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Summary

The deformation of a superplastic zinc-aluminium
eutectoid alloy is examined by subjecting thin circular
diaphragms to one-sided hydrostatic pressure at elevated
temperature. The geometry, the stress, the strain, and the
strain-rate are determined at various points covering the
whole specimen and at various stages of the forming process.

One distinctive feature of this study is the use of
the curvatures of the thin shell for the stress analysis.
It is shown that the ratio of the two principal stresses at
a point in the formed shell is related in a simple way to
the ratio between the principal curvatures at that point.
In fact the ratio between the principal curvatures is also
a measure of the deviation of the local geometry from the
spherical shape.

The rheological properties of the material under this
biaxial stress system are presented in triangular coordinates.
The nature of the stresses, strains and strain-rates at the
dome and the rim of the bulge are discussed in detail. It
is shown that the strain rates vary widely in the material at
different regions. The biaxial stress is analysed into a
strain proportional and a strain-rate proportional component
which represent respectively, the quasi-solid and the quasi-
liquid behaviour of the superplastic material.
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Chapter 1

INTRODUCTION

Superplastic alloys have been considered by engineers
and metallurgists with less than perfect justification, to
be materials of exceptionally high ductility. Actually,
superplasticity is not a matter of ductility, which is
defined by the strain at fracture under quasi-static
conditions, but is due to the dependence of flow stress on
the strain rate, in other words, it is a rheological
phenomenon. The basis of superplasticity is neither in the
late development of the localised neck in the material when
stretched, nor in the large strain at the fracture, but lies
in the fact that the neck does not aggravate itself after
it is formed, the strain-rate effect on the flow stress
preventing the formation of the highly localised necking in

the tension test specimens of ordinary ductile metals.

The deformation characteristics of some superplastic
materials are similar to those of heated thermoplastics
and consequently certain forming processes developed by the
plasticsindustries are applicable to superplastic sheet
metal forming processes. Most of these forming operations
involve free bulging of the material, at one stage or another.
Therefore the axisymmetrical bulge test seems to be the most
suitable test to predict the mechanical behaviour of these

materials under biaxial tensile stress.

>



The bulge test, widely used for determining the
ductility of sheet materials, consists of clamping the test
material over a circular die hole and deforming the sheet
with hydrostatic pressure on one side of it till it forms
a bulge. The ductility of the test material is represented
by the height of the bulge when fracture occurs. The hydro-
static pressure in the bulge test transmits a uniform
pressure over the entire bulge during the test and the
process is in a frictionless state. The failure usually
occurs at the pole, where balanced biaxial stretching occurs.
By making suitable g¢grids onto the face of the specimen and
measuring their geometrical transformation, the mechanical
behaviour of the work material can be determined.

*

In the last decade a number of papers (56 - 67) have
been published on the bulge test of superplastic materials.
In these papers flow stress is assumed to be a unique
function of strain-rate and any strain dependence is
neglected. This stress-strain rate relation is obtained from a
uniaxial tensile test, using an empirical equation in the
form

o =k (&)" (1.1)

where ¢ is flow stress, k is a constant for any given testing
conditions and is a function of grain size and temperature,
€ is strain-rate and m is the strain-rate sensitivity index

of the material defined as

5(1lnag) (L= 2)
8(1lng)

*Numbers in brackets designate reference at the end of the thesis.,
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The stress-strain-rate relations so obtained, are applied to
stress states that are biaxial and in some cases triaxial,
by using the effective stress and effective strain rate of
plasticity theory. However, there is concern among some of
the researchers about the validity of such concepts in this

context.

In the bulge test of superplastic material, some
investigators have introduced special assumptions in order
to simplify the problem and bypass potentially difficult

experimental measurements. These assumptions are as follows:

b B At any instant the membrane is equivalent to part of a
thin sphere subjected to internal pressure (56), (58),

(64 - 67).

Zis The thickness of the bulge remains uniform at any

stage of the forming operation (56), (66).

These assumptions, naturally cannot be simultaneously satisfied
in the bulging of superplastic sheet material. The work
presented in this thesis is therefore undertaken to analyse
the deformation behaviour of superplastic material with a

more realistic approach involving no assumptions of this

type.
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Chapter 2

I - Physical metallurgy of superplasticity

2ol The Historical Review

The first data on the viscous behaviour of eutectic
alloys can be found in the paper published by W. Rosenhain
et al (1) in 1920. A few years later, the exceptional
ductile behaviour of some non-ferrous alloys was observed
by F. Hargreaves (2) and C.H.M. Jenkins (3), whilst in 1934
Pearson (4) published a photograph of a tensile specimen of
Sn - Bi alloy which had been fractured after 1950%
elongation. He showed that in the case of extruded tin-

lead entectic even higher ductility can be obtained.

It is surprising that these sensational results were
ignored by both scientists and engineers for 28 years before
the next paper on superplasticity was published in western

literature (5).

However, the term "superplasticity" was first used in
Russian literature (6) to describe the high ductility in
combination with very low flow stress. The work of Bochvar
and Sviderskaya (6) was the initiation of the intensive

study of superplasticity in Russia.

The properties of alloys of Zn - Al system were studied
and it was discovered that superplasticity only occurs with
In - Al alloys in certain conditions of heat treatment.
Research on these and other alloys (11 - 14) was continued in order

to develop an understanding of this phenomenon and the

4



subject became fashionable in that country during the

1950's and 1960's (7).

The renaissance of superplasticity in the western
literature was publication of a paper by Backofen and his
co-workers (15) in 1964 in the U.S.A.. Since then hundreds
of papers have been published concerning the basic facts,
theoretical explanations and practical implications of
superplasticity and it has become one of the most interest-

ing research subjects throughout the world.

22 Types of Superplasticity

From the many studies that have been carried out, it is
well understood that superplastic materials can be classified
into two groups:-

1. Those in which a characteristic microstructure exists
and which are said to exhibit "structural super-
plasticity", usually referred to as "micrograin" or
"isothermal" superplasticity.

2. Those in which special environmental conditions are
necessary and which are said to exhibit "environmen-

tal superplasticity”.

2.3 Structural Superplasticity

The special microstructure conditions for a material
to behave superplastically are:-
1. A fine equi-axed grain size of the order 1 to 10 um
which is stable under the conditions of deformation.
2. A working temperature above approximately half the
absolute melting point.

5



3. The use of slow strain rates.

Structural superplasticity has received much more
attention than environmental superplasticity. The
reason is that if superplasticity is to be applied to
commercial fabrication of metals, it would be more
feasible to have the equipment operating at a constant
temperature than to cycle it repeatedly over a range of
temperatures as in the case of environmental super-

plasticity.

Structural superplasticity has been observed mostly
in two-phase alloys, many of which are based on eutectic
or eutectoid compositions, but relatively pure metals can
also behave superplastically under special testing
conditions (23). A list of known superplastic materials

can be found in reference (22).

Two-phase alloys having fine-grained structure are
called "microduplex structure". Such a structure can be
created by a variety of methods (16 - 21), utilizing one
or more of the familiar metallurgical processes of hot
working, cold-working, recrystallization and precipitation.
All of these processes are included in the general term

"thermomechanical processing".

2.3.1 Proposed mechanisms

Several detailed explanations of the mechanisms have

been proposed to account for structural superplasticity,



but it is not yet clear which deformation mechanism or
combination of mechanisms predominate in these structures

when superplastic deformation occurs.

It has been explained (23) that it is unrealistic to
say that some of the prcposed mechanisms apply to a very
wide range of materials. However, the proposed theories
are known as:

Nabarro-Herring diffusion creep (24 - 25), Coble creep (26)
dislocation motion (27 - 28), Grain boundary sliding (29 -
30, 31 - 32), dynamic recrystallization (33 - 34), Grain
boundary sliding with accommodation by dislocation motion
(35 - 36), Grain rotation (37), Grain boundary sliding
combined with diffusion creep (25), (39) and Grain
boundary sliding combined with several Grain deformation
mechanisms (40). It can be seen that current thinking
leans toward a combination of proposed mechanisms
depending upon the material and experimental conditions

involved.

2.4 Environmental Superplasticity

This form of superplasticity occurs in a wide range
of polycrystalline materials in a particular set.of
environmental conditions. There are three well-known
conditions under which this phenomenon occurs:

1. During temperature cycling through a phase
transformation.
2. During temperature cycling of a material with

anisotropic thermal expansion.



3, During neutron irradiation.

Large elongationsof 150 to 500% have been
produced by a small tensile stress on the material in one
of the above conditions. A list of known environmental

superplastic materials can be found in reference (22).

The materials for which environmental superplasticity
has been shown to occur are usually subjected to phase
transformation. In the remaining two areas, relatively

limited work has been reported.

2.4.1 Phase Transformation

Phase transformation superplasticity has been
observed in a wide range of materials, especially ferrous
alloys. It has been established that mechanical weakening

occurs during phase transformation.

Saveur (41) is quoted to have first observed this

phenomenon on iron during the « -y transformation.

Lozinsky and Simeonova (42) exposed iron specimens
(with 0.03%c) to a temperature gradient and simultaneously
cycled the temperature of the hottest centre part between
800°C and 1000 °C. Application of a small load resulted in
localized deformation in the cooler part of the specimens.
This wag attributed to the occurrence of the phase
transformation at the grain boundaries, where carbon

segregation locally reduced the transformation point.



More systematic and quantitative experiments were
carried out by De Jong and Rathenau (43) and Clinard and
Sherby (44). The ferrous specimens were subjected to
tension, torsion and compression tests during a tempera-
ture cycle and it was concluded that the type of loading
has no special significance for the transformation
plasticity. The amount of strain per cycle was found to
depend linearly on stress in all experiments. Oelschlagel
and Weiss (46) also observed this linear dependence in
three plain carbon steels under constant loads during the

phase transformation.

De Jong and Rathenau (43) reported a large value of
strain during y - transformation on cooling, whereas
Clinard and Sherby (44) found more elongation during
heating (a -y transformation). Variation of the heating
and cooling rate also provided no clear result. While in
(47) a change in the heating and cooling rate had no effect,
in (44) a definite decrease in strain resulted from a

further increased heating or cooling rate.

Enhanced plasticity was also observed in U, Zr, Fe

and Co (46) during phase transformation.

2.4.2 Temperature Cycling

Some materials can be made superplastic by tempera-
ture cycling under a small applied load. One of the
materials known to exhibit this behaviour is alpha-

uranium. The internal stresses that account for its



superplastic behaviour under these conditions derive from
the anisotropy of the thermal expansion coefficients of
the single crystal. Large elongations (431% after 600
cycles between 400° and 600 °C) have been measured in an
alloy known as adjusted uranium (48). Pure zinc has also
been caused to exhibit superplasticity by thermal

cycling in the experiments of Lobb et al (48). Elongation
of up to 158% were recorded after 1664 cycles between 150

and 300 °C.

2.4,3 Irradiation

In 1955 Konobeevsky et al (49) reported that the
creep of uranium metal increases under neutron irradiation.
Roberts and Cottrell (50) showed that under neutron
irradiation at 100°C alpha-uranium exhibits a steady state

strain rate of 3 x lO_ll sec-l under a stress of 1% of

(m)
yield. The corresponding strain rate sensitivityﬁwas 0.8
However, large elongations have not been demonstrated

because of the low strain-rate involved.

2.4.4 Proposed Mechanisms

In the early papers, superplasticity during a phase
transformation was attributed to a temporary reduction in
strength caused by position changes of the atoms.

Roberts and Cottrell (50) argued that superplasticity can
be produced by generation of the internal stresses

considerably higher than the external stress. This was a
satisfactory explanation which was expanded theoretically

by Greenwood and Johnson (45), but they argued that the

10



plastic deformation is restricted to the weaker phase
present during thermal cycling. Other theories are as
follows:

dislocation motion (51), dislocation climb (44),
dislocation pile-up (52), preferred alignment of

martensite plates (53), work hardening (54).

