fracture occurs.

3.2.1. Obtaining Ccr

Simple experiments of constant pressure bulgings
described in Section 2.2 are simulated by finite element
models with forming time set equal to the fracture time
obtained from experiments. The fracture point is at the
summit of the blow-formed cone. Therefore, Ccr is
calculated at the point. The results are shown in Table
2, with the average value of Ccr being 2.939. Since it is
assumed that Ccr does not vary for different pressure
profiles, sheet thickness, and die geometry, Ccr obtained
in this section will be used in the following sections to
predict forming limits under different conditions.

3.2.2. Different pressure profiles
Finite element models are performed to simulate the

bulgings with step-down and step-up pressure profiles
described in Section 2.2, and the values of C (Eq. (9))
are calculated at every material point. If the C value at
any material point exceeds Ccr, the simulation stops and
outputs the position of that point and the forming
height at that instant.

All the predicted fracture positions and experimental
fracture positions are at the summit of the formed
parts. The predicted and experimental fracture heights
are summarized in Table 3. The results show that Ccr

Fig. 6. Implementation of fracture criterion in finite element program.

Table 2
Ccr for Ti–6Al–4V sheets at 900 °C

2.94Forming 1.962.2542.548
pressure (MPa)

883748591Fracture time 1133
(s)

2.872Ccr 2.951 2.894 3.040
Average Ccr 2.939 2.939 2.939 2.939

Table 3
Prediction of forming limits for step pressure profiles

Pressure profile Step-down Step-up

Fracture height
46.5Prediction (mm) 44.6

Exp. (mm) 48.0 47.5
−3.13Err% −6.11
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Table 4
Prediction of forming limits for sheet with 1.0 mm thickness

1.96 1.47Forming pressure (MPa) 2.45
Fracture height

37.5Prediction (mm) 40.5 44.1
37.536 42.0Exp. (mm)

8.0Err% 5.04.17

Table 6
Fracture positions for lower and higher pressures (simulation and
experiments)

1.02.0Initial sheet thickness 2.0 1.0
(mm)

2.453.92 2.942.94Forming pressure (MPa)
Summit DERFracture position Summit DER

Fig. 7. Fracture at DER.

Fig. 8. Schematic diagram for superplastic bulging into a complex
die.

becomes thinner before the forming pressure is applied.
For bulging as described in Section 2.2, lower forming
pressures cause faster thinning at the summit of the
workpiece than at the DER, leading to fracture at the
summit. On the other hand, higher pressures result in
faster thinning at the DER, leading to fracture at that
position (Fig. 7).

Certainly, finite element models can simulate the
thinning phenomenon at the DER before the forming
pressure is applied. However, the measured values were
directly included in the finite element models. The
thinning phenomenon measured for initial sheet thick-
ness of 2.0 and 1.0 mm is shown in Table 5. Simulation
results of fracture bulging coincide with the experimen-
tal ones and are shown in Table 6, indicating that using
Ccr obtained in Section 3.2.1 to predict fracture at the
DER is successful.

3.2.5. Different die shape
A more complex die was designed for the verification

of different die shape. The die is axisymmetric and a
schematic diagram for superplastic bulging into the die
is shown in Fig. 8. A finite element model similar to the
one described in Section 2.3 was established to simulate
bulging with constant pressure of 1.96 MPa. The sheet
thickness is 2.0 mm and the forming temperature is
900 °C.

obtained in Section 3.2.1 can be used to predict the
forming limits under these forming conditions.

3.2.3. Different sheet thickness
Constant pressure bulgings with sheets of 1.0 mm

thickness are simulated with forming pressures being
2.45, 1.96 and 1.47 MPa, respectively. The die shape,
sheet material, and forming temperature remain the
same as described in Section 2.2.

The predicted fracture positions coincide with the
experimental ones— the summit of the formed parts.
Table 4 summarizes the predicted and the experimental
fracture heights. The predicted fracture heights are in
good agreement with the experimental ones, indicating
that the forming limits under these forming conditions
are successfully predicted by using Ccr obtained in
Section 3.2.1.

3.2.4. Fractures at die entry region
During the heating process, the upper and lower dies

clamp the softened sheet at high temperature. As a
result, the sheet around the die entry region (DER)

Table 5
Thinning at DER

2.02.02.0 1.0 1.0 1.0Initial sheet thickness (mm) 1.02.0
1.44 1.53 0.67 0.631.29 0.781.27Thickness around DER (mm) 0.64

0.680.68 0.680.681.381.381.381.38Average (mm)
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Fig. 9. Predicted fracture position and heights for bulging with
complex die.

Fig. 9 shows the predicted result that the sheet is
fractured into parts A and B, with the fracture heights
being 9.6 and 23.31 mm, respectively. The experimental
result is shown in Fig. 10, in which the fracture position
coincides with the predicted one. Table 7 shows that the
predicted fracture heights of parts A and B are in good
agreement with the experimental ones.

4. Forming pressure design

Two factors are usually given serious consideration
in practical superplastic bulging. One is the duration of
the forming time. Reduced forming time leads to im-
proved productivity. The other is the uniformity of wall
thickness, which affects the quality of formed parts.
However, it is difficult to achieve both of these goals at
the same time [2]. More uniform distribution of wall
thickness requires longer forming time, while reducing
forming time by increasing forming pressure causes less
uniform thickness distribution or even fracturing before
the parts are completely formed.

