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Abstract: To make a comparison with existing experimental results in the field today,
and to determine experimental values other form-factor, were realized, testing of
specimens produced from two different alloys based on Al (SUPRAL 100, FORMALL)
of various thicknesses at various deformation temperatures. The experimental study
was followed by a parameterized finite element analysis of the process, using Ansys®
this is for considering the next step of our study, to compare experimental results with
theoretical analysis, depending on two input parameters: and discuss the results. The
parameterized analysis has the main objective to discover and emphasize the role of
each input parameter on the evolution of the process, mainly on the output parameters,
chosen by the operator. It is known that processing by superplastic forming is a process
whose duration is superior to the similar plastic deformation processes, primarily due
to the extremely low rate of deformation. This major disadvantage in the process
economy and the calculation of economic efficiency is countered by the broad
applicability of this process in areas of particular interest: aeronautics, automotive,
medicine, and transport.
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1. Introduction
The superplasticity is a Metallurgical phenomenon that science implicitly
recognized since early 1920, but before 1960 untapped, and the following definition is
accepted: as the property of some materials, alloys and rare pure metal to exhibit a long
and uniform deformation, without the appearance of local necking. The deformation
depending on the speed of deformation, the deformation environment temperature, and
the structure characteristic grain size below 10 micrometers.
The term "superplasticity" was introduced in 1945 by Bochvar A.A. &
Sviderskaia Z.A. [1], when they discover the behavior of the superplastic alloy Zn +
22% Al eutectic, having performed ultrafine structure. Zn eutectic alloy of 22% Al
became then, in particular, the study of the superplastic material. Since 1960, the
phenomenon has been investigated to (or “intending to”) its practical application
determined that the main conditions for the superplastic behavior development: grain
sizes of 10µm. The low-strain-rate (about 10-5 [s-1]), a relatively high temperature (>
0.5 Tmelt, where Tmelt is the melting temperature of the alloy expressed in [K]) at low
values of deformation pressure.
The first tests which have demonstrated the existence of such properties to the
alloy Zn + 22% Al were made in traction and extrusion, so that Backofen W.A., Turner
I.R. & Avery D.H. [2], to form, using air as a working medium, hollow parts with a
rather complex configuration. They have used sheets of sheet thickness s = 0.76 [mm]
in a die with a diameter of 100 [mm], the air pressure 0.1- 0.2 [MPa].
The particular structure, the most significant superplastic behavior constraint of
the material property is ultra-fine grain size, wich should be below 10 micrometers.
From the metallurgical phenomena that characterize the superplastic behavior, the
balance between maintaining the ultrafine grain structure and grain growth (at the
deformation temperature) is the main objective of the study of the superplastic
behavior. Methods of refining the structure: separation of phases, the phase
transformation heat or mechanical processing accompanied by the recrystallization are
used for the majority of superplastic materials.
It is shown, however, that achieving ultrafine structures is not a sufficient
condition to guarantee the behavior of a superplastic material, it must provide methods
and conditions for maintaining fine grain size. Grain growth is punctuated in areas
superplastic deformed and non-deformed areas are less (experimental observations).
The superplasticity is very often understood as a viscoplastic process because of
stress deformation highly strain rate dependent. The superplastic behavior of materials
is characterized by law established by Backofen W.A., Turner I.R. & Avery D.H. [2]:
𝜎̅ = 𝐾 ∙ 𝜖̅̇𝑚

(1)

wherein K is the strength coefficient, and m is the strain rate sensitivity index, the
mathematical expression of which is given by the gradient of the logarithmic curve, so
the logarithm of the stress (ln (stress)) on the logarithm of the rate of deformation (ln
(strain-rate)).
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The strength coefficient, K, has the definition regarding stress, considering the strain
rate at the value of unity. The physical dimension resides from above constitutive
equation regarding components physical dimensions:
[𝐾] =

[𝐹] 𝑚
[𝑇 ]
[𝐿2 ]

(2)