11



II - Mechanical behaviour of

superplastic materials

2.5 Tensile Test

Most of the data oglgechanical behaviour of super-
plastic materials has been obtained from uniaxial tensile
tests. It will be shown later thattﬁénsile test is far
from being a satisfactory measure of superplasticity in an
engineering sense. However, from the review of the results
so obtained, conclusions can be drawn that the flow stress
of structurally superplastic materials is a sensitive
function of strain-rate, temperature and grain size. The

details are described in the following sections.

2.5.1 Effect of Strain-Rate

In superplastic materials the flow stress is
sensitive to the rate of deformation and a quantitative
description is frequently given by an empirical equation
of the form

¢ = k(&) (2.1)
where o is flow stress, k is a constant for any given
testing conditions and is a function of grain size and
temperature, &€ is a strain-rate and m is the strain-rate
sensitivity index of the material defined as

m=31ine (2.2)

§ 1ng¢

the
Conventionally, superplasticity is measured byAstrain—

rate sensitivity index, and the total ductility observed

12



in the tensile test is attributed to high values of

m (15).

The requirement of a high value of m is often
demonstrated by substituting in Ea (2.1) for o and ¢ in

terms of tensile load L, the cross sectional area A and

time T
o =_21_;_ (2.3)
. _-1 dA
¢ =z 3 (2.9

the rate at which any area decreases can be expressed as

1/m m-1

2=k .(a) "W (2.5)

T ar

dA

Eq. (2.5) shows that when m approaches unity, ar
becomes increasingly independent of A, and when m = 1

(Newtonian flow),

@2-L (2.6)

i.e. the rate of reduction in cross-sectional area is
dependent only on load and independent of the area of the
specimen. For superplastic materials parameter m
normally has a value between 0.4 and 0.9 (22), compared
with a value of unity for ideal Newtonian fluid behaviour.
Egq. (2.5) also shows that any local stress increase,
produces only a small change in strain-rate and as a

result such regions deform at a rate not significantly

different from the rest of the specimen.

3



Nuttall (79) has shown the relationship between the
flow stresses and strain rate as straight lines, plotted
on logarithmic scales, Fig. (2.1). It can readily be
seen from this figure that m is constant. and independent
of strain-rate for a given working temperature and grain
size, and its magnitude is the slope of the line for any

particular temperature.

Except Nuttall (79), all other investigators
have reported a characteristic sigmoidal variation of the
flow stress with strain-rate for constant temperature.
The behaviour may therefore be divided into three regions
(see Fig. 2.2). Here regions I and III correspond to
ms 0.3 at very low and high values of the imposed strain-
rate respectively, while at intermediate strain rate

s lO-'1 s "l, region II) m increases to v~ 0.5

(10~
and this region is the superplastic regime where very

large elongations occur.

Several methods have been established to determine
the log ¢/log & relation. In most cases, a series of
incremental strain-rate changes are imposed on a single
specimen and the flow stress corresponding to each strain-
rate measured and plotted as log ¢ vs. 1log &. In this
case it is assumed that the flow stress is independent of
strain and that no necking occurs. However, there is a
controversy about the effect of strain on the flow stress.
Nicholson (18) found that, for a Zn - Al eutectoid alloy

tested at constant strain-rate, the value of the strain

14



hardening index b in the stress-strain relationship

g = Keb (2.7)

was 10.06 and concluded that this small dependence of
stress upon strain does not represent true work hardening
in the conventional way but a slight instability in the
structure of the superplastic alloy. This conclusion has

been supported by other investigators (81 - 82).

The results obtained by Fields and Hubert (80), on
the other hand were quite different. They found that the
behaviour of Zn - Al eutectoid alloy depends on the
processing of the material. Results fromitensile test at
constant cross-head speed on the alloy in:éhenched
condition showed strain softening during superplastic
deformation, (see Fig. 2.3), whereas in the guenched and
cold rolled condition it tended to strain harden, (Fig.2.4).
The evidence obtained by these investigators is not
conclusive as the data was obtained fromitensile test
performed at constant cross-head speed, rather than at
constant strain-rate.

As mentioned earlierjrgtrain rate sensitivity index
(m) is an important parameter in superplasticity, and
there are at least five different methods of measurement

the
forj\m value which are fully explained in reference (22).

2.5.2 Effect of Temperature

As mentioned in section 2.3, structural super-

plasticity is a high-temperature phenomenon, occurring at
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about half the homologous melting point. The effect of
temperature on superplastic flow is well documented
for a wide range of materials in terms of the strain-rate
sensitivity index m. Fig. (2.5) shows a plot of
temperature against strain-rate sensitivity index for
quenched Al -80% Zn alloy for a constant strain-rate
test. As seen in this figure, the highest degree of
superplastic behaviour (i.e. maximum m wvalue) in

Al - 80% Zn alloy occurs around 260 °C. Furthermore, by
increasing the deformation temperature, the overall
level of the flow stress can be reduced (see Fig. 2.2

and Fig. 2.6).

2.5.3 Effect of Grain Size

In structural superplasticity, one of the conditions
for a material to behave superplastically is having a
fine equi-axed grain size of the order 1 to 10 um. The
quantitative relation of flow stress to grain size is not
yet clear from the published work. However, the following
relations have been frequently used to describe the

influence of grain size on the flow stress and strain-rate,
b - l a
0 a L and ¢ a l/1 (2.8)

where L is the mean grain diameter and the values of a
and b depend upon material temperature and thermal
history of the material (22). Fig. (2.6) shows the
variation of flow stress with temperature at constant
strain-rate for Zn - Al entectoid alloy at three different
grain sizes. The figure indicates that there should be a

direct proportionality between stress and some power of
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the grain size.

Eg. (2.1) appears to be simple enough for stress
analysis intgaiaxial tensile test. Inimetal forming
operation, however, strain-rates vary widely in the
material at different regions and therefore m cannot
be taken as a constant. Furthermore, superplastic sheef
metal forming processes involve the biaxial stretching of
the material and in this stress system the analysis of
the superplastic properties of the sheet are more
complex than those of a superplastic rod in uniaxial
tension. For these reasons, the bulge test has been used

extensively to analyse the mechanical behaviour of super-

plastic materials.

2.6 Bulge Test

The bulge test is a widely used sheet metal test to
examine the ductility of sheet materials undeS:giaxial
stress system. This test provides a means of studying
stress-strain relationships and strain-hardening
characteristics of the conventional materials.

the

In superplastic forming, bulge test is of great
importance, as most of the forming operations involve
free bulging at one stage or another. Therefore, this
simple test enables a quantitative account to be given of

the effect of the flow stress, strain-rate and all the

other parameters involved.
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Several papers have been devoted to experimental
and theoretical studies of the hydrostatic bulging of

superplastic sheet materials.

2.6.1 Experimental Investigations

Backofen and his colleagues (15) were among the
first to examine the possibility of deformation of super-
plastic sheets by the method of bulging under gas pressure.
Their interest grew out of curiosity about the bulging
limits of such materials. A dome was formed with the
height far greater than had ever been seen in a pure metal
or alloy. They did not report any quantitative work on
bulging behaviour of superplastic material. However, a
few investigators tackled the problem with different

objectives using different methods.

Thomsen and his colleagues (57) examined the
variation in the mean meridian strain and the distribution
of the thickness as a function of strain rate sensitivity

(m) and pressure.

A range of m values was developed for Zn - Al
eutectoid and Sn - Pb eutectic superplastic alloys at
different temperatures, using the strain-rate change
technique iﬂtﬁniaxial tension test described by Backofen

wa
et al (15). The mean meridian strainAaefinedas:

== (“/p) -1 (2.9)
where D istfnitial diameter of the die hole and C is the

?
length ofJﬁEridian line on the bulge.
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was
The fractional thickness reductionﬂdefined as:

R = 1- (S/so) (2.10)

the
where S  and S are,initial and final sheet thicknesses
respectively. A set of graphs were plotted to show the

development of non-uniform thickness in the bulge.

These authors concluded that, by increasing m, the height

of the pole before tearing can be raised, the overall
shape becomes more nearly spherical and the wall thickness
becomes more nearly uniform. Similar results were also
reported by Hestbech et al (58) for Zn - Al eutectoid
alloy. 1In the former work, no attempt was made to show
the effect of the grain size on thickness distribution

and flow stress, whereas in the latter, it was shown that
the large grained specimens have a higher flow stress than
the fine grained specimens and average distribution of the
thickness is independent of grain size and strain-rate.
They also reported that the value of m is independent of

grain size.

There is a certain contradiction between these results
and those obtained from tensile tests in the other
investigations (55), (59). The approach adopted by Al-Naib
(60) was totally different from those mentioned above. A
special machine consisting of two chambers was built, a
In - Al eutectoid sheet specimen was clamped between the
chambers and air pressure applied to bulge the
specimen. When the bulge radius of curvature reached

that of the chamber, the expansion became a combined free
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bulge and draw along the chamber wall, therefore the
process was not a true free bulge forming. However, he
showed that the thickness distribution remained constant
along the wall irrespective of the polar height, which
indicated that the deformation of the material ceased
once it made contact with the wall. This interesting
feature was used to develop a technique to form top-hats

with nearly uniform wall thickness (60).

Al-Naib assumed that the profile of the bulge is
always spherical and the locus of any point on the
deforming sheet is a circular arc whose centre of
curvature is in the plane of the undeformed sheet. On
the basis of these assumptions he attempted to formulize
a relationship between forming pressure, time, material
constant parameters « and m and bulge height. His
results, however, could not be considered reliable

because the process was not a true bulge test.

Cocks and his colleagues (61l) examined the bulge
forming characteristics of two superplastic copper alloys
(Cu-9.5 Al-4Fe, and Cu-0.4Co - 2.8 Al - 1.8Si) and showed
that the true thickness strains for these alloys are lower
than those predicted by Cornfield and Johnson (64) for
titanium alloy and stainless steel. They suggested that
this could be accounted for by material being drawn from
between the clamped edges of the die which was not
considered by Cornfield and Johnson (€4).
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2.6.2 Theoretical Investigations

In addition to experimental investigations on the
bulge test, several attempts have been made to predict
the superplastic behaviour of materials for this process
(56) , (59), (64 - 69). Two types of theoretical
predictions can be classified. The first type belongs to
the special solution in which the bulge shape is assumed
before stresses and strain rates are predicted for
successive polar heights (56), (66). The second type of
prediction is referred to asfnumerical solution in which
displacements and shape of the bulge for various polar

heights are predicted by iteration techniques on a

computer (59), (64), (68).

Whether by special or numerical solution the general
line of approach to the prediction is the same.
Thelprevious investigations are reviewed in the following
sections: -~

(a) - main assumptions

(b) - constitutive equations
(c) - stress-strain rate-relationship
(d) - comparison of predicted and actual results

(a) Main assumptions

the
The problem ofhbulge test has unanimously been

simplified by the following general assumptions:
1l - The material is isotropic.
2 - The material is incompressible so that the three

principal strains add up to zero,
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i.e. €g + €, + €, = 0 (211

3 - Elastic strains are negligible

4 - The material does not work harden and flows under
any load.

5 - The thickness to diameter ratio of the membrane is
very small and bending effects are negligible.

6 - At the periphery, the diaphragm is rigidly clamped
and deforms as a frictionless hinge.

7 - The flow stress ¢ is strongly dependent on the
strain rate & in accordance with

ROt (201, i.e. o = n{é]m.

In addition to the general assumptions mentioned
above, some investigators introduced special assumptions
and over-simplified the problem and hence affected the

accuracy of the solution to different extents.

These assumptions are as follows:-

1 - At any instant the membrane is equivalent to part
of a thin sphere subject to internal pressure (56),
(59), (64 - 66), (68).

2 - The thickness of the bulge remains uniform at any

stage of the forming operation (56), (66).

(b) Constitutive equations

On the basis of the above assumptions, there are
certain relationships and equations which can be divided

into two groups:
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(1) The kinematic relations between displacement and
shapes on the one hand, and strains and strain-
rates on the other hand.

(2) The equations which relate the specimen shape and

the hydrostatic pressure with the stresses.

For a spherical bulge, the material everywhere along
the profile is subjected to balanced biaxial stretching.
Therefore, it can easily be deduced that the radius of
curvature (p) is

2 2
o = ac ik B (2.12)
2H

where a is the radius of the die hole and H is the
height of the bulge.

