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Hot isothermal/isostatic pressing machines are technically good candidates for superplastic forming (SPF)
of otherwise hard-to-shape materials such as superalloys. These machines are, however, very expensive so
that small or medium-size enterprises can not afford them. This has impeded widespread use of SPF
processing. In an attempt to alleviate the problem, the authors have developed a laboratory model of an
affordable hot isothermal pressing machine with differential gas pressure as the forming medium. Careful
selection of process parameters such as temperature, gas pressure, strain rate, and process time as well as
monitoring of thickness changes in a workpiece has a pivotal role in successful operation of such machine. It
has been illustrated in this article that SPF can be successfully performed with this machine on the basis of
process parameters estimated with existing analytical relations. The performance of this machine has been
verified by several experiments on SPF of titanium-based sheets, as reported in this article.

Keywords hot isostatic pressing, hot isothermal pressing,
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1. Introduction

Hot isothermal/isostatic pressing (HIP) machines are techni-
cally good candidates for superplastic forming (SPF) of
otherwise hard-to-shape materials such as superalloys. Super-
plastic forming requires controllable processing environment
and HIP machines are capable of maintaining such environ-
ment. These machines are, however, very expensive so that
small or medium-size enterprises can not afford them. This has
limited the application of SPF processes. While HIP has been
well developed for some processes such as powder metallurgy,
investment casting, isothermal forging, and extrusion of
HIPped powders to improve their mechanical properties, and
isothermal forging of critical components such as aerospace
forgings (Ref 1-3), far more development is needed in the area
of sheet metal forming with HIP technology. Hot isothermal
pressing is regarded as a new manufacturing method (Ref 4, 5).
Therefore, efforts at developing low-cost HIP technology to
form superalloys would be rewarding.

The authors have developed a laboratory model of a low-
cost hot isothermal pressing machine with differential gas
pressure as the forming medium. It has been used for SPF with
process parameters estimated via existing analytical relations.
Careful selection of process parameters such as temperature,
gas pressure, strain rate, and process time has a pivotal role in
the successful operation of such machine. Thickness changes of
workpiece during the process should also be taken into

consideration as excessive thinning of the workpiece can cause
rupture.

The performance of this machine has been verified by
several experiments on SPF of titanium-based sheets. Titanium
alloys have found widening trends of application in the
aerospace industry, as biomaterials for orthopedic and oral
implantations, in chemical and ship building industries, in
offshore structures for extraction of hydrocarbons and piping
systems, in nuclear power plants and reactors, as shape memory
alloys, in automotive components such as turbochargers and
valves, and as coating materials for cutting tools (Ref 6-18).
This increasing demand for titanium is attributable to its
favorable properties including high specific strength, low
density, corrosion resistance, weldability, and relatively ele-
vated-temperature resistance (Ref 9, 19-21). Conversely, seri-
ous issues are posed by manufacturing difficulties of titanium
products. Intensive effort has been expended overcoming these
manufacturing issues when forming titanium components
through conventional manufacturing processes. These manu-
facturing processes include conventional forging, drawing,
extrusion, and machining (Ref 3, 22-26). Titanium alloys are
prone to crack as a result of reaction with the atmospheric
elements and the formation of surface-brittleness phases during
the forming processes. These impose serious limits on the
application of titanium alloys, in spite of their favorable
mechanical properties and increasing demand for titanium
components. The low ductility and formability are considered
as the most serious impediments to the application of titanium-
based products (Ref 15, 26).

It is, however, promising to note that hard-to-shape metals
with fine-grained microstructures such as titanium alloys possess
good superplasticity, i.e., exhibit considerable ductility at
relatively low strain rates and elevated temperatures (Ref 27, 28).
A superplastic elongation exceeding 1000% has been reported
for Ti-6Al-4V (Ref 10). Superplastic forming can be cost-
effective for complicated shapes (Ref 29). The scrap rate and
material cost are considerably higher when titanium workpieces
are shaped with conventional forming processes. It could be
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difficult to achieve profitable forming applications without
utilizing the superplastic properties of titanium.

Superplastic forming of titanium alloys, especially Ti-6Al-
4V, has been the subject of considerable effort (Ref 30-37).
Components with special configurations such as roll-formed
disks, spherical shells, and thin circular diaphragms have
already been developed (Ref 33, 38, 39). Several lens-shaped
components possessing numerous industrial applications were
successfully formed from titanium blanks using the developed
machine. The experimental achievements, including the process
parameters, have been compared with analytical results already
available for the SPF of sheet metals.

2. Forming Analysis

The relations already developed for pressure forming of
sheet metals can be found in Ref 38-42. They are briefly
presented here and in the appendix.

