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Superplastic forming is o wviable method for shaping supperalloys including
titanium based materials which are otherwise awkward to shape. Further
effort s, however, required to commercialize this process and introduce it
to metal forming enterprises. Special fucilities copable of providing control-
lable forming environment are needed for smplementing this process. A hot
isostatic/isothermal pressing machine possessing such a characteristic is an
effective candidate for this purpose. Hot isostatic pressing has vastly been em-
ployed for diffusion bonding, powder metallurgy and investment casting, while
its application to bulk- and sheet-metal forming needs far more investigation.
Careful selection of processing parameters such as gas pressure, strain rate,
temperature and process time is vitally important for superplastic forming of
titanium based workpieces. In an attempt to advance the superplastic forming
technology towards achieving a feasible process, the authors developed a low
price hot isothermal pressing device with the aid of which numerous forming
experiments were carried out. An additional objective pursued by the authors
was to elaborate on the analytical method superplastic forming of lens-shaped
components which have considerable industrial applications and to illustrate the

close relation between the analytical results and the experimental achicvements.

NOMENCLATURE r radius of workpiece profile
{A} microstructural state To radius of the profile located in the surface
d grain size perpendicular to the revolution axis
Fy peripheral force To radius of the profile perpendicular to the
F,  force acting along meridian direction meridian
h instantaneous depth of deformation Ty radius of meridian
H workpice’s depth R, die mouth radius
H =H/R, S workpiece’s wall thickness
K material constant S, critical thickness
m strain rate sensitivity factor S, initial thickness of blank
s =m—2 t = —(1e”)/m;
P forming pressure

T temperature
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X distance between centers of blank and
workpiece’s profile
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@ angle between the surface perpendicular to
the revolution axis and the surface of the
profile perpendicular to the meridian

e effective strain

£n wall thickness strain at the bottom of the
workpiece

£ strain rate

&y strain in r direction

co lateral strain

€y meridian strain
lateral angle

o flow stress

s flow stress

oy flow stress in the lateral direction

Oy flow stress in the meridian direction

T process time

%) meridian angle

INTRODUCTION

Superplastic alloys including titanium-based materials
with fine-grained microstructures exhibit considerable
ductility during superplastic forming (SPF), i.e. when
shaping takes place at low strain rates and at elevated
temperatures [1,2]. Titaninm and its alloys exist in
different categories consisting of low temperature a-
phase with a close-packed hexagonal crystal structure,
high temperature 3-phase possessing a body-centered
cubic structure, a-3 phase, intermetallics Ti, Al (z =1
or 3), TigAl(as) and TiAl(y) [3-5]. Various properties
ensue from these varieties giving the major cause for
recent trend of widening application for titanium prod-
ucts. Corrosion resistance, good elevated-temperature
service life, and high specific strength together with
low density are the main reasons for the application of
titanium alloys in various industries such as aerospace,
biomedicines, chemicals, ship building, offshore struc-
tures [6-8], piping systems [8.9], nuclear power plants
[10] and automotive industries [11].

They are also used as shape memory alloys [12, 13]
and as wear-resistance material for coating of cutting
tools [14]. Tt is awkward to shape titanium workpieces
by conventional processes. Their low ductility and
formability are considered as the major hurdles [16-
20]. Titanium alloys are prone to crack, reaction
with atmospheric elements, constitution of surface
brittleness phases and some other defects during con-
ventional forming under uncontrolled environment.
Instead, superplastic forming is a cost effective and
efficient process, especially for complicated shapes
[21].

Superplastic forming of titanium alloys, especially
Ti — 6A]l — 4V has been the subject of considerable
research work [17. 22-25]. Components with special
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confignrations such as spherical shells [26], domes, roll
formed disks [27, 28] and thin circular diaphragms
[28] have been dealt with. Analytical models have
been developed for the latter components based on
superplastic bulge forming of domes [28]. Far more
research is, however, needed to verify the existing
analytical results by shaping components with other
configurations. Experiments with various components
and resolving technological and economical problems
are essential to commercialize superplastic forming of
titanium-based components.

Hot Isostatic and Isothermal Pressing (HIP) ma-
chines provide protected and controllable environment
and are good candidates as superplastic forming de-
vices. Hot isostatic pressing was developed for manu-
facturing nuclear fuel element assemblies by diffusion
bonding in the United States in the mid 50’s [29].
Cold Isostatic Pressing (CIP) is HIP’s counterpart
process in which powder consolidation takes place
at ambient temperature [30]. Diffusion honding and
powder metallurgy remained the main category of HIP
application and benefited greatly from this process.
Casting industries have also successfully employed this
technique. In fact, HIP has had a revolutionizing role
in investment in the casting industry [30]. HIP is
also applied as a post process for isothermal forging
and extrusion of HIPped powders to improve their
mechanical properties [30]. Application of HIP to
superplastic forming including bulk and sheet metal
ones need further investigation. Superplastic form-
ing of superalloys can lead to considerable saving
in costly materials. A range of elongation from
several hundreds up to thousands percent can be
achieved by SPF. Fine grained alloys with an aver-
age grain size, d < 10pum, and with a high strain
rate sensitivity factor, m, exhibit good superplastic-
ity.