In order that designers can select the most appropri-
ate pressure profile according to the requirements of
each particular case, design guidelines are proposed in
this section. Finite element models in this section were
established including the fracture criterion to ensure
that the formed parts would not fracture under the
forming conditions in this section. The processes simu-
lated are blow-forming sheets into a cone-shaped die
and are the same as described in Section 2.2 except that
the sheet thickness is 1.0 mm and the pressure control
methods are different.

4.1. Pressure controls

Variable strain rate paths that ensured a stable defor-
mation (Hart’s definition) were obtained by Ding et al.
for superplastic blow-forming [1,2]. A reduction in
forming time was achieved with almost no loss of
uniformity in the thickness distribution compared with
the conventional constant strain rate control method.

Controlling the deformation along the limit of stabil-
ity is equivalent to control the FLF at 0. Since super-
plastic materials possess excellent necking resistance,
controlling FLF at higher values can further reduce the
forming time without fracturing. Therefore, we pro-
posed a constant FLF control approach, which is to
control the FLF (instead of the maximum strain rate)
at a given value and is shown in Fig. 11, with the stable
deformation control proposed by Ding et al. being a
special case. Bulging controlled by conventional con-
stant strain rate control is also examined for
comparison.

Finite element simulations were performed to control
the forming pressure such that the strain rate or the

Fig. 10. Experimental result of bulging into complex die.

Table 7
Prediction of forming limit for bulging into a complex die

Part A B

Fracture height
9.6 23.31Prediction (mm)

Exp. (mm) 24.410.2
−6.25Err% −4.68

Fig. 11. Constant FLF control.
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Fig. 12. Pressure profiles for various controls.
Fig. 13. Thickness distribution for various controls.

FLF were maintained at given values. In the case of
constant strain rate control, the strain rate is kept at
�̄� =5×10−4 s−1, which corresponds to the highest
strain rate sensitivity. In the cases of constant FLF
control, the FLF is held at 0, 0.2, 0.4, or 0.6. The
forming height of all the cases is 20.0 mm, and the
pressure profiles obtained from simulations for these
cases are shown in Fig. 12, with the upper limit of 2.45
MPa to prevent fracture at the DER.

4.2. Results and discussions

Table 8 shows the forming time for various controls,
where the forming path of �II=0 is equivalent to the
stable deformation control by Ding et al., and the
reduction in forming time is compared with that of the
constant strain rate control. Thickness distribution for
these controls is shown in Fig. 13. The uniformity of a
formed part is defined as the thinnest thickness divided
by the thickest thickness, and is also shown in Table 8.
It is clear from the table that controlling the forming
process with constant strain rate of 5×10−4 s−1 yields
the most uniform thickness distribution but the longest
forming time. Forming with constant FLF paths results
in shorter forming time but less uniform thickness
distribution, with higher values of FLF lead to larger
amounts of reduction in forming time and some loss of
uniformity.

In order to achieve both productivity and quality
(defined here as uniformity), one might choose the

Table 9
Forming time needed for a 40.0 mm high part by various controls

�̄� =5×10−4 s−1Forming path �II=0 �II=0.5
21203125 317Forming time (s)

90%0 32%Reduction in
forming time

forming path of �II=0.2, which yields satisfactory
thickness distribution and reduces 82% of the forming
time compared with the conventional constant strain
rate control. The FLF value suggested here, however,
may alter from case to case. In practice, designers can
adopt the most appropriate forming path in accordance
with the requirements of each case. If the best unifor-
mity is needed, the constant strain rate control should
be used. Otherwise, if the shortest forming time is
required, then the forming path with highest FLF value
can be adopted on the premise that the workpiece will
not fracture. For instance, if it is required that the
forming height is 40.0 mm and the forming time is
shortest, finite element simulation shows that the form-
ing path of �II=0.6 results in premature fracture when
the forming height is 38.3 mm, and thus the controlled
FLF value should be lowered. However, the forming
path of �II=0.5 is shown to successfully form the part.
The forming time is 317 s, which is the shortest with
constant FLF control and is 90% less than that re-
quired with the constant strain rate control (Table 9).

Table 8
Forming time for various controls

�II=0�̄� =5×10−4 s−1Forming path �II=0.6�II=0.4�II=0.2
1328 896Forming time (s) 239 91.9 57.2
0 33 82 93 96Reduction in forming time (%)
0.73 0.67 0.65 0.61 0.58Uniformity
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5. Conclusions

The FLF was proposed in our previous work [4] to
quantitatively describe the flow localization process of
superplastic materials. Utilizing the FLF, further stud-
ies in this paper are concentrated on the forming lim-
its and pressure design of superplastic bulging. From
the analysis and experimental results, the followings
are concluded.

The FLF stands for the degree of flow localization
at an instant.

A fracture criterion for superplastic materials that
are not sensitive to cavity growth is proposed in terms
of the proper integral form of the FLF.

For superplastic materials that are not sensitive to
cavity growth, fracturing can be viewed as the result
when the flow localization accumulated at a material
point during a forming process reaches a critical value
Ccr.

Ccr is a material property, i.e. it is only a function
of material ingredients, grain size, and temperature.

Bulging with higher values of the FLF leads to
shorter forming time but less uniform thickness
distribution.

Pressure design guidelines for superplastic bulging
are proposed. Designers can choose the most proper
forming path according to the requirements of each
case.
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