The natural through thickness strain is

(=
z (2.13)
o]

£ = 1n

where t and t are current and initial thickness

o

respectively.

Forgspherical bulge, the incompressibility condition
of metals Eq. (2.11) together with Eq. (2.13) are

sufficient to determine the state of strain. Thus,

Ry R P t
€ = 255 = 228 In £, (2.14)

where € is meridianal tangential strain and Ee is
S

circumferential strain.

For the measurement of strain and strain-rate,
Belk (66) adopted a different approach. He measured the
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average natural strain defined as:

(new surface area )
original surface area

this
For a spherical bulge,becomes

E = 1ln

r(a? + H2?)

€E = 1ln
1Ta2
2
= ln (1 + = ) (2. 15)
a

Hence, the average strain rate is

de _ 28 am
ar a24+g2 4T

(2.16)

e =

The balanced biaxial stresses can be calculated from the

following equation

(2. 1 T)

(c) Stress-strain-rate relationship

In the previous papers (56 - 61), (64), (66 - 69),
the mechanical behaviour of structural superplasticity is
frequently described by the well-known empirical uniaxial
stress-strain-rate relationship

o = k(&)™

In this eguation, m is assumed to be constant for a given

temperature, strain rate and grain size.

Tang and Robbins (65) argued that the range of strain-

rates involved in the bulge test is quite wide. There-
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fore, m cannot be taken as a constant. In addition to
that, the grain size also has no role in this equation.
Hence, they adopted the empirical relationship proposed

by Avery and Backofen (24)

” 2 A 3
be@e 2 oo A; + B 62 sinh (8 02°5) (2.18)
L

where L is the grain size, H', B” and B' are material

parameters.

(d) Comparison of predicted and actual results

It is evident that the accuracy of the predicted
results depends totally on the number of the assumptions
involved together with the corresponding equations. This
section is devoted to a summary of the line of approach
together withfcomparison ofrgiedicted and actual results

of different investigators.

Jovane (56) and Belk (66) derived an approximate
analysis fortﬁﬁlge forming of superplastic material by
assuming that the bulge is spherical and the thickness
remains uniform during forming. However, non-uniformity
in sheet thickness is an important practical consideration
and the experimental results showed that the difference
between mean and actual thickness could be as high as
50%. Holt (59), on the other hand proposed a more detailed
solution with particular emphasis on the resulting
thickness profile, but another assumption still remained
which was that the dome shape is spherical. With this

assumption, he used an iterative method of solution, in
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which the sheet was divided into ten annuli. During the
deformation, the thickness of any annulus is assumed
uniform. The profile was found by following the
increase in width of the annuli with time. Since the
edge of the annulus at the clamp is fixed, this would
indicate the position of the other edge of that annulus,
which in turn would locate the position of the next
annulus and so on. It was shown that the deviation
between the experimental and predicted results was not

too great.

Cornfield and Johnson's analyses (64) are also based
og:iterative solution. These investigators assumed that
the hoop strain increased from zero at the clamp to a
value equal to the tangential strain at the pole. The
sheet was divided into concentric annuli and the change
in the surface area was followed over the bulge from which
the new radius of curvature and thickness distribution
were found. However, in the analysis the way in which
the hoop strain changes its value was not given, thus
making it difficult to follow the steps taken in the

computation. Comparison of theoretical and experimental

results was shown to be reasonable.

The approach adopted by Tang and Robbins (65) was
totally different from those mentioned above. 1In their
analysis, they rely ogrgtress—strain rate relationship
proposed by Avery and Backofen (24). They assumed that

the bulge is spherical and the thickness of the shell is
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linearly distributed. However, the results showed that
the predicted rupture time for linearly distributed
thickness deformation fits the experimental data for a
limited range of experimental dathbgnd thaﬂdiscrepancy
occurs at the high strain rate region. The reasons were
given as:

l. the shape of the shell is conical instead of spherical;

2, the thickness variation at very high strain rate may

be nonlinear;
3. inaccuracy of experimental measurements hﬁr%igh

strain rate tests.

2 il Concluding Remarks and Objectives

From the above brief review of the past literature on
the bulge forming of superplastic materials, it can easily
be observed that the studies on this particular type of
process have hitherto been almost exclusively confined to
predicting the behaviour of the bulge specimen through
assumed or empirical strain rate hardening characteristics
of the material as determined in the tension test, as well
as through an assumed spherical shell and uniform thick-
ness distribution. However, it would be useful to know
whether the strain-rate sensitivity index (m) determined
fromitensile test can be applied to the biaxial stress

conditions which occur in bulge forming.

The basic assumptions in the uniaxial tension test
used are the coaxiality and radiality of the strain paths.

are
Only in axisymmetrical formingﬁthe strain paths
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coaxial in which the principal axes do not rotate with
respect to the material. A strain path is said to be
radial when the strain ratios ¢

i€ :es remain constant

t "0

during deformation. In an axisymmetrical bulge test, the
strain path at the pole of the shell is always radial
having strain ratio Et:€y:€g = -2:1:1 (stress condition
of ©. = © 0, = 1 : 0 : 0). When there is no draw-in

t 0
of the flange, the strain ratio at the die edge is
always €, ¢ ee s es = -1 : 0 : 1. However, every
positoin between the pole and the die edge, the strain paths
are not radial. Thus,guniaxial test is eguivalent to a
balanced-biaxial tension test, and therefore is valid for a
spherical bulge. IﬂT&ctual case, however, the bulge cannot
be a sphere (chapter 3) so that the stress-strain-rate
relationship of a material in the uniaxial tension test
can no longer be applicable to the unbalanced biaxial
stretching case in the bulge test. The only condition
where the uniaxial tension test result may be applicable
to the bulge test is at the pole of the shell, Further-
more, the value of m defined as the slope of the
logarithmic ¢ wvs. & curve, is assumed to be constént
for a constant strain-rate. In chapter (8) it will be
shown that the strain-rate during bulge forming is far

from being constant. These considerations complicate a

direct comparison between bulging and tensile m values.

The other assumptions concerning spherical shell
and uniform wall thickness are also unrealistic, though

mathematically convenient. The membrane stress, on these
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assumptions, becomes uniform

throughout the bulge profile for a pressure P, and there-
fore, the fracture must occur at the die edge, whereas in
actual fact, fracture usually occurs in the vicinity of
the pole. Moreover, if the shell is assumed to be
spherical, then the ratio of the principal curvatures

defined as N = ?0 should be equal to one. It will be

pS

shown in chapter(3)that the actual bulge can never be a

surface of constant N value let alone a sphere of N = 1.

In the present study an attempt is made to measure
the stresses, strain and strain-rates through the geometry
of the bulge. Thus, the bulge test can be used to study
the stress-strain and strain-rate relationship in the
material under actual conditions ingheet metal forming

process.
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Chapter 3

< s Introduction

Superplastic alloys in the form of sheet can be
formed by pressure to produce useful components by
techniques similar to those employed in the glass and
plastics industries. Obviously, these forming operations

involve free bulging, at one stage or another.

This chapter is devoted to the theoretical solution
of the bulging deformation problem based on the following
assumptions:

(i) the material is isotropic and incompressible;
(ii) the dome is a surface of revolution;
(iii) elastic strains are negligible;
(iv) the wall thickness is small compared with radii
of curvatures and other dimensions of the bulge,

hence, bending and shear stresses are ignored.

3.2 Relation between principal stresses and principal

curvatures

In the shell of revolution shown in Fig. (3.1l.a),
the principal stresses may be determined by consideration
of the equilibrium of the shell element cut out by two
parallel circles whose planes are normal to the vertical
axis of symmetry of the shell and two meridians (generators)
of the shell. If the small stress in the through-thick-
ness direction is ignored, then the shell element may be
considered to be under biaxial stresses. The circum-
ferential stress (ce) and the meridianal stress (qa)thus

appears as shown in Fig. (3.1l.b). The radius of curvature
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of the meridian (ps) is defined by perpendiculars to the
shell through points B and D of Fig. (3.1.b). Another
radius of curvature (pe) is defined by perpendiculars to
the shell through points A and B of Fig. (3.1.b). By
geometry the centre of curvature corresponding to o must

lie on the axis of symmetry.

The component of the forces acting on the edges of
the element normal to the shell element are

2 O Py d¢ t Sin{%g) in the circumferential direction

and 2 g, Py dae t sin(%g) in the meridional direction.

The sum of these normal forces is in equilibrium
with the normal pneumatic pressure (P) on the inside

surface of the element, thus,

a6 dé, _
2 o p, dét sin(z) + 205ped9t sin(z) Pp depsd?

0
{3.1)
divide by t Py ae p_ d$ and put
sin (%P-) - %ﬁ and sin (—dii) - %Q-
o
so that hat -} 5 98 _ P (3.2)
o P &

the
This fundamental equation applies to ,axisymmetric

deformation of all thin shells of revolution, and it
determines the stresses for a particular geometrical
configuration of the work piece. At any particular stage
of the bulge test and at any point of the shell, these

biaxial stresses are, in fact, the flow stresses of the
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material at that point. As deformation progresses, the
pressure (P) produces incremental stresses throughout the
shell and these incremental stresses give rise to
incremental strains according to the strain rate
sensitivity of the test material. The change in the shape
of the bulge is, of course, closely related to these
incremental strains. In Eq. (3.2) the meridional
tangential stress (cs) is always tensile, but the
circumferential stress (ca) can be compressive near the
rim of the bulge, and it is assumed that both these
stresses are uniformly distributed through the thickness.
Obviously, the biaxial stretching of the work material
involves progressive thinning, which increases from the

edge towards the pole due to the clamping effects.

Considering a cap of radius r shown in Fig. (3.2)
it can be concluded that the equilibrium of the shell
under vertical forces is

Pr

9% = 2t sin ® (3.3)
also by
T (3.4)
geometry pB sin 6
hence g = th (351
s 2t

Combining Egs. (3.2) and (3.5), we get

%

|
Q
3% ]
I
© E;D

(3.6)



The ratio of the local principal curvatures (Eg) is of

Pg

fundamental importance, since it determines the ratio of
the principal stresses at anywhere along the bulge

profile. We shall call this ratio N,

Pe

N = p—s' (3.7)
substituting in Eq. (3.6), we get
o
N = 2= 08 (3.8)

The equations governing the deformation in the thin shells

can now be traced.

3.2.1 Surface of constant N-values

Two cases of stresses in thin shells of revolution
with constant N value are usually considered in elementary
strength of materials. These are for N = O (cylinder),
where the hoop stress (99) is twice the longitudinal stress
(cs), and for N = 1 (sphere), where the two membrane
stresses are equal. As can be seen from Eq. (3.8), in a
surface for which N = 2, the hoop stress (ce) disappears.
Such surfaces have been used in the design of pressure
vessels, like the ends of boiler drums. There are, of
course, infinitely many surfaces of revolution with constant
N values. T.C. Hsu et al (70) have constructed some of
these surfaces by expressing the meridian sections in

parametric equations as follows:

(3.9)



Combining Egs. (3.4) and (3.9)

_Pp _xrcost
N o 5in6 dr {(35.10)
de
and
therefore 'N§£-= 9131&@ (3.11)
r sin®

When N is constant, equation (3.11) can be integrated as

N
r = A sin® (3.12)

where A is the constant of integration. For exploring the
shapes of these surfaces, it is convenient to assume
{3.13)

(r)

=1
3:135

So that Eq. (3.12) takes the following simpler form
sing = N (3.14)

The curves relating r and sin 6 for constant N values
given by Eqg. (3.14) are non-linear and they can be
linearised by the use of (log - log) scales so that the
curves become radial lines emerging from the origin, each

having a shape of N. See Fig. (3.3).