The significance of the strain rate sensitivity in superplastic forming correspond
to: the higher the value of m, there is no necking developed, and one obtains greater
elongation, i.e. the ability of materials with this property, to exhibit greater deformation
prior necking appearance. The significance of the strain rate sensitivity index, m, can
be revealed by studying the deformation of the cylindrical gauge with area undistorted
area A, length L and undergoing an initial load Dunne P. F. & Petrinic N. [3]. Thus,
undistorted gauge area is characterized by parameters A, L, stress σ, strain rate 𝜀̇ while
the deformed area will be characterized by A + dA, L + dL, σ + dσ, 𝜀̇+ d𝜀̇, respectively.
The incompressibility condition of the test piece gives the following relationship, by
neglecting the infinitesimal terms (like dAdL):
𝐴𝐿 = (𝐴 + 𝑑𝐴)(𝐿 + 𝑑𝐿) ≈ 𝐴𝐿 + 𝐿𝑑𝐴 + 𝐴𝑑𝐿

(3)

one obtain
𝑑𝐴
= −𝜀̇𝐴
𝑑𝑡

(4)

which, for deformed zone, become:
𝑑(𝐴 + 𝑑𝐴)
= −(𝜀̇ + 𝑑𝜀̇)(𝐴 + 𝑑𝐴)
𝑑𝑡

(5)

Or
𝑑
𝐴 𝑑𝜀̇
(𝑑𝐴) ≈ −(𝐴𝑑𝜀̇ + 𝜀̇𝑑𝐴) = −𝜀̇𝑑𝐴(
+ 1)
𝑑𝑡
𝑑𝐴 𝜀̇

(6)

As the force is constant, we obtain:
𝜎𝐴 = (𝜎 + 𝑑𝜎)(𝐴 + 𝑑𝐴), or

𝑑𝜎
𝜎

=−

𝑑𝐴
𝐴

(7)

Applying the constitutive equation, expressed in effective values: 𝜎 = 𝐾𝜀̇ 𝑚 , one
obtain:
𝑑𝜀̇ 𝑚
𝑑𝜀̇
𝜎 + 𝑑𝜎 = 𝐾(𝜀̇ + 𝑑𝜀̇) = 𝐾𝜀̇ (1 + ) = 𝐾𝜀̇ 𝑚 [1 + 𝑚 + ⋯ ]
𝜀̇
𝜀̇
𝑚

𝑚

(8)
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This relationship may be written as:
𝑑𝜎
𝜎

≈𝑚

𝑑𝜀̇
𝜀̇

, or

𝐴 𝑑𝜀̇
𝑑𝐴 𝜀̇

=−

1

(9)

𝑚

so that
𝑑
1
(𝑑𝐴) ≈ −𝑑𝐴𝜀̇ (1 − )
𝑑𝑡
𝑚

(10)

This ultimate equation shows that de deformation quantity,
1

𝑑
𝑑𝑡

(𝑑𝐴), depends on value

of (1 − ). We may observe that when the strain rate sensitivity, m, increases (and
𝑚
take the value of unity), the necking,

𝑑

𝑑𝑡

(𝑑𝐴), decreases to zero, as value.

Based on applying the membrane theory, to reveal the stress state in a thin sheet loaded
by pressure P, with s as thickness, 𝑅𝜃 and 𝑅𝜑 are the curvature radii (𝑅𝜃 −
𝑚𝑒𝑟𝑖𝑑𝑖𝑎𝑛 𝑟𝑎𝑑𝑖𝑢𝑠; 𝑅𝜑 − 𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑟𝑎𝑑𝑖𝑢𝑠), fig. 1, the relationship may describe a
state of equilibrium, Giuliano, G. [4]:

Fig. 1. The sample(before the forming)-left; The part, superplastic formed-right,
Grebenisan G. & Muresan S. [5]
Follow this,
2𝜎𝜑 𝑠𝑖𝑛 (

𝑑𝜑
𝑑𝜃
) 𝑠𝑅𝜃 𝑑𝜃 + 2𝜎𝜃 𝑠𝑖𝑛 ( ) 𝑠𝑅𝜑 𝑑𝜑 = 𝑝𝑅𝜑 𝑑𝜑𝑅𝜃 𝑑𝜃
2
2
𝑑𝜑

moreover, assuming that for a small angle, 𝑠𝑖𝑛 ( ) ≅
2
as:
𝜎𝜑 𝜎𝜃 𝑝
+
=
𝑅𝜑 𝑅𝜃 𝑠
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2

(11)

