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Transformation superplastic forming is an attractive alternative forming technique to microstructural
superplastic forming, since it requires no special microstructures and, therefore, eliminates the limitation of
superplastic forming capability to only expensive materials with stable high-temperature fine grains.
Transformation superplasticity occurs through biasing the internal stress produced from an allotropic
phase transformation by a small external stress. In this work, finite element modeling was implemented to
study the transformation superplastic forming of domes from flat circular thin plate samples. The evolution
and distribution of stress, strain, and dome thickness was analyzed in detail. The thickness distributions in
the formed domes were compared with the theoretical predictions of two models, which assume different
stress states in the domes. The appropriate stress state was identified through this comparison. Different gas
pressure amplitudes were applied during forming to investigate the effect on the formed-dome apex height,
when the forming time was fixed.
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1. Introduction

Superplastic forming is broadly used in a wide variety of
industries, due to the corresponding advantages like near-net
shape forming of complex shapes, reduction of part count,
minimization of scrap rates, cost/weight savings, etc. There are
two fundamental types of superplasticity of materials, i.e.,
microstructural superplasticity and transformation superplastic-
ity (Ref 1). The microstructural superplasticity mechanism is
the fundamental mechanism for most parts manufactured by
superplastic forming, which requires equiaxed grains of less
than 10 lm and grain stability at elevated temperatures. The
special microstructure is generally furnished by complex
thermomechanical processing. Extensive research effort on
superplasticity was performed to understand the basic mech-
anisms of superplasticity, develop superplastic properties in
known commercial materials through thermomechanical
processing, and develop new materials with superplasticity
(Ref 2-15). Ultrafine-grained materials were produced by
severe plastic deformation methods to increase the forming
strain rate (Ref 2-4, 15). Nanostructured materials were also
developed and characterized for superplasticity (Ref 7-14).
On the contrary, transformation superplasticity has no require-
ments on the microstructure of materials, which eliminates
some intermediate processing procedures and reduces cost.

Transformation superplasticity requires the existence of an
internal stress/strain during the process. Some small biasing
external stress is applied to realize the net deformation. The
sources of the internal stress can be polymorphic solid phase
transformations, differences in the coefficients of thermal
expansion, etc. (Ref 16-22). Detailed knowledge about trans-
formation superplastic forming is needed, and a dome-forming
test (Ref 22, 23) can be used to understand the forming process.
In this work, superplastic forming simulations are based on the
a Mb solid phase transformation when the temperature cycles
around the b-transus of Ti-6Al-4V. The great benefit of
modeling is that (1) the detailed dimensions/shapes of the
dome are available for each moment of the forming process,
and (2) the time and cost is largely reduced compared to
corresponding experimental investigations. Section 2 describes
the computational and theoretical fundamentals. Section 3
reports and analyzes the results on the stress, strain, and
thickness distribution within the formed dome, the dome
thickness evolution with the forming time, and the relation
between the dome apex height and the applied forming gas
pressure.

2. Model and Theory Description

Finite element modeling was used to study the dome
forming of Ti-6Al-4V through the transformation superplastic
forming technique. The sample prior to forming simulation was
a flat circular plate of 62 mm diameter and 1.5 mm thickness.
The sample experienced the repeating 8-min temperature cycles
around the b-transus (�995 �C for Ti-6Al-4V (Ref 24)). Each
cycle was composed of a 4-min heating from 840 �C to
1030 �C and 4-min cooling from 1030 �C to 840 �C as shown
in Fig. 1. A biasing external stress was provided by the forming
gas pressure to realize the net nonzero deformation. Modeling
was performed using the commercial finite element software
ABAQUS with a linear-brick-element C3D8R. The following
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Eq 1 provided the constitutive relation employed. The bound-
ary and load conditions were defined as a fixed circumference
of the plate sample with the gas pressure, P, on one side of the
circular surface. The formed dome geometry was accurately
approximated as a spherical cap with its cross section at the
apex schematically depicted in Fig. 2. R, h, and a are the
radius, height, and half of the span angle of the spherical cap,
respectively. S is the thickness of the dome, which varies with
position. h is the angle between the radius through the apex and
the radius through a position on the dome. The applied pressure
was fixed during the doming process, which generated the
biasing external applied stress in the dome sample.

During transformation superplastic forming, a small pres-
sure is used to generate a small stress. Deformation is
dominated by transformation superplasticity, and the contribu-
tion from creep is neglected. A large amount of research
(Ref 16, 20-23) showed the linear relationship between the
transformation superplastic strain rate _eTSP and the effective
applied stress (von Mises stress) rvon Mises

_eTSP ¼ KTSP � rvon Mises ðEq 1Þ

where KTSP is the transformation superplastic coefficient
(Ref 22).