For the other coordinate, 1, combination of Eq. (3.4)

and (3.14) and definition of N gives

1-N
N
o b AERO L (3215)
N

However, d E =P sinf 46 (3.16)

the negative sign is due to the increase in 1 with decrease
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in 6, hence,

1 5 /N
D ‘ﬁf {efn0) ae (3.17)
/2

Egq. (3.17) cannot be expressed in terms of elementary
functions except for values of N equal to zero, ] and
reciprocal of integers; but it can be easily evaluated by
graphical or mechanical means. These meridian sections
are shown in Fig. (3.4). This figure shows that only
when N is positivejﬁ%he surfaces closed, otherwise
they are bollard-shaped and open at the top and the
bottom. As positive N increases indefinitely the

surface becomes like the outside surface of flatter and
flatter pancakes; and as N approaches negative infinity,
the surface becomes like two flat sheets of paper each
with a hole and the two sheets are joined at the edges of

the holes.

The variation of the radius of curvature in the
circumferential direction (pe) for constant N values can
be explored by elimination of @ from Eq. (3.4) and

(3.14) , hence,
= r (3.18)

These variations are shown in Fig. (3.5). The variations of
the radius of curvature infggridian direction (ps)
follows the same pattern as Fig. (3.5), but in different
scales, of course. The line for constant pe,(N = 1) is
self-explanatory; but the linear variation for N = O
requires some elucidation. When N = O the surface may

39



either be a cone or a cylinder. When it is a cylinder,
only the point (p ) = 1 is operative; and when it is a
cone, pe is, of co:;;é, proportional to r. For surfaces
of constant N-value, at the pole (r = 0), the stress. and
the radius of curvature, is either zero (N < 1), or
infinity (N > 1), except for the sphere (N = 1). When N
is less than unity, the meridional tangential tension
rises gradually or rapidly towards%%j as the equator is
approached, and when N is greater than unity, this
tension starts at %% at the equator and rises gradually
or rapidly towards infinity as the pole is approached.

In surfaces of constant N value, the circumferential
stress is, of course, proportional to the meridional one,
hence, Fig. (3.5) also represents the variations of the
circumferential stress. The ratio between the meridional
tangential and the circumferential stress is not, however,
simply N, but is related to N as in Eq. (3.8). For
exploring the variation of the circumferential, or hoop
stress, it is desirable to divide the N values into four

ranges, as in table (3.1)
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Ranges | N = P60 | Shape of Surfaces 0g/0s
p
s
>2 pancake shaped <0 (08 compressive)
1
=2 tangerine shaped 0y = O (uniaxial tension test)
1< N < 2 | oblate spheroid o<g—e <1 (tensile 9 less
2 than @
s)
2
=1 sphere o'e =g (balanced biaxial stretch)
s
0< N < 1 | prolate spheroid 1< %ﬁ- < 2
s
3
=0 cone or cylinder Og = 20s
4 <o bollard-shaped O > ch

Table (3.1) - Sumary of surfaces of constant N values

3.2.2 Prolateness of the real-shell

Any real specimen of sheet material formed by hydro-
static pressure can never be a surface of constant N
value, owing to the constraints on the deformations in
the material. Thus, at the pole the strains and stresses
are, by symmetry, balanced biaxial stretching and there N
must be equal to unity; but at the edge of the bulge, the
circumferential strain is either zero, or slightly
compressive (if there is draw-in), hence the meridional

tangential stress must be at least twice the circumferen-

41



tial stress, and the N value must therefore, be greater

than one but smaller than two.

In most of the papers on the bulge test, the work-
piece has been assumed to be a spherical surface in the
predictive or interpretative theories, (56), (59); (64 -
66), (68). It has just been shown that a real specimen
cannot be any surface of constant N value, let alone a
sphere, the simplest of constant N surfaces. Even just
for describing an actual bulged specimen, therefore, it is
necessary first to define accurately the characteristics
of an actual surface from point to point. Also, stresses
are related to curvatures, not directly to the 1 and r
coordinates. Hence, a bulge may be nearly a sphere, but

its stresses very different from those in a sphere.

At any point in a continuous surface of revolution,
there is an N value, which applies to a vanishingly narrow
ribbon of surface at the same latitude. If this (positive)
value of N is less than one, then the surface at that
latitude may be said to be more pointed than a sphere
(prolate); and, if it is greater than one, to be more
flattened than a sphere (or oblate), because, if a surface
of that constant N value is constructed to pass through
that point, that surface will be prolate or oblate,
respectively, as compared with a perfect sphere. 1In fact,
(1 - N) may be defined as prolateness, P, and the negative
of prolateness, when N> 1, is oblateness. Prolateness and

curvatures are two distinct concepts, and a surface can

42



have either large curvature and large prolateness, or
small curvature and large prolateness. As the bulging
action progresses, the curvature generally increases, but,
in theory, the prolateness does not necessarily decrease.
As has been shown, a sheet metal bulged specimen is
always spherical (zero prolateness) at the pole, and
theoretically, it is oblate at the edge, because, if
there are no bending (only membrane stresses present) and
no draw-in, then the circumferential strain disappears at

the edge, and both the stress ratio og zng the prolateness
os
(L = N) are equal to % there; though in practice, there

are, in metal shells being formed, always bending and
friction at the rim so that the theoretical ratios of the
curvatures and stresses are obscured. Between the pole
and the rim, the surface may be prolate, spherical or
oblate, as the plastic properties of the work material
dictate. Indeed, they are all three, as will be shown

in chapter 6.

3.3 Relation Between Strains and Shape of the Bulge

The bulged specimen is illustrated in Fig. (3.2) in
the cylindrical coordinate axes oL and oRrR. In such an
axisymmetrical case, the geometrical transformation is
completely determined by the two parametric equations as

follows:

!—d
]

1(xs » T)
(3.19)

H
Il

r(rO ’ T)
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where 1 and r are the current longitudinal and radial
coordinates, respectively, and r, and T are the initial
radial distance and time, respectively. The elimination
of the parameter r, for a particular value of T in Eq.
(3.19) yields a relationship between 1 and r which
represents a meridian contour of the partly formed shell;
and the elimination of the parameter T for a particular
value of yields the path of a particle in the work-

piece.

In order to derive the mechanical behaviour of the
work material from the bulge test, it is necessary to
determine the strains from the basic equation in Eq. (3.19).
By symmetry, the principal strains are the meridional
tangential (es), the circumferential (eg) and the through

thickness (st) strains and they are by definition,

= ds
ERL= lOge (d—ro} (3.20)
= log_(X) (3. 211
EB b ge ro -
: o
€y " l'oge ({_.—} (3:22)

o

where s is the arc length of the meridian section in
Fig. (3.2), t and t  are the current and original
through thickness, respectively. In experimental
investigations, however, the principal strains are
determined by marking suitable grids onto the face of the

specimen and measuring their geometrical transformations.

As the material is assumed to be incompressible,
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therefore, three principal (natural) strains add up to
zero, Eq. (2.11). With triaxial strains having only two
degrees of freedom, any two of them are sufficient to
define the state of strain of the material particle

concerned under a given applied stress condition.

Investigators have unanimously measured the
circumferential strains because they can be obtained
easily and accurately with a travelling microscope. For
the remaining two strains, there is an alternative choice.
Some workers prefer through-thickness strains because they
can be read directly from a dial gauge installed on a rig
with a fixed anvil at the base and with the specimen placed
between the fixed and the measuring anvils of the dial
gauge. It is evident that this Method requires the anvils
to be normal to the specimen. Some investigators, how-
ever, have measured the meridional tangential strain (es}
instead. There are two different methods of measuring B
The first method involves arc length measurement of the
deformed bulge, Eq. (3.20), by a tape provided with
squares identical to those on the undeformed grid. The

second method is modification of € Term in Eq. (3.20).
S

the
Suppose 6 is the angle of inclination ofhmeridian
section with the OR axis, Fig. (3.2), then

ds

ar (13253

sec 0 =

so that e in Eq. (3.20) becomes
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g e dopaqSE 2 (3.24)

s e dr, Cosf

The angle 6 can be measured easily with a workshop

protractor.

3.4 Principal Strain Rates in Terms of Rate of Change

of r and 1

It was explained in the previous chapter that super-
plastic materials exhibit an unusually high level of strain-
rate hardening; and in the bulge test the change of
shape for subsequent deformation is closely related to the

principal strain rates.

Since the geometrical transformation of the specimen
is completely determined by the parameters r and 1 for any
stage of deformation, Egq. (3.19), the principal strain-
rates can sufficiently be defined by the rate of change of
r and 1. The rate of any variable can be expressed in
terms of time (T), and this is usually shown by a dot above

the parameter considered.

The principal strain rates can easily be derived

through the definition of principal strains, Egs. (3.20) -

(3.22),
. _ 0€g _ 0 A r
E:e e {loge —ro) - (3i.25)
. _ 9t _ 9 -
€¢ T 9T "or LS9 o to) - (3.26)
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. _ O9tg _ 9 ds
Es aT aT (1oge dr )
= dr /o, (9xr,2
= 37 log, %ro 1+(dl) ) (3:27)

The three principal strain rates also should add up

to zero (incompressibility condition), hence,

€.+ €& + € = 0 (3.28)

355 Principal Strain Rates in Terms of Rate of Change

of r, 1, and ¢

It is frequently more convenient to express the
principal strain rates in terms of the bulge profile
inclination (6) as a variable, specially for és. The
variable 6 is in fact related to r and 1 by the

function
o = an * s (3.29)

Thus, the meridional tangential strain rate in Eq.
(3.27) can be obtained by differentiating Eq. (3.24) with

respect to T,

. d dr ik
¢, = 37 (Log, & ot )
_& :
. + O tan B {(3530)

The rate of change of current radius in the bulge test can
be expressed by the time rates of circumferential

curvature and profile inclination so that
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= by sin 68 + pe 8 cos 0 {3.31)

The circumferential strain rate then becomes,

M
I

=18 49 coto (3.32)
Pg

K| K.

and the corresponding through-thickness strain-rate can

be calculated through the incompressibility equation,

Bg. (3.28).
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shell element

shell element

(b)

Fig- 3-1 = Thin shell of revolution subjected to
internal pressure.
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Fig. 3.2 = An axisymmetrical deformed bulge.
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Fig. 3-3- Log-Log plots of profile slope vs. radial
distance for constant N surfaces in the
circumferential direction ,
after Hsi et al (70) .
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Fig. 3.4~ Meridian sections of surfaces of constant

N values, after T.C.Hsu et al (70).
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RADIAL COORDINATE, r

Fig. 3-5- Variations of p with r for surfaces of
constant N valves . after Hsi et al (70).
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Fig. 3-6 - Variation of the stress ratio

with N value .
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CHAPTER 4

GRAPHICAL REPRESENTATION OF

MECHANICAL BEHAVIOUR OF SHEET

MATERIALS DURING DEFORMATION




Siapter 4

4 s Introduction

Metal forming processes are always three-dimensional,
even in the tension or the compression test. Although
only the stress and the strain in the loading direction
are normally considered significant, the deformation is
still three-dimensional. 1In such a process, the stress
and the strain in the loading direction are determined
and plotted against each other in the stress-strain
curve which is usually considered to represent the

mechanical behaviour of the material.

Sheet metal forming processes are more complex than
those of uniaxial tension or compression test, and in such
a complex deformation, states of stress rather than single
stress and states of strain rather than single strain are
involved, and, when measured, they can no longer be

plotted against each other in a single curve.

Many investigators have used the generalised stresses
and strains in order to show the mechanical behaviour of
metals by a single curve. This generalised stress-strain

relationship is expressed as:-

g = F(g) (4.1)
- '|_ _ 2 _ 2 _ 21%
where g = 2 Ecl 021 + (o, 03} +(U3 %) ] (4.2)
- 2 = B 2 9 2]15
and E = E'Bal g o (e €_) +(53 %J (4.3)
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In Eq. (4.1), the basic assumptions are the coaxiality
and radiality of the strain paths. In sheet metal
forming, neither of the two assumptions forﬁgéneralised
stress-strain relationship is true. Therefore, this
relationship is only an approximation. In an axisymmetri-
cal bulge test, the strain path at the pole of the shell
is always radial having a strain ratio .

Et - ee i & -2 : 1 : 1. When there is no draw-in of
the flange, the strain ratio at the die edge is always
et : ee : es = ~1 : 0 : 1. However, everywhere

between the pole and die edge, the strain paths are not

radial. Thus, the stress-strain relationship in the

bulge test must be of the form:
g = F (Jde) (4.4)

where Jde represents the length of the strain path.