, this equation may be written
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Using the relationships 𝜎𝜃 𝑠𝑖𝑛(𝜑) ∙ 2𝜋𝑟𝑠 = 𝑝𝜋𝑟 2 , and 𝑟 = 𝑅𝜑 𝑠𝑖𝑛(𝜑) the tangential
stress, and the circumferential stress are estimated, respectively, as:
𝑝𝑅𝜑
2𝑠
𝑝𝑅𝜑
𝑅𝜑
𝜎𝜑 =
(2 − )
2𝑠
𝑅𝜃
𝜎𝜃 =

The von Mises criterion gives the
condition(𝑡ℎ𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑠𝑡𝑟𝑒𝑠𝑠 𝜎𝑡 = 0):

𝜎̅ =

√𝜎𝜃2

(13)

equivalent

stress,

for

plain

2
𝑝𝑅
𝑅
𝑅
𝜑
𝜑
√( ) − 3 𝜑 + 3
+ 𝜎𝜑2 − 𝜎𝜃 𝜎𝜑 =
2𝑠
𝑅𝜃
𝑅𝜃

stress

(14)

Assuming that the elastic strain is negligible, a relationship between stresses and strains
in the plastic domain, one can be established, using the Levy-Mises flow rule, one
obtain the expressions for tangential(𝜀̇𝜃 ), circumferential(𝜀̇𝜑 ) and thickness(𝜀̇𝑡 ) strain
rate:
𝜀̅̇
1
[𝜎𝜃 − (𝜎𝜑 + 𝜎𝑡 )]
𝜎̅
2
𝜀̅̇
1
𝜀̇𝜑 = [𝜎𝜑 − (𝜎𝜃 + 𝜎𝑡 )]
𝜎̅
2
𝜀̅̇
1
𝜀̇𝑡 = [𝜎𝑡 − (𝜎𝜑 + 𝜎𝜃 )]
𝜎̅
2
𝜀̇𝜃 =

(15)

It is easy to observe that these relationships are similar with those from elasticity theory
with some corrections. Considering the volume constancy (𝜀𝜃 + 𝜀𝜑 + 𝜀𝑡 = 𝑐𝑜𝑛𝑠𝑡,
𝜀̇𝜃 + 𝜀̇𝜑 + 𝜀̇𝑡 = 0), the equivalent strain rate, calculated based on von Mises criterion
is:
𝜀̅̇ =

2
√3

√𝜀̇𝜃2 + 𝜀̇𝜑2 + 𝜀̇𝜃 𝜀̇𝜑

(16)

The part analyzed is a sphere, by definition, 𝑅𝜃 = 𝑅𝜑 = 𝑅, so one may write:
𝜎𝜃 = 𝜎𝜑 =

𝑝𝑅
2𝑠

and Levy- Mises equations are:

𝜀̅̇ = −𝜀̇𝑡 = 2𝜀̇𝜃 = 2𝜀̇𝜑

(17)
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From experience, were found that the stresses and strains are in the following
relationships:
𝑝𝑅
2𝑠
𝜎𝜃
𝜎𝜑 =
2
𝜎𝜃 =

𝜎̅ = √3 ∙ 𝜎𝜑 =

(18)

√3
𝜎
2 𝜃

moreover, strains are:
𝜀̇𝜃 = 0
𝜀̇𝜑 = −𝜀̇𝑡
𝜀̅̇ =

2
√3

𝜀̇𝜑 = −

2
√3

(19)

𝜀̇𝑡

Using the assumptions of Jovane F. [6], also Enikeev F.U. & Kruglov A.A [7],
respectively, of which the thickness is uniform on all directions, one may obtain a
calculus relationship for R and average thickness, 𝑠̅, respectively, :
𝑎 2 + ℎ2
𝑅=
2ℎ

(20)

And
𝑎2
𝑠̅ = 𝑠0 2
𝑎 + ℎ2

(21)

where h is the sphere height at the moment t, and a is the initial radius of the sample
sheet (the input parameter Sample_diameter)
̇ , at which one may consider that the forming
For an optimal strain rate, 𝜀̅𝑜𝑝𝑡
process occurs, i.e. the strain rate that the sensitive index m has the highest value, and
the process temperature pre-chosen, Giuliano G. [4] had obtained the expressions for
the preasure, as function of the sphere relative height, H=h/a:
𝜎̅ =
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4𝑠0
𝐻
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2𝐻
∙ 𝐻̇
1 + 𝐻2