The configuration of a circular blank during different
stages of a drawing process is illustrated in Fig. 1. The
process time, T, forming pressure, P, and critical thickness, Sn,
are given by

T ¼ ð2� mÞLn ð1þ �H
2Þ=e� ðEq 1Þ

P ¼ 4rs
Soð1þ �H2Þms

Ro

�H

ð1þ �H 2Þ ðEq 2Þ

Sn ¼ Soð1þ �H
2Þms ðEq 3Þ

where m = strain rate sensitivity factor, e
�

= strain rate,
�H ¼ H=Ro; H = workpiece depth, Ro = die-mouth radius,
So = initial thickness of blank, rs = flow stress, and ms = m-2.
In Fig. 1, q denotes radius of lens-shaped workpiece, and X
is the distance between the centers of the initial circular blank
and the workpiece profile.

Processing time is found from Eq 1 for specific values
of strain rate and die mouth radius when the workpiece
reaches a specific depth of deformation. The processing
pressure is then found from Eq 2 for different time intervals
or in other words for different �H values and for specific
initial thickness and flow stress of the blank material. This
gives the required pressure-time profile for implementing the
experiments.

3. Hot Isothermal Pressing Machine

A HIP device is designed on the basis of the following
requirements: Air should be evacuated from the forming area,
in order to protect the hot workpiece against any detrimental
effect such as oxidization and porosity. Working temperature
should be maintained during the process. Since the workpiece
is deformed inside the die cavity by gas pressure, this pressure
should be controllable according to the pressure-time schedule
of the process in order to deliver appropriate superplastic strain
rates. Die assembly and other mechanisms should be robust and
stable to avoid unacceptable deformations in critical pressure-
temperature conditions in the processing area.

Taking these observations and other relevant design criteria
into consideration, the authors have developed a laboratory
version of a low-cost HIP device, which is schematically
depicted in Fig. 2.

As is evident from Fig. 2, the device consists of one argon
cylinder for supplying gas to evacuate air from the forming
area, and another argon cylinder for supplying the forming gas.
The pressure-time characteristic of the forming gas is manually
controlled through the regulator. The gas pressure can be
regulated up to 10 atmospheres. The furnace chamber can be
heated up to 1200 �C. The blank is placed between the upper
and lower dies and the die set is assembled and placed inside
the furnace. High-temperature resistant sealing has been used in
between the two halves of the die. The furnace chamber and the
die set are heated up to the forming temperature delivering an
isothermal environment.

A circular blank is fixed between the forming die with final
impression and the upper cover. The impression accommodat-
ing the final product was created by EDM. The gap between the
die and its cover is firmly sealed. The die assembly is placed
inside an electric furnace and heated continuously. The
atmosphere surrounding the blank inside the die is replaced
by argon gas flow through two lines running above and beneath
the blank. This inert environment is established before the
furnace temperature reaches 400 �C and it only requires a few
minutes. It is recommended to repeat the flow of argon several
times, during the process and during cooling of the product.

The pressure-time schedule is controlled by the operator
using a manual regulator shown in Fig. 2. The very low strain
rates common in SPF permits such manual control.

A comparison between this machine and its existing HIP
counterparts provides an idea about the economic benefit
associated with it. A hot isothermal machine is usually a

Fig. 1 A circular blank during deformation Fig. 2 A schematic view of the forming device
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hydraulic press equipped with an isolated forming chamber to
accommodate the dies and the billet/blank. This chamber is
heated so that isothermal condition is established within the
forming area. The forming power is applied through the press
ram. When gas pressure is used as the forming medium then no
other pressing equipment is required. This means considerable
reduction in the equipment price when considering that a
hydraulic press costs much higher than a low-pressure gas
supply system like the one employed in the proposed machine.
Isothermal pressing is a variation of SPF; however, the existing
isothermal presses operate at higher strain rates than those used
in SPF, although these rates are about one-tenth to one-
hundreds those common in conventional forming (Ref 43).
Deformation or ram velocities and strain rates within the ranges
of 0.001-500 mm/s and 10-3-1 s-1 have been, respectively,
reported for isothermal forging presses (Ref 44, 45). Therefore,
it is doubtful that one can take full advantage of superplasticity
of materials when using existing isothermal machines. It can
thus be concluded that the proposed machine is more feasible
for SPF than existing isothermal presses from both the
economical and technical view points. Sheet metal working
presses for SPF under superimposed isostatic pressure are even
more expensive than isothermal machines. An isostatic press is
essentially equipped with a pressure vessel of high safety
standards, as its forming chamber to resist high pressures is
common in isostatic pressing. This considerably adds to its
price.

Based on the above-mentioned differences, it is envisaged
that the market value of the industrial version of the proposed
machine would be at least three to four orders of magnitude
lower than the market prices of its existing HIP counterparts.

4. Forming Experiments

The mechanical properties of the titanium sheets used for the
experiments were as follows: Tensile strength = 436-448 N/mm2,
YS = 295-380 N/mm2, and El = 17.2-30%. The constituent
elements consisted of Al with almost 0.90 wt.% and Ti with
99.10 wt.%. Other constituents were negligible.