The grains of these alloys remain stable up to
the superplasticity temperature usually amounting to
60% of the melting temperature, Tiner. A high value
of m is the major obstacle to the progress of necking
and causes uniform deformation to develop within
the workpiece leading to enormous elongation bhefore
rupture occurs.

High values of m are achieved at low strain rates,
within the range of 1073 to 10~ *s~! for titanium based
materials.

The authors have developed a laboratory HIP
device for superplastic forming of titanium and tita-
nium alloys. Several lens—shaped components possess-
ing numerous industrial applications were successfully
formed. The experimental achievements, including the
process parameters, have been compared with analyti-
cal results already available for superplastic sheet metal
forming, a report of which is presented in the following

sections. It is noteworthy that careful selection of
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forming parameters such as temperature, gas pressure,
strain rate, and process time is vitally important for
obtaining sound components.

ANALYSIS OF FORMING PARAMETERS

Internal Pressure

The supporting analysis of forming experiments for
lens-shaped components is briefly presented in this
section. This kind of components drawn from relatively
thin sheets with S/I2 << 1 can be treated as shells
with surfaces of revolution [31-33], where S and R are
the thickness and profile radii of the component being
deformed during the process, respectively. An element
of the component is depicted in Figure 1. The equation
of equilibrium in the z direction is

F,dyp + Fycosadf = Prr,dpdf (1)

e+ (Dap / dp)dp

0o

Oy

o+ (arof aq;) dy

(b)

Figure 1. A segment ol the component with a surface of
revolution, (a) stresses and [(orces acting on an element of
the component, (b) the geometrical representation of the
element

where F, is the resultant force acting on the upper side;
F)y, the resultant force on the lateral side; r, and ry, the
radii of the two perpendicular surfaces of revolution;
r,dip and redf, the lengths of the element; and P, the
internal pressure acting on the surface denoted by abed
in Figure l.a. F, and Fy are found as follows:

F, = So,r,df = So,rocosadf (2)
Fy = Sogrydyp (3)

where S is the thickness of the component; and o,
and oy are the flow stresses in i and € directions,
respectively. By substituting F, and Fy from Eqs. 2
and 3 into Eq. 1:

(0o/T o)+ (09/T9) = P[5 (4)

This relation is referred to as Laplace’s equation [34].
For a homogeneous and isotropic material, at the
bottom point of the workpiece, o, = 09y = 03 7, =
rg =7, and the gas pressure, P, from Eq. 4 is obtained
as follows:

P =205,/r (5)

where S,, is the thickness of the workpiece’s bottom.
For a semi-spherical component, at its full deformation
r = 1R,, Eq. 5 can be stated as

P =255,/R, (6)

where 12, is the radius of the die’s mouth.

Radius of Workpiece’s Profile

The configuration of a circular blank during various
stages of shaping process is illustrated in Figure 2. By
considering this figure, it can be written:

r=H+ X (7)
X’wmr? - R2 (8)
From Eqs. 7 and 8, it is concluded that:

(2H/r) = (H? /r*) + (12 /1?) (9)

Se

Figure 2. A circular blank during delormation process
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By definition of
H=H/R, (10)

the radius of workpiece’s profile is obtained from Eq.
9. as:

r=R,(1+ H?*)/(2H) (11)

Critical Thickness
For the strain, it follows from homogeneity and isotropy
of the material that at the bottom of the workpiece:

en = =26, = —2g9 = Ln(S5,,,S,) (12)

where e, g are the strains in the , 8 and r directions,
respectively; ¢, is the strain in the thickness direction;
and S,. the initial thickness of the blank. For a
spherical segment such as the lens-shaped component,
r, = rg = r (Figure 1(b) and Figure 2), and also
H, = Hy = H where H,, Hy and H are the depths
of the shell under deformation along r,, 79 and r,
respectively.

It is deduced from the classic analysis that the
critical thickness, or in other words, the thinnest
section occurs at the bottom of the workpiece. The
thickness of the bottom of workpiece without consider-
ing the material property is obtained by the followings
procedure.