And
𝑝=

𝑚
4𝑠0 𝐾𝜀̅̇𝑜𝑝𝑡

𝐻

𝑎

(1+𝐻 2 )2

̇

; where 𝐻 = √𝑒 𝜀̅𝑜𝑝𝑡𝑡 − 1

(23)

Given the strain rate used, 𝜀̅̇ = 10−3 [𝑠 −1 ], the part were formed in 5700 seconds,
while calculus using the relationship obtained for H (22.4 mm) given us t=6221
seconds, which is satisfactory for this forming process.
An absorbing work is Naceur, H., Guo, Y.Q. & J.-L. Batoz [9], in which the
authors present a complete mathematical algorithm for solving the inverse problem,
i.e. determining the optimal geometric model for the blank if the computational results
of the simulation of the plastic deformation process are known, and the finite element
analysis of this process was accomplished.
2. Superplastic Forming and Parameterized Analysis
The specimens used for the experimental determinations were cut from the sheet with
thickness: 0.8; 1,2; 1.29, respectively 2.0 [mm]; and diameters 44.5 and 51 respectively
(Fig. 2).

Fig. 2. The specimens used for superplastic forming Grebenisan G. & Muresan S.
[8]
3. Experiment
Experimental tests were performed on 11 samples divided into two groups, as
follows:
-Ist set. Some 8 samples, cut out from Supral 100 alloy, with a diameter of 44.5
[mm]; and thickness of 0.8 [mm], tested as following deformation parameters:
• - one sample was tested at deformation temperature: Tdef = 450 [oC];
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•
•
•
•
•

-4 specimens were deformed at deformation temperature Tdef = 460 [°C];
- one specimen was tested at deformation temperature Tdef = 470 [°C];
- one specimen was tested at deformation temperature Tdef = 480 [oC];
- one specimen was tested at deformation temperature Tdef = 500 [oC];
- All specimens from this set were tested at strain rate 2.5x10-3 [s-1]

-IInd set. -a number of 3 specimens, cut out from FORMALL alloy, whith a
diameter of 51 [mm], thickness 1.2 [mm], deformed at Tdef = 510 [oC], at strain rate 104
[s-1]
4. The forming die, the project installation and superplastic forming results
4.1 The forming die
The superplastic deformation die, (Fig. 3), was produced of stainless steel and
consists of two half-die assembled through G13 / 4" thread. For the air access inside
the die, during the deformation process, two cylindrical rods made of stainless steel,
having 300 mm orifices were provided. The "lower" half-die, which gives the final
shape of the piece, has a circular area with diameter ∅32 [mm] and height of 6 [mm].
This area is designed to reduce, even cancel, the friction between the sample and the
die, during the gasostatic forming. The spherical area simulates the minimum possible
cross-sectional rays to be achieved in parts obtained by superplastic deformation
processes, with no local thinning (necking).
To seal the active zones between the sample and the upper die, a copper sealing
washer is provided, and in the lower part, this is achieved by the ribbon with the
connection radius.

Fig. 3. The superplastic forming die Grebenisan G. & Muresan S. [8]
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4.2 The Superplastic Forming Installation (Fig. 4)

Fig. 4. The superplastic forming installation scheme Grebenisan G. & Muresan S. [8]
The data acquisition from the transducer is made as follows: one the computation
of the strain rate is accomplished, using the time base of the calculation system and, as
the data is acquired, the actuator voltage of the proportional coil of the pressure
regulator is controlled in such a way that the instance speed is as close as possible to a
required reference speed imposed by the operator. As the process evolves, the data
acquired from the transducer (based on which the speed is being calculated) and the
data from the pressure transducer are written into a file automatically saved on the
computer's hard disk, which is then used at the analysis of the superplastic deformation
process.
4.3 The Parameters of Experiments Performed
4.3.1 Forming Pressure
The working pressure is determined using the relationship 𝜎̅ =