In this thesis, a totally different type of graphical
method is used to represent the states of stress, strain and strain
rate in axisymmetrical forming. This particular co-
ordinate system is callegtgriangular coordinate system,
and has been proposed independently by Marciniak (71)
and Hsu (72), (73). Hsl has extensively applied this
system to sheet metal forming processes (74) - (77) and
details are available in the appropriate references.

Therefore, only the fundamentals will be discussed in

this section.
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4.2 Triangular Co-ordinate System for Strains

The triangular co-ordinates for strain are based
on the fact that the metals are incompressible, and,
the sum of three principal (natural) strains is zero, if
the elastic strains, which are comparatively very small

in metal forming problems, are ignored.

In the triangular co-ordinate system shown in
Fig. (4.1), the origin represents the undeformed state.
Three axes spaced 125 to one another in a plane are the
co-ordinate axes for the three principal strains. Every
point in this co-ordinate system represents a state of
strain with a set of values for the three principal
strains. For instance, a typical point p (Fig. 4.1)
such that the line OP makes an angle o with the EI

axis represents a state of strain with

€ = OP cosa
i
s a4

€ry' = OP cos ( 3 o) (4.5)
€ - 0GS (21 -a)

III= oP 3

— 4T 27
and €E +e +E¢€ = OP [cosu + cos (T - a) + cos (T -ct)]= ¢]

I 1R FL T

(4.6)

which satisfies the condition of incompressibility of metals.

Assignment of each axis to a particular strain is
arbitrary so that it becomes advantageous to adopt a

standard choice of coordinates. Of the six different ways
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of assigning them, HSU (72), (73) suggests the vertical
axis to denote the through-thickness strain since sheet
metal engineers are often interested in the thickness of
materials during deformation; and psychologically, the
vertical axis is the most prominent of the three. In
most axisymmetrical sheet metal forming, the meridional
tangential strain is always tensile whilst the
circumferential strain falls on both the positive and
negative region of the €g axis depending on the
condition of draw-in of the flange. Thus, in order to
suit right-handed people by having most of the strain
paths falling on the right hand side of the €, axis,
HSU further suggests the € and € axes to be on the
left and right hand side of € axis respectively. The

choice of the coordinate axis in this thesis will follow

that proposed by HSU and is shown in Fig. (4.2).

Using the sign conventions shown in Fig. (4.2), it
is obvious that the points on the three axes, together
with their backward extensions, represent state of strain

given by

33 .
i _2_‘ (i, 3. k = t, 6, s) (4'?)

Eq = sj=
These are the states of strain involved in both uniaxial
tension and compression tests for isotropic materials.

Thus, the strain paths for uniaxial tension tests will

follow the positive axes and those for compression tests
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will follow the negative axes. By introducing 6 more
lines through the origin and perpendicular to the axes,
these lines then represent pure shears whose states of

strain are given by

€. =-E!j . E = 0 ik = &5 8, s) (4.8)

By numbering these 12 lines from O to 12 clockwise, like
the face of a clock, each number has a specific physical
meaning, and is called the characteristic index for
strain (n). As can be seen in Eq. (4.5), the ratios
between the principal strains are dependent on the

angle a through the equation

n= 2q (4.9)

Thus, odd numbers are for pure shear and the even
numbers for cylindrical strains. With the co-ordinate
axes for eg, € and ¢, chosen as shown in Fig. (4.2),
the zones of thickening and thinning, circumferential
expansion and contraction, and tangential stretching
and compression are clearly divided. All the typical
modes of deformation are shown in Fig. (4.3). It has
been shown (74) that under the usual axisymmetrical
sheet metal forming processes, the strain paths fall be-
tween 2 to 8 o'clock, and processes corresponding to
strain paths beyond this range, though possible, rarely

exist. 1In the bulge test, however, geometrical and

mechanical constraints require that the state of strain
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at the pole of the bulge is along 6 o'clock where
balanced biaxial stretching occurs. The state of strain
at the die edge, for the case of draw-in, is along

5 o'clock.

A strain path of constant ratio is called a radial
(or proportional) strain path. This particular type
of strain path occurs at the pole of the bulge for
obvious reasons. If the material particles in the work-
piece is designated by a single parameter (r ), the
distance from the centre in the blank, then for every
constant value of I the state of strain varies for
every stage of deformation. Therefore, the strain paths
plotted in the triangular co-ordinate system become

curved and they are known as curved strain paths.

In sheet metal forming processes, it is obvious
that the strain paths plotted on the triangular
co-ordinate system do not fall exactly along the 12
lines representing typical modes of deformation; that
is the values of n are not integers. In this case
the deformation is neither a pure tension or
compression nor a pure shear but is something in between.
Since any point in the co-ordinate system shows a state
of strain, it is possible to perform vector addition
and resolution on the triangular co-ordinate diagram
into a combination of plane strains; or cylindrical
strains; or a cylindrical and a plane strain depending

on the convenience at the time of analysis.
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The magnitude of any position vector in the
triangular co-ordinate system can be found from the
following analysis. In Fig. (4.4), let vector OP be
resolved into two perpendicular components along
n =12 and n = 3, then

x=Et

€g €t
¥ = cos 30 @ tan 60

it
=\’%(2€.S + Et)

2 2 .3 2
y© = el + 1/3 (2e_ + ¢€) (4.10)

2
then, lop |

1l
»
o

Using the incompressibility equation, Eq. (2.11), Eq.

(4.10) becomes

2 .2 2 2 2
3[9}"' —2E:t+2t:s + de g + 2(-—-65-&9) +2(-gt ..ge]
=4 {3 +52‘+32 ) +4 (e e+e € + € € ) (411
t s ) g & © t 6 s

The incompressibility equation can also be expressed as

E:+e:2+e:2=-2(ee+ee+ee) (4.12)
t 3] B Tt te s B0

so that Eq. (4.11) is further reduced to

3lop|? = 2 (e + ¢ + e?)
S
. 0

which gives the magnitude of vector OP as

ool =2 (£ +&° & e}” (4.13)
- 3 t s 0
and inclination
£ €
a = tan i (%) p=_s (4.14)
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4.3 Triangular Co-ordinates for Strain Rates

Having obtained the states of strain involved in
the bulge test, it is possible to pursue towards the
strain rates. Just like strains, the principal strain
rates have only two degrees of freedom as shown in Eq.
(3.28) , so that the triangular co-ordinate system may

be used in the analysis of strain rates also.

In order to comply with the use of this co-ordinate
system for strains, the vertical axis denotes the
through-thickness strain-rate; and the left and the
right hand axes represent the circumferential and
meridional-tangential strain-rates, respectively.
Therefore, the axis in Fig. (4.4) now represent the
three principal strain rates. Referring to this
figure, the point p shows the state of strain rates
(e, € ,és ) and is obtained by differentiating the

t e

strain path at that point (e ) also in the

el Ea' s
triangular co-ordinate system. The direction of the
radial line passing through the origin and (ét,ée,%)is
also that of the tangent at that point (et,ae,ss) on
the strain path. The position vector OP in the

triangular co-ordinates for strain rates is also shown

to be

]

2 D A Y, i N2 L B e
IOPI \/; [{et—ea} + (ee—ss) + (ss-r—:e}] (4.15)
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4.4 Triangular Co-ordinate System for Stresses

It has been indicated in the previous section that
the triangular co-ordinates for strain are based on the
fact that the sum of the three principal strains is
zero. But unlike the strains, states of stress can not
be plotted directly in the triangular co-ordinates
because the three principal stresses, in general, do not
add up to zero. However, the triangular co-ordinate
system may be used for graphical representation of the

stresses, if the following definitions are considered.

4.4.1 Hydrostatic and deviatoric stresses

The general three dimensional state of stress can
be specified in terms of nine Cartesian components

acting at a point by the following stress matrix

231 %92 %3
921 %2 %3 (4.16)
931 %2 %3

In this stress matrix, the diagonal elements are the
normal stresses and the non diagonal elements represent
shear stresses. If the triaxial co-ordinate axes for
the stress matrix in Eq. (4.16) are chosen so that the
shear stresses vanish, then these three orthogonal axes

represent the principal directionsof the triaxial stresses.
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Simultaneously, any triaxial state of stress can
readily be denoted by a point in this stress space with
6i, 0j, o k as three mutually perpendicular axes

e <+ 3

representing the scalar principal stresses as shown in

Fig. (4.5). Thus, the stress matrix (4.16) becomes

o o o
1
o a o
2
(] o o
3

and the position vector OP in this space is the stress

vector written mathematically as

OP =0 i +0 J+ ok
B 1= g = 3

or in the matrix form

g (o] (o] o i

1 1 e
el =|° o ol & l= (4.17)
o o o o k

3 3 S

It is often desirable to split the stresses (ol,c ,UJ
2

into two components of which one is the mean stress, that

. —
is
o o +0 +0 (o] o 20 ¢ -0 o
1 St i
3 3
- o
02 = o U]+02+ 3 o |+ g, =gsdg=qg
3 = S e
3
o o (o] g+0 +0 o o —-og-0+ 20
3 L5 e ST )
3 3
T—
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or o,y = Oy + 0., (4.18)

Il

where o 1/3 (o0 +0 + 0)

1 2 3
The mean stress q given by the first invariant %, is
also termed the hydrostatic component of stress. The

combination of the second and third invariants I and I
2 3

is called deviatoric or reduced component of stress %j'

The equation (4.18) may be written in matrix form as

=
-
a ag O o U’ (o] (e}
1 m 1
a = o a (@) + Qo 0! o X
2 m 2
U3 (o] (o] Gm o (o] 0'3
o 4
(4.19)
or OP = o (i+3+k + (di+0dd3+dk (4.20)
e m = ) [ = 3
and o g +o = o (4.21)
1 2 3

In Fig. (4.5), the hydrostatic axis can be viewed
geometrically as along an axis passing through the origin
of the vector space and making equal angles with axes
cli, cj, ok and, the hydrostatic stress (line pp)

~ 22 .S

: . . < e e U :

has direction cosines (/T A /53 with the three

principal axes. The deviatoric stress (1ineOP) is also
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shown to lie in the deviatoric or « plane of equation
ﬂ + % + 03 = o. It is well known that a moderate
hydrostatic pressure either applied alone or super-
posed on some state of combined stress does not affect
yielding of metals to the first approximation (78).
This means that hydrostatic stresses produce only
elastic dilatation which is recoverable on removal of the
stresses. Consequently, it can be said that plastic
deformation can only occur by the action of deviatoric
stresses. The Mohr circles for stress (Uf if 03) shown

in Fig. (4.6) can also be used to find the deviatoric

stresses.

4.4.2 Triangular co-ordinates for deviatoric stresses

It has been shown in the previous section that the
sum of the three deviatoric stresses is zero (Eg. 4.21).
This property enables us to use the triangular
co-ordinate system for representation of states of
deviatoric stress. Like states of strain, states of
deviatoric stress components are readily shown as points
in the triangular co-ordinate system described earlier,
just by knowing any two of the three deviatoric stresses.
In order to obtain the stress-strain and stress-strain
rate relationships, it is necessary that the assignment
for the axes for deviatoric stresses corresponds to that
for strains and strain rates. It means that in the
triangular co-ordinate system for deviatoric stresses,
the vertical axis represents cLand the right and left hand side of

q; axis denote o and ¢ axes respectively. It can be
s 0
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seen from Fig. (4.7) that with this system of graphical
representation, recovery of states of stress (in space)
is not possible, because the magnitude of the hydrostatic
components are not shown. The position vector |OP| is

readily shown to be
IOH —\ﬁz E -0 F + (o0 - ¢ + (0 ~0 F : (4.22

The method of arriving at this equation is similar to
that for strains, in Eq. (4.13), together with the

following property,

g - g = g - g
t 0 t 6
! '
o - O = g - @ 4523
5] s 3] s ( )
i _ A
% E T % %

The magnitude of the deviatoric component g{given by part

of Eq. (4.20) can be shown to be

2, o2,4%
A )

L
=\/% [{c - 0)2 + 0 - 0}2+ (o - 0)2] (4.24)
t s s 0 0 t

g = h;2+ ¢
£ s

Therefore, any position vector in such a co-ordinate
system has a magnitude proportional to the deviatoric

stress component through the equation
2 a
|ox| _\E o (4.25)

The position vector |0P| is also proportional to the
T B

i 'ér\ effective stress shown by the equation
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(4.26)

Wi
al

op| =

The mode of the deviatoric stress system can be
defined by a characteristic index (z), similar to that
for the triangular co-ordinates for strain. Therefore,
the deviatoric stress ratios (@ : % :c@ can be related
to a particular line of the 12, emerging from the
origin of the axes (¢ = 4, 8, 12) represent uniaxial
tension and the negative branches (¢ = 2, 6, 1l0) denote

uniaxial compression through the following equation:-

: o)
o = o;=-—2k— (£, 3.k t, 8, 0) (4.27)
Similarly, odd values of ¢ represent pure shears whose

states of deviatoric stress are given by

o =0 03 =-0L (L; 9. k'* &, a, 8)

(4.28)

showing pure shear systems of

Therefore, any position vector in this co-ordinate

system is sufficient to determine the characteristic

index for deviatoric stresses (r), as well as the

effective stress (o). Unfortunately the principal stresses,
or the applied stress state cannot be recovered because

of the absence of the hydrostatic component.