The strains are expressed as:

de, =deg =dH/r, =dH/rg =dH/r

or by considering definition 10 and Eq. 11:

de, = deg = 2HAH /(1 + H?)

or

e, =e9 = Ln(1 + H?) (13)
From Eqgs. 12 and 13:

S, =S,(1+ H*)* (14)

If the material property is taken iuto considera-
tion, a constant thickness would be achieved for the
workpiece shaped from a perfectly superplastic blank.
By considering Figure 3, it can be written from the
volume constancy principle that:

TR2S, = 2arHS (15)
From Egs. 11 and 15:
S,=8=5,(1+H*)! (16)

The actual thickness. S, ., lies between the two
limit values obtainable from Eqs. 14 and 16. In
fact, without considering the superplasticity of the
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Figure 3. Shaping ol a perflectly superplastic blank

material (m = 0), the workpiece’s thickness can be
obtained from its geometry as expressed in Eq. 14.
However, an ideal material with perfect superplasticity
(m = 1) deforms according to Eq. 16. The strain rate
sensitivity or superplasticity factor, m, is effectively less
than 1. The actual thickness, S,,, is thus obtained from:

Sp = 8,(1+ H*)ym2 (17)
The strain rate sensitivity factor, m, is an indica-

tion of the rate of flow stress change against the changes
oceurring in the strain rate. It is defined as follows:

m = (dLno /0Iné)p (a3 (18)
where ¢ is the plastic strain rate; T, temperature; and
{4}, the state of component’s microstructure. As is
clear from Eq. 18, the partial derivative is defined at
constant temperature and microstructural state. It is
argued in the literature that a material well exhibits
superplasticity, if its strain rate sensitivity factor is

larger than 0.3 and T > 0.4T . The flow stress
follows the following relation:

o= Ké (19)

where K is a constant dependent on the material.

Pressure — Time Relation
The process time, 7. is obtaind as follows:

T=(Ln{S,/Sn))/¢ (20)
By substituting S,, from Eq. 17:
T=(2-m)/8)Ln(1 + H?) (21)

Combining Egs. 5, 11, 17 and 21 gives the pressure-
time relation, as follows:

P =40(S,/R,)(e" — 1)1/2 (eI =) (22)

where ms =m — 2 and t = —(7¢)/m.



Analytical and Experimental Investigations on ...

HOT ISOTHERMAL PRESSING MACHINE
The laboratory hot isothermal pressing (HIP) machine
developed by the authors operates on some basic
principles. The forming area is evacuated from the
atmosphere by flow of an inert gas; the die assembly
and the workpiece under deformation have the same
degree of temperature; a forming temperature of about
900°C should be achievable; an inert pressurized gas is
the forming agent; the gas pressure and thus the strain
rate should be controllable all through the process; the
die assembly and various components of the machine
located in the vicinity of the forming area should resist
the prevailing pressure and temperature circumstances.
The die assembly is schematically depicted in Figure 4.
A circular blank is fixed between the forming die
with the final impression according to the workpiece
geometry and the upper cover. The gap between the
die and its cover is firmly sealed. Die assembly is placed
ingide an electric furnace and heated up continuously.
The atmosphere surrounding the blank inside the die is
evacuated by argon gas flow through two lines running
above and beneath the blank. The evacuation takes
place before the furnace temperature reaches 400°C.
It is recommended that the evacuation practice be
repeated a few times during the process. Evacuation
takes about five minutes.

Die impression and its upper cover were machined
from hot work steel H13. Pipes and connections
made of Crl8 steel were selected. Some degrees of
deformation were evidenced in spite of all precautions.
Numerous experiments were conducted to achieve reli-
able sealing in the prevailing severe physical conditions
of pressure and temperature. Special design was
devised for the connections to give them the required
resistance in the working conditions.

EXPERIMENTAL WORK
In order to verify the foregoing theoretical results
of superplastic forming and to validate the process
for shaping titanium based components with the HIP
device developed by the authors, several experiments
were carried out with circular titaninum blanks.

titanium blank

p—e-

p: pressure line
e evacuation line

Figure 4. A schematic view ol the die assembly

The results of tensile and metallographic tests of
the titanium sheets used for the experiments, consisting
of the mechanical properties and constituting elements
are depicted respectively, in table 1 and Figure 5. It is
evidenced from Figure 5 that the material is rather pure
titanium with traces of aluminum. It is noteworthy
that in spite of vast investigations already implemented
by researchers on varionus titanium alloys, scarce results
are available for processing of commercially pure tita-
nium. The authors have thus partially undertaken this
task.