𝑝𝑎 (1+𝐻 2 )2
4𝑠0

𝐻

, above

founded for constant pressure forming medium, Giuliano, G. & Franchitti, S. [10]. The
analytically determined air pressure is: p = 0.69585 [MPa] = 6.82404 [bar], using the
reference value p = 0.7 ± 0.01[MPa], Kappes, J., Liewald, M., Jupp, S., Pirchl, C. &
Herstelle, R. [11].
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4.3.2 The Strain Rate
The strain rate, as a driven element in the pressure adjustment process, by the
proportional pressure regulator(proportional valve) inside the die, and is achieved
analytically considering the deformation of a curvilinear element in the spherical
workpiece. Respecting the theoretical considerations one may calculate the equivalent
2𝐻
strain rate: 𝜀̅̇ =
∙ 𝐻̇. This being necessary to achieve the actual strain rate of the
1+𝐻 2
blank. Since, from experimental data, it was found that the superplastic strain rate
𝜀=
̇ 2.5x10−3 [𝑠 −1 ] for SUPRAL 100 and 𝜀 =
̇ 10−4 [𝑠 −1 ]FORMALL, respectively.
It follows that for the semifinished product with thickness s = 0.8 [mm], the actual
sample deformation velocity is 0.02 [mm / s] and 0.0012 [mm / s], respectively, for the
sample of thickness s = 1.2 [Mm], Xing, H.L. & Wang, Z.R. [12].
4.3.3 Forming Temperature
The optimal deformation temperature for the SUPRAL 100 alloy is Tdef = 460 [oC] and
for the FORMALL alloy is Tdef = 510 [oC], but experimental tests have also been
performed at other deformation temperatures to study temperature influence on the
necking and drawing depth, Chenot, J.-L. & Massoni, E. [13] and Bonet, J. & Gil, A.
J. [14].
4.4 Results and discussions
The 11 pieces, fig. 5, made by superplastic deformation fit perfectly into our
expectations regarding the behavior of the alloy material chosen for the current study.
The advantages of superplasticity consist primarily in high deformability, possibly in
the case of materials possessing these characteristics, uniform strain deformation, and
the complexity of possible geometric shapes without a special manufacturing and
constructional precondition. Thus, the extremely low cost of superplastic deformation
tools, combined with the advantages listed, recommends this process, particularly
when superior plastic deformation technologies (into the cold or hot medium) do not
work, or the results are inadequate. The case of Ti-based alloys, non-deformable by
usual processes, is prototypical to argue for the choice of superplastic deformation
processes for some types of materials. The decision to process by a special procedure,
such as superplastic deformation, should, however, be based on well-documented
analyzes and studies both on deformability of materials and on the performance of the
operation itself.

a)
b)
Fig. 5. a)- The group of performed workpieces b)- The height/diameter of superplastic deformed spherical cupola Grebenisan G. & Muresan S. [8]
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5. The Finite Element Analysis of Superplastic Bulging
5.1 Material Parameters
The simulation of superplastic forming and analysis performed were carried out using
Ansys® software. While setup the material’s properties, for Supral 100, aluminum
based alloy, an Anand Viscoplasticity as a material model were chosen, Brown, S. B.,
Kim, K. H. & Anand, L. [15] and Anand, L. [16], respectively. The characteristic
parameters in Table 1 are given, by Ganapathysubramanian, Sh. & Zabaras, N. [17]:
Property
Initial Deformation Resistance
Activation Energy/Universal Gas
Constant
Pre- exponential Factor
Multiplier of Stress
Strain Rate Sensitivity of Stress
Hardening/ Softening Constant
Coefficient for Deformation Resistance
Saturation
Strain Rate Sensitivity of Saturation
Strain Rate Sensitivity of Hardening or
Softening
Tab. 1. Properties