The three principal stress components from the applied
pressure are represented in Fig. 2 as the radial stress rr, the
hoop stress rh, and the thickness stress rs. Since the thickness
of the dome is thin and one dome surface is traction-free, the
thickness stress can be neglected in the analysis. According to

the thin shell theory (Ref 25, 26), the radial stress rr at any
position of the dome is

rr ¼
PR

2S
ðEq 2Þ

where P is the applied gas pressure, R is the radius of the
dome, and S is the thickness of the dome at the correspond-
ing location. At the dome apex, the stress is in a balanced
biaxial state due to the symmetry, and the hoop stress rh is

rh ¼ rr ðEq 3Þ

At the dome edge, a plane strain state exists and eh = 0. The
stress and strain components are rr, rh, er, eh, and es. The
constraints from the boundary condition and the compatibility
are

eh ¼ 0 ¼ rh

E
� mrr

E
ðEq 4Þ

er ¼ �es ¼
rr

E
� mrh

E
¼ mrr

E
þ mrh

E
ðEq 5Þ

where E and m are the Young�s modulus and Poisson�s ratio
of the dome material. Solving Eq 4 and 5, the hoop stress rh

at the dome edge is

rh ¼
rr

2
ðEq 6Þ

The effective stress is

rvon Mises ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðrr � rhÞ2 þ ðrr � rsÞ2 þ ðrs � rhÞ2

2

s

ðEq 7Þ

There are two theoretical models to predict thickness distribu-
tion of the final dome. The first model was developed by Eni-
keev and Kruglov (Ref 27) and assumed that each meridian
passing through the dome apex is representative of the dom-
ing deformation and the stress state appropriately varies from
balanced biaxial at the apex to plane strain at the dome
periphery. The predicted dome thickness S varies across the
dome according to the following equation

S ¼ S0 �
sin a
a

� �2

� h
sin h

ðEq 8Þ

where a is the angle subtended by the radius line through the
apex and that through the edge of the dome (thus describing
the dome radius of curvature), and the position is expressed
by the angle h, which varies between h = 0 at the dome apex
and h = a at the dome periphery. S0 is the initial plate thick-
ness. The other thickness-distribution model by Ragab (Ref
28) assumes a balanced biaxial stress state throughout the
dome, and the thickness for any point on the dome is

S ¼ S0 �
cos aþ 1

cos hþ 1

� �2

ðEq 9Þ

3. Results and Discussion

Different cases were modeled in this work. The stress,
strain, and dome thickness distributions in the formed dome are

TL
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0 8 16 24 32
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Fig. 1 The temperature profile of thermal cycles with the upper
and lower temperatures of TU and TL, respectively. Here, TU =
1030 �C and TL = 840 �C for Ti-6Al-4V. Each cycle is 8 min, and
includes a 4-min heating from 840 �C to 1030 �C and 4-min cooling
from 1030 �C to 840 �C
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Fig. 2 A sketch of the cross section of a dome along the plane
through the dome apex with the geometry information
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reported. The dome thickness evolution with forming time was
obtained for different locations in the dome. A series of gas
pressures was used to study the relation between the dome apex
height and applied pressure.

3.1 Stress and Strain Distributions

To take the advantage of symmetry, a quarter of the plate
was simulated. Figure 3 illustrates the distribution of von Mises
stress and equivalent strain within the dome formed after thirty-
two 8-min cycles under the pressure of 250 kPa. The effective
stress ranged from 3 to 4.5 MPa, and the equivalent strain
ranged from 0.24 to 0.36. The maximum stress and strain were
located at the dome apex. The stress and strain decreased when
moving from the apex to the edge of the dome.

The evolution of effective stress and strain at the dome apex
is shown in Fig. 4 for a dome formed after ninety-eight 8-min
cycles under the pressure of 200 kPa. According to Eq 2, the
radius stress increased with the increase of R and the decrease

of S when the applied pressure P was fixed. At the beginning of
the deformation, the sample was flat and R was infinity, which
led to an infinite applied stress as shown in Fig. 4(a). The stress
quickly decreased and remained more or less constant around
4 MPa during the forming process. Based on Eq 2, the effect of
the decrease of both the dome radius and the dome thickness
cancels out and results in the stable stress magnitude. The
equivalent strain increased almost linearly with forming time as
shown in Fig. 4(b). The final equivalent strain at the formed
dome apex was about 84%.