68



An alternative method may be used to represent
the states of stress inﬂE}iangular co-ordinate system.
This is best demonstrated by considering the projection
of the stress states, such as vector IQP| in Fig. (4.5)
on to the = -plane by looking along the hydrostatic

axis. This means that hydrostatic stresses are neglected.

The positive principal axes o0;, oo, , od3 appear in

the = -plane, Fig. (4.8), inclined at 120° to each other.
The co-ordinates of vector |OP| in Fig. (4.5) appear in

Fig. (4.8) as the projected lengths

2 RE P e D
oM —J; UIJ MN = 30'2 ’ NP = 30'-

3

By resolving vector OP along o, (z = 12) and the line

perpendicular to it (¢ = 3), then,

_.2 2 a2 o
X —\[; 0'2 —\/3 03 cos 60 3 clcos 60

- yfz (20 - 0 -0)
6 2 3 1
2 o 2 o
and Y =A=o0 cos 30 -4al= 0 sin 60
3 Ty 3
L
=\f: (¢ -~ o )
2 1 3
so that OP = &2 + YZ) = [L 2 24k
6E2%— %-{? +%% 0) J

2 2 2 1%
o = \/!: [(cr = @) ® (g ~ g} * (g = g) ]
3 1 2 2 3 ol (4.29)

\E-(% - %
2 g -0 -0 ) (4.30)
N

and a = tan_l(
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With this method, the length of any position vector reads

the deviatoric component of a stress state (o., og, o5, )

and is consequently proportional to the effective stress

given by the following equation:-

OP = c‘:g o (4.31)

Fig. (4.9) represents the Mohr stress circles for some

typical stress systems.

4.5 Stress-Strain and Stress-Strain Rate Relationships

in the Triangular Co-ordinate System

The stress, strain and strain-rate relationships
of the material during deformation can be derived by
superposing the three sets of triangular coordinates for
stress, strain and strain-rate one on to the other; and
study the relationships in vectorial form. For each

point on the specimen there are three vectors for o, €

In the simplest case of a radial strain path, symmetry
requires that these three vectors are collinear and the
relations are as in the uniaxial case. In such a case it
is impossible to separate the strain-dependent and the
strain-rate-dependent parts of the stress in a single
test. In the case wheretﬁector for stress is always
parallel to the corresponding vector for strain, the
material is not strain rate sensitive (e.g. ordinary
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ductile material). It is very unlikely, though theoreti-
cally possible, that the strain-rate may influence the
magnitudes of, but not the ratio between the stresses.

In the case where the vector for stress is always
parallel to the corresponding vector for strain-rate,

the material is a liquid.

In general, the vectors for stress, strain and
strain-rate are all in separate directions. Then, it is
possible to find, at any point on the stress path, a
strain-proportional and a strain-rate-proportional
component. Thus, let op in Fig. (4.10a) be the vector
for stress and the associate vectors for strain (e) and
strain-rate (&) are as shown. By resolving the vector
05 in the two components along e and € we get om as
the strain-proportional component and on as the strain-

rate-proportional component of the stress.

The vector for stress can not lie outside the acute
angle formed by e and €&. Suppose it does lie outside
the angle on the side of the strain-rate vector (Fig.
4.10b), then the strain-proportional component of the
stress must be in the opposite direction to the strain
vector. In an ordinary ductile material, such stresses
occur only when the strain path is abruptly reversed, as
when observing the Bauschinger effect. If, on the other
hand, the vector for stress liesoutside the angle on the
side of the strain vector (Fig. 4.10c), then the strain-

rate-proportional component of the stress is opposite to
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the strain-rate vector, resulting in a reversed energy
flow from the material to the testing apparatus. Thus,
the vector for stress must normally lie between the
strain and the strain-rate vector. In the case under
consideration; the strain path is nearly radial and

there are no sudden turns, let alone reversals.

The two components of the stress vector are shown

in Fig. (4.10a). The resultant stress is

(4.32)

By Sine Law

g€ _ ¢ (4. 33)
sina sing
or o _ sina _ .
o sin B (4. 34)

Z represents the ratio of the solid to liquid behaviour;
the
and the sum of two angles (a+ B) represents, roughly

speaking, the-.curvature of the strain path.
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Fig- 4-1 = Triangular coordinate system.
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Fig. 4-2 - Regions of tensile and compressive

strains in the triangular coordinates ,
after Hsi (76)-
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Deformations of a cube

Fig- 4-3 -

to different values of the characteristic

Hsu (72).

index , after
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Fig.4.4 -  The strain vector in triangular coordinates.
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Fig. 4.5 i
g - Hydrostatic and deviatoric stresses
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Fig. 4.7

Deviatoric stress in triangular coordinates.
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Fig. 4.8 - Projection technique for deviatoric stress .
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(b)

(a)

Fig. 4.10 -The sirain-proportional and the strain-rate-

proportional components of the stress vector,
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Chapter 5

Material preparation and

Experimental Equipment

5.1 Material Preparation

The mechanical behaviour of superplastic materials
can be varied widely by processing. Impurities and
alloying additions have a similar effect due to
alteration in microstructure and boundary precipitation.
The material used for the measurements given in this
project was supplied by Imperial Smelting Corporation
in the form of sheets 1170 x 640 x 2.54 mm, 1350 x 545 x
1.91 mm and 1500 x 600 x 1.27 mm in the heat treated
condition, from which specimens for the bulge test were
cut. The alloy was based on the zinc-aluminium
eutectoid (77.5% Zn, 22% Al) to which 0.5% copper was

added to improve its creep properties.

The forming specimens were sheared in the form of
square sheets 172 mm x 172 mm from which circular blanks
of 170 mm diameter were machined by sandwiching the
blanks between backing plates pressed firmly between the
head and tail stock of a lathe. The specimens were
checked for thickness uniformity and surface smoothness
and those with scratchy surfaces or thickness
variations exceeding 0.01 mm within a specimen were
rejected. Prior to forming, physical contaminants such
as dirt or oxides on the surface of the blanks were
removed by using scouring powder. A photographic

technique was used to print a grid of concentric circles
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and radial lines on each specimen surface for the
measurements of the geometrical transformation of the

material particles after deformation.

b2 The grid printing technique

(A)~ Equipment
(1) A specially designed rig for producing
repeatable grids and for locating the negative
accurately in the centre of the specimen.
(2) A turntable rotating at 80 r.p.m. - for
spreading and drying the photoresist evenly on
the surface of the specimen.
(3) An ultra-violet lamp (wave length 3650 3)

connected to a choke - for exposing the photo-resist.

(B)= Chemicals
(1l)- Trichlorethylene - a chemical used for cleaning
of organic contaminants such as grease in the form
of finger marks or as a film.
(2)- Kodak Photo-Resist Type 3 - a chemical which
becomes light sensitive when dried.
(3)- Kodak Ortho Resist Developer and Kodak Photo
Resist Dye (black) - a mixture of these two
chemicals (ratio of 1 : 1) used for desolving the
unexposed area of the photo-resist and colouring

the exposed area.

(C)= Printing process
The procedure of printing was as follows:-

(1)~ The surface of the specimen was cleaned to
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5.3.1

ensure good adhesion of photo-resist using tri-
chlorethylene and then washed thoroughly to

remove any traces of detergent. Oil-free
compressed air was used to dry the specimen.

(2)- The specimen was mounted in the centre of the
turntable. Photo-resist was then poured on to

the specimen to flood the surface. The turntable
was then whirled to spin off the excess resist for
a period of about 30 seconds. The table was then
stopped and the material removed for drying in air.
(3)- The uniformly coated specimen was located on
to the specially designed rig for printing.

(4)- The chosen negative (grid of concentric circles,
2 mm pitch) was placed in the centre of the
specimen and was mounted in close contact with the
coated surface by using a cylindrical weight.

(5)- The ultra-violet light was then switched on
for 3% minutes.

(6)- The exposed specimen was then immersed in the
dye developer for about 2 minutes with agitation
of the dye developer.

(7)- After a spray water wash, the specimen was

dried by using air knife.

Apparatus

Die Set

The die set consisted of two parts fabricated from

mild steel. The sheet to be bulged was clamped between

the hold down ring (clamping ring) and the die (base
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plate) by tightening the nuts on the six 12 mm diameter
studs extended upward from the clamping ring and spaced
uniformly along a pitch of 240 mm diameter, as shown in
Fig. (5.1). A torque spanner set at 140 NM was used to
ensure the uniformity of the pressure on the clamping
ring. The split clamping ring had an aperture diameter
of 142 mm, rounded at its inner edge to a radius of 4 mm
to prevent the specimen from fracturing at its periphery.
The surfaces of the clamping ring and the base plate
contacting the specimen were serrated with mating
grooves of 3 mm pitch and 1.5 mm deep in an annular

area from 145 mm to 163 mm in diameter (see Fig. 5.1).
These grooves prevented all movement of the flange
during the forming process. The die set was fixed

inside the oven by four 12 mm diameter bolts.

b o Oven

The basic parameters dictating the selection of the

oven are as follows:-

(a)- The optimum superplastic behaviour of the
material used in this investigation occurs around
270 C. This temperature should be achieved in a
short period of time in order to avoid any

possible structural change of the material.

(b)- Maintaining a uniform temperature distribution
over the specimen during the forming process is
important as the optimum superplasticity occurs

over a narrow temperature range.
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(c)- The specimen should be observed during the
whole forming process for measurement of the bulge
rate. Therefore, the door of the oven should be of

pyrex or similar heat resisting transparent material.

In the light of the above parameters a medium size
oven with a transparent door was chosen and four
electric resistance heating elements each of 1000 watts
were installed at the bottom of the oven. These heating
elements were controlled independently in order to
minimise the temperature variations and compensate the
heat losses during the clamping of the specimen.
Thermostats of bulb type sensor capable of controlling
temperature to within * 2T in the temperature range
200 € - 350 C were used to control the heating elements.
Ten thermocouples of Chromel/Alumel insuglass insulated
wires, were attached to various parts of the oven and
the die to ensure the uniformity of temperature. It was

found that the variation of temperature could be

maintained to within % 5 C.

hB3=3 Pneumatic circuit

The pneumatic circuit consisted of a cylinder of
nitrogen gas connected to a set of pressure regulators.
Two push button manually-operated valves were used to
admit the gas into the forming chamber and release the
built-up pressure from the bulged specimen. Pressure

regulators were used so that forming pressure could be
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selected prior to testing. Pressure at the regulators
and at the forming chamber were recorded by two sets of
pressure gauges. Prior to testing, nitrogen was passed

through a pre-heating coil installed inside the oven.