Symbol
S0
Q/R

Value
29.7
21086

Units
MPa
K-1

A
𝜉
m
h0
Ŝ

1.90593e+7
7
0.23348
1115.6
18.92

s-1

n
a

0.07049
1.3

MPa
MPa

The Anand Viscoplasticity characteristics were experimentally verified and
describe quite well the material of Aluminium alloy chosen for superplastic forming,
Supral 100. The optimal superplastic deformation temperature is situated in the range
of 400-480 [oC].
Some of material mechanical properties are:
• Optimal strain rate: 0.0005 to 0.01 [s-1];
• Tensile Strength, Yield: 25 [MPa];
• Tensile Strength, Ultimate : 75 to 105 [MPa];
• Breaking elongation: up to 1800%;
• Grain size: 3-6x10-3 [mm];
To perform the optimization procedure and study of the behavior of material
during superplastic forming, the first input parameter Displacement Y Component was
chosen and the second input parameter has been selected, Sample_diameter. The
parameterized analysis has the main objective to discover and emphasize the role of
each input parameter on the evolution of the process, mainly on the output parameters,
chosen by the operator. To determine the degree of influence and the gradual
importance of input parameters, we used the parameter correlation tool(fig. 6, a)):
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a)
b)
c)
Fig. 6. Equivalent Stress (von Mises), a)-The correlation between input parameter
(Sample_diameter) and output parameter (Equivalent Stress), b)- Computed
values of Equivalent Stress (Finite Element Method), c)-Distributed map of
Equivalent Stress – a sequence of forming process
The finite element analysis revealed and confirmed the material behavior and the
predicted uniformity of samples’ thickness, fig. 6, b,c), Jarrar, F., [18], Guo, M.-L.,
Liu, J., Tan, M.-J., Chua, B.-W., [19].
6. Conclusion
By the research carried out and presented in the paper, the following conclusions
can be drawn:
The superplastic properties of the material are determined by its granular
microstructure. To demonstrate this, we analyzed microscopically two metallographic
samples taken from each alloy, and faced the microscopic images of the metal
specimen and those of the extruded blank, with obvious differences between the
structures of the two samples. The grain size, measured in the two directions, on the
plate samples, falls within the limits of theoretical prescriptions of superplastic
behavior: the grains being coaxial. Agglomerations of impurities, reduced in volume
or material vacancies have been observed, but these fall within the limits of the
superplastic conditions. Under these circumstances, we considered that, structurally,
the specimen met the preliminary conditions of superplasticity.
The embossed pieces have a surface without rickshaws or individual variations in
thickness.
The cracks appeared only in the pole of the specimen, at two workpieces, which
demonstrates how to deform and modify the shape of the piece during the gasostatic
stamping. Thus, it can be concluded that the specimen deforms from the center to the
retention limits in the die, the material constantly flows but at different speeds in the
free zones of constraints.
The thickness of the material was recorded in the area of the flange sphere radius
following a law of identical variation on all specimens.
There was no occurrence of the "quench" phenomenon of the flange. Moreover,
the flange in all cases had the final dimension identical to the initial one.
It has been found that there is an area of dimensional stability and almost zero
variation of the thickness of the workpiece in the sphere and, to some degree, in the
field of the connection radius. This phenomenon is due to the uniform deformation
velocity under conditions of uniformly distributed stress.
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In the spherical area of the formed parts, the law of variation of the cross-sectional
dimensions is linear, the slope of the straight line increasing in the sense of reducing
the dimensions (in absolute values). The explanation of this phenomenon is the way of
realizing the superplastic deformation by free molding, without friction with the mold.
As the deformation occurs without contact with the mold elements, the material flows
without constraints at a constant deformation rate. This observation is consistent with
the layout of the network, a priori, on the specimen.
The mesh is drawn on the sample (squares at initial) turned into curved
quadrilaterals with equal sides after deformation. These linear geometric elements, on
the outer surface of the spherical dome, are dimensionally and morphologically
identical on a spherical cap, approximated to 20% of the total height of the embossed
part. Beginning from this height in the meridian direction to the flange of the
embroidered piece, the elements of the two-dimensional mesh change their shape and
dimensions, respecting the law of variation of the thickness of the piece (with absolute
values). Thus, while at the top of the spherical dome, the deformed quadrilaterals are
identical on a spherical area, towards the base of the hemisphere, the quadrilaterals
have curvilinear shapes with progressively smaller dimensions.
The finite element analysis of superplastic deformation has demonstrated the
existence of an infinitesimal thinning of the thickness of the deformed piece. According
to this analysis, it was found that the deformation is quasi-uniform across the entire
hemisphere section.
At the maximum deformation depth, i.e. in the hemisphere's pole, there is
emphasized a state of stress, which explains the cracking of some of the deformed parts.
By finite element analysis, we demonstrated that it is very clear the superplastic
deformation should be performed with quasi-constant pressure, with subtle variations
on the time unit, the necking process to be avoided.
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