Experiments, Results and discussion

The shaping pressure was adjusted to follow Eq. 22.
A constant strain rate of ¢ = 0.0025~ ' was achieved.
The experiments were carried out at a temperature
of 900°C. Blanks with initial diameter, 12, = 100mm,
were formed up to a depth of H = 65mm. Some sample
workpieces from among many test components shaped
out of these blanks with an strain rate sensitivity factor
of m = 0.4 are shown in Figs. 6 and 7. A representative
sample of products is depicted in Fig. 8 in which the

Table 1. Mechanical test results ol sample sheets

Sample | Tensile Elongation Yield
Width | Strength Strength
mm | kg/mm? 7 kg/mm?
1 80 43.87 21.25 29.5
2 80 44.26 22.5 31.2
3 80 44.70 29.1 35.9
4 80 44.83 17.25 37.7
5 80 44.11 23.5 30.3
6 80 43.60 30 38
Tika

170 220 270 3.20 370 420 470 5.20 570 620

EDAX ZAF Quantification (Standardless)
Element Normalized

Element  Wt% At%  K-Ratio

ALK 0.90 1.58 0.0045
TiK 99.10 98.42 0.9895
Total 100.00 100.00

Figure 5. Constituting elements of the titanium sheets
used [or the experiments
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Figure 6. Lens-shaped workpieces shaped
superplastically

pressure and vacuum line connections have not yet been
trimmed away.

The pressure change versus the process time based
on the theory, i. e. on the basis of Eq. 22 for various
strain rate sensitivity factors is plotted in Figure 9. The
parameters are assumed to be the same as those of the
experiments, i. e. ¢ =0.002s7 1, H = 65mm and R, =
100mm. The flow stress of the material at 900°C is
os = 20MPa. It should be noted that the experiments
could be successfully carried out on the basis of the
theoretical pressure-time curve depicted in Fig 9. The
same value was measured on the products for the strain
rate, with the aid of visioplasticity relations. This
implies that an acceptable agreement exists between
theory and practice, as far as the process is concerned,
and sound workpieces can bhe obtained on the basis
of shaping parameters estimated by the analytical
relations. An additional conclusion is that the HIPping
process implemented on the device developed by the
authors can viably bhe employed for the superplastic
forming of sheet metals. This lays the foundation for
manufacturing low-cost HIPping equipment and paves

Figure 7. Other sample workpieces with dillerent
conligurations shaped superplastically

Figure 8. Samples belore trimming the pressure and
vacuum lines connections

the way for commercial application of superplastic
forming to superalloys and other hard-to-form metals.

For complicated shapes and components with
rather sharp corners and intricate profiles, a rise occurs
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Figure 9. Pressure-time change during the process [or
various strain rate sensitivity [actors

in the pressure-time curve at the corner filling stage,
followed by a smooth descending curve. A typical
pressure —time curve with a sharp pressure rise is
illustrated in Figure 10. This curve has been plotted for
a workpiece with a final cylindrical shape. The same
values have been assumed for this case similar to lens-
shaped experiments, i.e. ¢ = 0.002s71, R, = 100mm,
H = 65mm, m = 0.4 and o, = 20MPa at 900°C.
Such a rise in the pressure — time curve has, indeed,
been experienced for some test workpieces possessing
a cylindrical profile rather than a lens shape. The
pressure-time change would follow a different model at
the corner filling stage from that governing the free
forming of sheet metal.

It is inferred from Eq. 17 that S,,/S, and, thus,
the critical thickness, S,,, decreases as the material is
distanced from perfect superplasticity. This implies
that higher degrees of superplasticity deter necking
and rupture of the workpiece under deformation, more

09 T
0z
07
0.6
0.5
0.4
03
0z
01
1 t t t t {

0 200 400 400 =00 1000

Time (Fec)

Pressure (IWIPa)

Figure 10. Typical pressure — time change with a
pressure rise at the corner (illing stage
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Figure 11. Variations ol a workpiece critical thickness

during superplastic [orming

effectively. In other words, a workpiece can be shaped
deeper before necking and rupture occurs when a ma-
terial of a high degree of superplastiticity is employed.
This is what one can expect from the theory based
on the definition of superplasticity and strain rate
sensitivity factor, as can be evidenced form Figure 11.

CONCLUDING REMARKS
Superplastic forming is the most viable and econom-
ical method for deformation of sheet metals pos-
sessing some degrees of superplasticity. Hot iso-
static/isothermal pressing is an eflicient process for
implementing superplastic forming. A HIP device was
devised by the authors to lay the foundation for a
feasible and low price machine. Several successful
experiments were carried out repeatedly with this
machine. The experiments were carried out on sample
titanium based circular blanks. Workpieces with lens-
shaped and some other similar profiles were produced.
The processing parameters such as the pressure and
strain rate were adopted from the theoretical estima-
tions. Sound components could also be produced indi-
cating the effectiveness of the developed HIP device’s
operation and the forming process and also close the
relation exiting between the theory and practice. Both
the theory and experiment suggest that the critical wall
thickness increases as the material assumes a higher
degree of superplasticity to the benefit of achieving
larger elongations.
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