55354 Bulge rate monitoring device

the
In the study of, mechanical behaviour of superplastic

materials, it is required to measure the strain rates
which are expressed in terms of time (T). Thus, time

is a very important factor and should be measured
accurately. G.J. Cocks et. al. (61l) have monitored their
bulge rates with a dial gauge connected to a lightweight
probe in contact with the specimen; They found that the
bulged specimens of copper alloys were not constrained by
the probe. However, in our experiments an attempt was
made to use the same type of equipment, but the results
showed that any direct contact between the bulged
specimen and the bulge rate monitoring device would
constrain the specimen, especially at the final stage of
the process. At this stage the bulged specimen behaves
like a toy balloon and even a very small force will
prevent the normal geometrical transformation of the
material particles. Therefore, a new technique had to
be employed. A cylindrical glass of pyrex graduated in
5 mmn intervals was placed on the orifice of the die and
the bulge rates were monitored by observation. The
coincidence of the apex of the bulged specimen with each
line on the glass was recorded as height andiggrresponding
time was measured by a stopwatch. The cylindrical glass

and other equipment are shown in Fig.(5.2.
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5.3 Measuring Instrument

1. A two-dimensional travelling microscope reading to
0.02 mm for measuring the current (projected)

radius of the bulge.

2. A workshop protractor reading to 5 min. for
measuring the profile slope of the bulge. A
magnetic stand placed on the surface plate was used
to guide the movement of the protractor so that

accurate meridional slope is ensured.

3. A stand vernier reading to 0.02 mm for measuring the

axial (longitudinal) displacement of the bulge.

It must be mentioned at this stage that throughout
the experiments no measurement was made at the rim of
the bulge, since the material in this region is formed
not only by the membrane stress but by bending as well.
The membrane stress in the material in this region, must,
of course, also conform to Eg. (3.2), but the uncertainty
of the frictional and normal stress on the die surface

makes it unrewarding to analyse them.
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Fig. 5-2 - The die set and related equipment.
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Chapter 6

Behaviour of the work material

in the bulge test

It is shown in Chapter 3 that the mechanical
properties of the material in the bulge test can be
determined through the geometry of the shell. However,
it is essential to keep in mind that the geometry of the
bulge itself varies widely at different testing
conditions. Therefore, it is necessary to investigate
the geometry of the bulge under a particular testing

condition.

The major factors affecting the forming behaviour
of superplastic materials are temperature, strain-rate
and grain size. Since the effect of grain size on the
bulge behaviour of Zn-Al eutectoid alloy is reported
elsewhere (58), and because the material used in this
investigation was supplied in one grain size, therefore,

this parameter is not considered.
Before discussing the other two factors, it is
necessary to consider the effect of grain coarsening

during the test and anisotropy of the material.

6.1 Effect of grain growth in the bulge test

It has been said earlier that one of the conditions
in
for a material to behave superplastically isAhaving a
fine approximately equi-axed grain size, stable during

deformation. In the case of Zn-Al eutectoid alloy,
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however, limited grain growth is normally observed
during superplastic deformation (55). It is generally
agreed that changes in grain size during superplastic
deformation depend upon the material, temperature and
strain-rate. In the bulge test, in order to determine
the stresses, each test must be run several times for
the measurements of displacements at various stages.
It means that the specimen is subjected to heat for a
considerable period of time, and consequently this
results in the occurrence of grain growth. Therefore,
it is important to measure the rate of grain growth and
to check whether this grain coarsening has any effect

t
onr%orming behaviour of the material.

In order to measure the rate of grain growth, an
undeformed specimen having an initial grain size of less
than 1um (Fig. 6.la) was held at a temperature of 270 E
without stress for a period of 48 hr. and the final grain
size wasfound to be less than 3 uym (see Fig. 6.1b). The
bulge test was carried out on this specimen in order to
check whether this small increase in grain size had any
effect OJT%orming behaviour of the material, but no

significant difference was observed between aged and

as received specimens.

The microstructure of the specimens was also

studied after the bulge test and detailed measurements

the
of grain shape near,fracture of the bulged specimen

the

revealed that the elongated grains of ,initial micro-
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structure (see Fig. 6.la) became equi-axed and some-

what larger after deformation (Fig. 6.3).

i Anisotropy effect in the bulge test

Superplastic materials are usually considered to be
isotropic due to the absence of grain orientation,
being a direct result of the grain structure pre-
requisite. However, Johnson et. al. (34) have shown
that specimens of originally circular cross-section
machined from hot rolled superplastic Zn-Al eutectoid
alloy became elliptical when strained in the rolling
direction which indicates the anisotropy of the
material. 1In the present investigation a bulge of
142 mm diameter and polar height of 82 mm was produced
and thickness strains were measured along and
perpendicular to the direction of rolling. Fig. (6.4)
shows a plot of thickness strain against initial
radial position at 0 and 90° to the rolling direction.
It can be seen that the thickness strains are distinctly
higher at 0° except at the rim (undeformed part) and at
the pole. Further analysis revealed that the stresses
in the direction of rolling for a given strain rate
are almost 10% higher than those in the transverse
direction. Therefore, in the following experiments all
the measurements are taken at 45° to the direction of

rolling in order to obtain the average values.
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6.3 Effect of temperature in the bulge test

The influence of temperature on flow stress,

the
strain-rate and strain-rate sensitivity index inAuni—
axial tensile test is well documented. The following

effects are reported for Zn-Al eutectoid alloy.

1l. The maximum attainable ductility increases with
increasing temperature, and the highest degree of

superplasticity occurs around 250°C, (15).

2. The overall level of the flow stress is reduced by

increasing the temperature (55).

3. Under certain conditions superplastic behaviour is
observed above the invariant temperature (275°C),
but total elongation is considerably less than the

value observed after deformation at 250°C7 (83) .

In the present investigation, similar effects were
observed in the bulge test, but it is of wvalue to
mention that the bulge tests, at this stage, were
performed mainly to elucidate the effect of temperature
on the geometry and fracture of the bulge rather than its

effect on ductility and level of flow stress.

Fig. (6.5) shows three bulged specimens formed to
fracture at different sets of conditions of temperature
and strain rate. Specimen A in Fig. (6.5) was formed
atfg%timum superplastic condition of 250°C and inter-

2
mediate pressure (0.103 N/mm ). Under these conditions

the bulge grows to a height of about 180 mm (H/a = 2.68),
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before it breaks at its pole, and takes the shape of a
rugby football. The detailed studies of the fractured
specimen under this condition reveals that the material
fails due to severe thinning and the thickness of the

material is nearly uniform over a relatively large area

at the pole.

At temperatures below ZSOQC, the material still
behaves superplastically, but only at higher pressure;
and total surface strain is appreciable, though
considerably less than the value obtained after bulging
at 250°c. Specimen B in Fig. (6.5) which was formed at
a temperature of 100°C and pressure of 0.345 N/mmz, has
reached the height of 102 mm, and fractured at the
pole in a manner totally different from that observed
after failing at 250°C. At low temperatures the
material necks down to a very fine noint at fracture,
and at final stages of deformation, the bulge takes a
conical shape. Fig. (6.6) shows the meridional sections
(solid curves) and the particle trajectories (dotted
curves) of specimen B, for the successive stages of

deformation.

Finally, specimen C in Fig. (6.5) was formed at a
temperature of 300°C and at a constant pressure of 0.69
N/mmz. It is of value to mention that even at this
temperature, which is well above the invariant temperature
of 275°C, the material is strain rate dependent, but

fails in an apparently brittle manner at a diffused neck.
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The maximum attainable height is 62 mm (H/a = 0.87),
which is nearly equal to the maximum height obtained

in the bulging of non-superplastic material (84).

The peculiar behaviour of Zn-Al eutectoid alloy
above the invariant temperature of 300°C may be
explained in terms of microstructural change which is
shown in Fig. (6.2). It can readily be seen from the
figure that the fine two-phase initial microstructure

(shown in Fig. 6.la) is completely destroyed and has

become a lamellar structure.

As seen from the above experiments, one of the
interesting features oftﬁﬁlge process on superplastic
In-Al eutectoid alloy is the geometry of the instantaneous
bulge profile which is closely related to the temperature.
In practical application, however, the alloy is usually
formed at optimum superplastic conditions of 250°C and
intermediate strain rates. Thus, the bulk of the

following sections involve the detailed examination of

the bulge profile under the above conditions.

6.4 Geometrical transformation of material particles

in the bulged specimen

The axial and radial displacements of each material
particle are determined by the parametric equations

given by Egqg. (3.19) which is

1=1(r0,T),r=r(ro,T}.
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In practice, however, it is easier to show the
displacements by tracing out the profile of the
product at successive stages than to express Eq. (3.19)

analytically.

The radial movements of the material particles
can adequately be elucidated by plotting the current
radius against the original radius as shown in Fig. (6.7).
It can be seen from this figure that the radial
displacement is non-uniform along the specimen at every
stage of deformation. The longitudinal displacements
of the bulge profile at each stage of deformation are
obtained through the measured inclination of the profile

(6) as

r
1=H-£ tan 6 dr {6 1)

where H is the polar height of the bulge and the
integral in Eq. (6.1) is obtained by a planimeter. The
meridional sections of the deformed bulge on one side
of the axis of symmetry for the successive stages of
deformation are shown in Fig. (6.8) as solid lines.

The dotted lines in Fig. (6.8) are the particle

trajectories.

It is interesting to note that in the bulge test
for non-superplastic materials the bulge rarely reaches
a height equal to the radius of the die hole, whereas

in the case of superplastic Zn-Al eutectoid alloy, the
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sheets can be formed into a bulge of H/5 > 2.7 before
it breaks. The maximum bulge of a typical non-super-
plastic material is obtained from ref. (84) and its
meridional section is plotted in Fig. (6.8) as a dotted

line.

Actually, Fig. (6.8) does not represent all the
experimental data that can be obtained in the bulge
test of superplastic Zn-Al eutectoid alloy. The bulge
grows to a height of 190 mm before it breaks at its
pole, but only the data up to a height of 140 mm are
shown in Fig. (6.8). Below 140 mm, the forming process
is controlled by supplying, or shutting the supply of,
the pre-heated nitrogen and the bulge ceases to grow
once the gas supply is stopped. However, at some
height between 140 and 150 mm, the bulge grows by itself
even after the gas supply is turned off, showing that
deformation continueswith decreasing internal pressure.
This unstable regime, which requires cinematographic
experimental techniques to study, is not investigated
in this project, but a gqualitative analysis is given here
for this peculiar behaviour. Suppose the bulge is
idealised as a spherical shell of radius R, so that

the stress ¢ is

PR
Sy (6.2)

Q
I

considering that the volume of the shell material (V)
remains constant at (#wR>t) and that during expansion

the pressure obeys the gas law
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Ly 3
(Pressure) x (Volume) = p —%‘R = constant X (6.3)

it can readily be seen in Eq. (6.2) that

g e "2’—“ (6.4)

which is constant. In other words, according to Eq. (6.4)
a bulge can grow without additional gas supply, with
thinning shell and decreasing pressure, only if there

is no strain-hardening. Actually, the bulge is not a
sphere, but in the theory of membrane stresses (section
3.2), it can be seen that the arguments for a constant

or nearly constant flow stress is valid. Hence, the
strain-rate is the main factor governing the flow in

this case.

6.5 Sphericality of the diaphragm in the bulge test

In the papers published on the bulge test of super-
plastic materials for most analyses a spherical bulge
profile has been the major assumption made. It is
shown in section (3.2.2) that this assumption is not
true, because the prolateness of the surface (P) in the
bulge test is never constant. In order to study the
local sphericality of the bulged specimen, the variation
of the principal curvatures must be discussed first,
since the sphericality of a shell is defined as the

ratio of the principal curvatures.
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6.5.1 Distribution of Pe curve in the bulge test

The distribution of the radius of curvature in the
circumferential direction may be obtained by considering
its definition in conjunction with the definition of

the index of sphericality (N),

for Ysino

o p. dr
8 /a sine)
dr .
SRREHRE N T Gine) = Sino (6.5)
The ratio (sime) in Eq. (6.5) is the average slope of

the r against sin6 curve at any point, and dﬁﬁ(sine}is
the slope of thetangent to this curve. The index of
sphericality (N) is always positive in order to have a
close surface in the meridional section of the deformed
shell (section 3.2.1). The prolateness (P = 1-N) or
oblateness (negative prolateness) of the dome, however,
depends upon the relative magnitudes of the slopes in

Egq. (6.5); it means that, when

dar s r
d(sin 6) 2in o SN SRR
dr r then N > 1 (6.6)

d(sin®) - Tsin®

dr ey r =
d(sin 6) = sino ERRE S
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In order to show the Pe distribution curve in
relation to the r against sin® curve, it is necessary
to approach from the definition of|% and its differential
coefficient with respect to the current radius. Thus,
differentiating Eq. (3.4) and combining the results of

the differentiation with Eq. (3.9), we get

N = 1- sin b A0 (6.7)
dr

comparison of Eq. (6.6) and (6.7) then yields,

dp dr
. r
(a) if 'Té? >0 then N<1 and 3(=ng) Fir—
dp a
& xr :
(b) if ——j—dr <o then N >1 and d(sing) < Sine (6.8)
dp
- &) - = dr = r
(&) 2 E P o then N 1 and At~ 5igE

These three cases are shown in Fig. (6.9). As seen
in this figure, when the r against sin 6 curve is sagging,
Py is monotonically increasing, and when it becomes
hogging, % is monotonically decreasing. For a radial
r against sin6 curve, however, p. becomes a horizontal

(3]
line.