3.2 Thickness Evolution

Figure 5 and 6 show the thickness evolution with the
forming time for the doming tests under the pressure of 250 and
200 kPa, respectively. Six positions were chosen from the
dome to display the evolution for both cases. Position 1 is at the
apex, position 6 is close to the edge, and the other positions are
in between. For all positions, the thickness decreased with

Fig. 3 The von Mises stress and equivalent creep strain distributions in the dome formed under the pressure of 250 kPa for thirty-two 8-min
cycles (256 min or 15.36 ks). (a) von Mises stress distribution; (b) equivalent strain distribution
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Fig. 4 The von Mises stress and equivalent creep strain at the dome apex in the dome formed under the pressure of 200 kPa for ninety-eight
8-min cycles (784 min or 47.04 ks). (a) von Mises stress; (b) equivalent strain
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forming time. The apex thickness was thinnest, the edge
thickness was thickest, and the thickness increased from the
apex position to the edge position for all forming times. When
the forming time was fixed, the thickness decreased faster for
the case with a higher applied gas pressure.

3.3 Thickness Distribution

The dome thickness was obtained at different locations from
the apex to the edge for the formed domes. Results show the
relation between S/S0 and the position distance from the apex
along the x direction in Fig. 2, where S is the current thickness
and S0 is the initial thickness. Figure 7 provides the results for
the dome formed after 32 8-min cycles under the pressure of
250 kPa. The theoretical predictions were also calculated for
the two models described in Section 2. In order to generate the

theoretical predictions, the spherical cap radius, R, and the
angle, a, were computed first based on the information of the
apex height, hapex.

a ¼ p� 2atanðb=hapexÞ ðEq 10Þ

R ¼ b=sinðaÞ ðEq 11Þ

The apex height, hapex, the angle, a, and the radius, R, for
this case were 15.9 mm, 0.975 rad, and 36.3 mm, respec-
tively. Figure 8 provides the results for the dome formed after
ninety-eight 8-min cycles under the pressure of 200 kPa. The
corresponding hapex, a, and R were 27.5 mm, 1.45 rad, and
41.4 mm, respectively. The results show that the Enikeev and
Kruglov model matches the simulation results very well for
both cases, while the Ragab model predictions deviate signifi-
cantly from the modeling results. Thus, the results indicate
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Fig. 5 The thickness evolution with the forming time at the six chosen positions for the case with the gas pressure of 250 kPa. (a) The six
locations studied; (b) the thickness evolution at the six locations
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Fig. 6 The thickness evolution with the forming time at the six chosen positions for the case with the gas pressure of 200 kPa. (a) The six
locations studied; (b) the thickness evolution at the six locations
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that the stress in the dome should vary from the balanced
biaxial state at the dome apex to the plane strain state at the
dome edge, which is the assumption used for the Enikeev
and Kruglov model; and it is not appropriate to assume a
balanced biaxial stress state throughout the dome as in the
Ragab model.

3.4 Gas-Pressure Effect

Simulations with a series of different applied gas pressures
were performed to study the effect of gas pressure on dome
forming. Four gas pressures were used: 100, 150, 200, and
250 kPa. All of the simulations have the same forming time of
ninety-eight 8-min cycles (784 min). Figure 9 provides the
apex heights for the domes. The apex height increased linearly
with the increase of the applied gas pressure.

4. Conclusion

The finite element method was used to study the transfor-
mation superplastic forming of domes from originally flat
circular plate samples under applied gas pressure. The dome
apex experienced the maximum stress and strain, while the
stress and strain decreased when moving from the apex to the
edge of the dome. During the dome test, the equivalent strain
within the dome increased almost linearly with the forming
time. For the formed domes, the apex had the thinnest
thickness, the edge had the thickest thickness, and the
thickness increased from the apex position to the edge
position at all forming times. In the formed domes, the
thickness distribution predicted from the modeling matches
very well with the theoretical predictions based on the
Enikeev and Kruglov model, while the predictions from the
Ragab model deviate significantly from the modeling results.
The comparison of the simulated and theoretical dome
thickness distributions indicates that the stress in the dome
should vary from the balanced biaxial state at the dome apex
to the plane strain state at the dome edge. The apex height
increased linearly with the increase of the applied gas
pressure.

FEM

Ragab

Distance from apex (mm)

Enikeev and Kruglov

0.4

0.3

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25 30

S/So

Fig. 7 The dome thickness distribution predicted by FEM, Enikeev
and Kruglov Model, and Ragab model for the dome formed after
thirty-two 8-min cycles under the pressure of 250 kPa
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Fig. 8 The dome thickness distribution predicted by FEM, Enikeev
and Kruglov Model, and Ragab model for the dome formed after
ninety-eight 8-min cycles under the pressure of 200 kPa
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Fig. 9 The dome apex heights for different applied gas pressures
through finite element modeling
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