In order to ensure the operation in the superplastic range,
the pressure-time characteristics were manually adjusted to
follow Eq 2 and the relevant pressure-time plots. As an
example, the pressure-time characteristic plotted for samples
with H = 65 mm, Ro = 100 mm, So = 3 mm, e

�
= 0.002 1/s,

and rs = 20 MPa at 900 �C is shown in Fig. 3. Similar plots
were obtained for other workpieces and experiments. Two
sample workpieces among many test components with different
configurations shaped out of these blanks with m = 0.4
(according to the supplier) are shown in Fig. 4. It should be
noted that the long process time being common in SPF allows
the manual control of the pressure at different time intervals.
Taking advantage of this merit of the process was a major factor
of cost-effectiveness of the developed device.

For complicated shapes with sharp features and intricate
profiles, a rise occurs in the pressure-time curve at the feature
filling stage, followed by a smooth descending curve. A typical
pressure-time curve with a sharp pressure rise is plotted in
Fig. 5. Such rise in the pressure-time curve has, indeed,
been experienced for some test workpieces. These workpieces
had flat surfaces at their bottom centers sharply joined to
the spherical-shape walls. The sudden rise in pressure is

attributable to the increase in the deformation load needed for
sharp features forming stage similar to the increased force
experienced during the die corner filling stage in conventional
forging.

Fig. 3 Pressure-time change during the process

Fig. 4 Workpiece shaped superplastically
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The experiments indicate that sound workpieces can be
obtained on the basis of shaping parameters estimated by
analytical relations.

It should be noted that the workpiece would undergo some
variations in wall thickness, during the forming process. These
variations should be evaluated and taken into consideration
when designing the workpiece dimensions. This is especially
important for load-carrying components. Based on experiments,
the bottom of workpiece would undergo the largest reduction in
thickness, which is in agreement with theoretical estimates. In
order to further investigate the viability of analytical results for
the developed device, comparison is made between the

theoretical So/Sn vs. h/H, and experimental results. The result
is illustrated in Fig. 6 for the workpieces shown in Fig. 4,
where h = the instantaneous depth of workpiece. Visioplasticity
technique was employed to measure the instantaneous height.
Each time the workpiece was removed from the die, it was
cooled, measured, and returned to the forming area for further
deformation to the next depth. Figure 6 shows that the
experimental and theoretical results are closely related to each
other. The amount of variation in the thickness depends on the
geometry and material of the component. Larger variations
occur with greater depths of forming (Fig. 7). These variations
diminish as the superplasticity of the material increases.

5. Conclusion

The performance of a laboratory device developed by the
authors as a model of affordable hot isothermal pressing
machine has been verified in this article, based on which the
following conclusions can be drawn:

Experiments carried out on sample titanium-based circular
blanks drawn to lens-shaped workpieces indicate close relation
existing between the experimental and theoretical achieve-
ments. This illustrates that the device proposed in this article
can efficiently maintain the controllable environment required
for SPF. Sound components could be produced, indicating the
effectiveness of the forming processes being implemented with
the proposed machine. Some variations were noticed in the
thickness of components, the amounts of which were in good
agreement with theoretical estimates. These variations depend
on the geometry and the material of the component. Larger
variations occur with greater depths of forming. The variations
diminish as the superplasticity of material increases.

The market value of the industrial version of the proposed
machine is envisaged to be at least three to four orders of
magnitude lower than the market prices of its existing HIP
counterparts.

Acknowledgment

The authors are grateful to Mr. A. Varzandeh for his valuable
assistance.

Fig. 5 Typical pressure-time change with a pressure rise at the fea-
ture filling stage

Fig. 6 A comparison of the experimental results and the theoretical
estimates for a workpiece thickness variations during SPF

Fig. 7 Variations of workpiece thickness during SPF
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Appendix

Considering Fig. 1, process time, T, forming pressure, P, and
critical thickness, Sn, for a spherical component are found as
follows [38, 42]:

Maximum thickness strain is

eS ¼
So � Sn

So
� 100 ðEq A1Þ

q ¼ H þ X ðEq A2Þ

q ¼ H2 þ 2HX þ X 2 ðEq A3Þ

X can be approximated as follows:

X 2 ¼ q2 � R2
o ðEq A4Þ

From Eq A2-A4 and considering that �H ¼ H=Ro:

q ¼ Ro
1þ �H2

2H
ðEq A5Þ

Considering Fig. A1 illustrating a spherical segment under
the deformation pressure, P, it can be written from equilib-
rium of forces:

pr2P ¼ 2prSrs cosðp=2� aÞ ðEq A6Þ

From the geometry of Fig. A1:

r ¼ q sin a ðEq A7Þ

Substituting r from Eq A7 into A6:

P ¼ 2SrS

q
ðEq A8Þ

where S is the workpiece�s wall thickness. From (A5) and
(A8):

P ¼ 4rS
S

Ro

�H

1þ �H2
ðEq A9Þ

For the final stage of forming at the bottom of workpiece
where So = Sn, and considering Eq 3:

P ¼ 4rS
Soð1þ �H2ÞmS

Ro

�H

1þ �H2
ðEq 2Þ

Process time is obtained as follows:

T ¼ 1

e
� Ln

So
Sn

ðEq A10Þ

Considering Eq 3 and A10:

T ¼ ð2� mÞLn ð1þ �H2Þ=e� ðEq 1Þ
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