As mentioned earlier, a real specimen cannot be any
surface of constant N value, and the principal
curvatures must have a variation along the bulge profile.

Therefore, condition (b) in Fig. (6.9) cannot be valid.
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From the set of bulged specimens shown in Fig.
(6.10), it can readily be seen that in superplastic
material the bulge grows not only igtﬁongitudinal
direction, but iJE%adial direction as well. The effect
of this radial expansion ogii against sinf curve is a

cusp at the angle of 90°as shown in Flg. (6.11).

To identify the variations in the circumferential
radius of curvature, the following technigue can be used
on the experimental r against sin6curves. Around any
curve from Fig. (6.11), say an intermediate stage £ of
polar height 80.2mm, draw a radial line from the origin
of the co-ordinate axegliangent to the curve (Fig. 6.12a).
The initial segment (oa) of curve £ intersects the
radial line in an anticlockwise direction as shown by
the arrowhead in Fig. (6.12a). Thus, at any point along
the segment (oa), condition (c¢) of Eg. (6.8) is valid
and ;% is monotonically increasing. For the segment (ab)
of curve £ in Fig. (6.1l2a) which crosses the radial
line in a clockwise direction, condition (a) of Eq. (6.8)
holds and the point of tangency between the radial line

and the curve f corresponds to a maximum ;% as shown in

Fig. (6.12b).

The above analysis is wvalid for the specimens of

polar height in the range of approximately 35 to 85 mm

(Ba5 <H/a <1.2). Beyond this range, the meridional

slopes of the shell vary in a different manner as shown
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in Fig. (6.13). This figure suggests at least three
different modes of deformation in the bulge test. At
small deformations (up to stage b), peis always
monotonically decreasing and the location of maximum Po
appears to be at the pole of the bulge. For larger
deformation (stage b to f), the point of tangency
defined in Fig. (6.12a) shifts towards the die edge as
the specimen deforms further in general, showing that
the ring of maximum Py expands with deformation. When
(H/a) exceeds 1.2 (stage g to 1), however, due to the
radial expansion there is a turning point oJfSe
distribution curve at the angle of 90°. Before the

cusp is reached pe is monotonically increasing; and

afterwards, it becomes almost constant (see Fig. 6.13).

It is also interesting to note that from curve g to
1, the specimen is formed into a shell of higher
curvature, but the deformation is increasingly
concentrated near the pole. As explained in section
(6.4.3), the deformation of the bulged specimen up to
stage 1 1is controlled by supplying or shutting the supply
of the nitrogen gas, and the bulge ceases to grown once
the gas supply is stopped. Above this region, the
forming process is unstable, and the bulge grows by
itself even after the gas supply is turned off. The
radius of curvature then decreases sharply just

near the pole until it fractures.
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6.5.2 Determination of Ps in the bulge test

The radius of curvature in meridional direction
( pS) may be obtained by measuring the slope of the
curves in Fig. (6.11). Since

S dx
Ps = ding)

In practice, however, it is difficult to determine
accurately the slope in Fig. (6.11) for any particular
value of r, because the curves are all nearly straight
lines passing through the origin. It is more practicable
to derive the value of pS from Fig. (6.13). Thus,

combining Eq. (6.7) with the definition of the index of

sphericality (N), we get

Po (6.9)
B 1 —sinei‘?ﬁ-——
dr

Although the graphical differentiation in Fig. (6.11)

and that in Fig. (6.13) both involve finding the slope

of curves drawn through experimental points,it is in
practice considerably easier to manipulate the adjustable
set square in Fig. (6.13) than in Fig. (6.11) to coincide
with the tangent at any chosen point on the curve.
Neither of these methods, however, can be applied for

the final stages of deformation, because of the sharp

turning point on the curves near the rim of the bulge.
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Since the values of the slopes at these regions can-
not be decided from either of the graphs, it is
advisable to determine the wvalue of % from Eq. (3.9) by
differentiating the r against 6 curve graphically by

an adjustable set square in Fig. (6.14).

The psidistribution curve can now be obtained by
considering its definition in conjunction with Eq. (6.7).

Thus from

dp
_ dr _ LS X
ps " cos6 46 Bk AR dr
c’.{{:.pa (6.10)
we have p =p + tanb ——
= ae

p and p8 are always positive guantities, but tan6é and

dpg

0

can take both positive and negative values

depending on the stage of deformation.

It has been shown in the previous section that
there are three different modes of deformation in the
bulge test of superplastic materials. The Py
distribution curve can be observed as a result of the

variation of tan 8 and dpe in each mode of

dae
deformation.

By referring to Fig. (6.15), it is observed that

in the first mode of deformation (up to stage b, H/a < Oeb)
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dPg ig always negative, and tan 6 is positive so

ae the
that Pg < Pg meaning a decreasing function opr curve
S

the
over,entire region 6. For the second mode (stage b to

£ = 05 <H/a <1l.2), tan6 is also always positive, and

the sign of the term dpg is the sole factor
dae

determining the relative magnitudesof;g and By - When

deg
ae

>0 over a region 6, Egq. (6.10) suggests that %>>pe;

and by similar argument ps< p8 over the region 6

where 9°g o For the special case of a local sphere,
de

Eg. (6.10) shows that the psand p curves intersect at the
S

position where dpe = Finally, in the third mode of
do i
s H/ dp y
deformation (stage g to 1 - A g 8 is always

dae
positive, and tan & determines the relative magnitude of
Py and Py * When BA<900, Eq. (6.10) shows that ps> % H
and similarly, Py < Pg i over the region 0>90°. When
6 = 963, however, the magnitude of p must be decided by
S

interpolation of ‘2 distribution curve. The effect of pe

on op for three modes of deformation is shown in
5

Pig. (6.16]).

6.5.3 Prolateness of the bulged specimen

It has been shown earlier that the shape of any
surface is defined by an index of sphericality (N). In
order to provide a clear picture of the N distribution
in the actual test specimen, it is necessary to analyse

the variation of N with respect to the curvature Po
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At the pole of the bulged specimen, the material is

subjected to balanced biaxial stretching and N is
dp
obviously unity. Then dg can take any value

including zero, and the shape of the pg curve within
the neighbourhood of the pole can be anything
continuous. At the edge of the bulge, the circum-
ferential strain is either zero, or slightly
compressive (if there is draw-in), hence the meri-
dional tangential stress must be at least twice the
circumferential stress, and the N value must there-

fore, be greater than one but smaller than two.

For the general case that pe is a non-linear
function of r ; Py can either have or not have a
turning point. When a turning point does not exist
and with 6 >0, Eq. (6.7) suggest that for mono-
tonically increasing p8 the entire surface is always

prolate and for monotonically decreasing p;tis always

oblate.

By virtue of Eq. (6.7), the N value corresponding

. dpg :
to the condition — = o is
dr
Ni="%E i 6 >0 (6.11)

andthe turning point of N can be obtained by the

differential co-efficient of Eq. (6.7)

dp dp
a
S s - =2 sl - aing S o

dae dr dan dr ) (6.12)
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and on equating Eq. (6.12) to zero yields the condition

dp dp
— a - taps 2 (2

) (6.13)

and, the magnitude of N at the turning point 0 is

a 9Py
N =1 + sin® tan 6 o
()

(T) oy 38 &

The shape of the N distribution curve can now
be predicted for a given padistribution curve in
conjunction with the mechanical constraints at the
pole and die edge. Two simple cases of monotonically
increasing and monotonically decreasing functions of
Py have already been discussed in the previous

paragraph. Since N = 1 at 6 >0 corresponds to

dp
7;1 = o (Eq. 6.11), the N curve must cross the line
o

of N = 1 for a non-linear pe curve with turning point(s).

Obviously, for a pa curve with one turning point, the
N curve must cross the N = 1 line only once, and it

must have either a minimum with ‘%T] < 1 at maximum pa'

or maximum with N(T) >1 at minimum p . On the other
)

hand, for two crossings, the simplest N curve is

maximum N > 1) initially and becomes a

N
2 ( ) the

minimum (N < 1) towards the die edge andhcorresponding

(T)
pe curve has a minimum initially,followed by a maximum
value towards the die edge. Similar deductions may

the
be made for,multiple intersection of N with the line

of N =1. Fig. (6.17) is an attempt to summarise the

109



possible N and % curves in their simplest forms.

From the above analysis, it can be seen that the
bulge along the entire meridian section can either be
oblate or a combination of prolate, oblate and
spherical shapes. The prolateness of a deformed
bulge can also be visualised from the basic curves
shown in Fig. (6.11). The method of analysis is
similar to that for circumferential curvature
variations shown in Figs. (6.12a and b). By virtue
of Egs. (6.6) and (6.8), the surface is oblate over
the region where the basic curve intersects the
radial lines in the clockwise direction. A prolate
surface will be revealed over the region where the
basic curve crosses the radial lines in the anti-
clockwise direction. Similarly, it can easily be
shown that the point of tangency representsispherical
shape. This method of analysis shows that the
deformed bulge consists of a sphere at the pole and
a spherical ring whose diameter keeps expanding with
deformation between the pole and die edge. Between
the pole and ring , the bulge is everywhere
prolate, and becomes oblate in the region between the

ring and the die edge.

The complex variation of prolateness and stress
conditions within a real bulged specimen and through-
out the forming process can be seen in Fig. (6.18).

As seen in this figure, in the first mode of
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deformation, the shell is always oblate; and a study
of the polar heights for the second mode of deformation
(stages b to f) suggests that the bulge has only one
particular shape regardless of further deformation
indicating the stability of the process. Thus,
between curves b and £, near the rim, the
prolateness actually increases (shell becomes more
pointed) with the general decrease in curvature
showing that curvature and prolateness are two distinct
geometrical properties. During the stable
deformation, the shell is divided into two zones by
an annular ring of perfect spherical surface (N = 1),
prolate inside and oblate outside it. In the third
mode of deformation, however, a minute change in
polar height will result in a large variation of
shape, and as the forming progresses, the prolate
expands outwards. This prolate region except near
the pole, becomes more pointed; and the oblate region
diminishes in size till near the end of the forming
process. Consequently, the whole shell at this stage
becomes prolate and the N value falls below unity

(curve 1 in Fig. 6.18).

It is worth mentioning here that the same
general variation of prolateness with respect to r
has been found in non-superplastic bulged specimens
(70, 84). In this section, an attempt is made to
compare the results in Fig. (6.18) with those obtained

by T.C. Hsu et. al. (70) in the bulge test for copper
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specimens. These are shown in Fig. (6.19) for various
values of the effective strain at the pole (ﬁ))

As seen in this figure, the similarity in the general
shapes of the curves between two sets is remarkable.
However, some differences between theirs and the
present results are noticeable. At the initial

stages (e.g. for S 0.15), the bulge is entirely
oblate for superplastic material whereas they have
found that the bulge is partly prolate (N<1l) even at
the very beginning. For €,> 0.8, the non-superplastic
bulge is in the unstable regime whereasﬁ?uperplastic

shell reaches to this stage when g > 3.2.
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Fig.6-1.a_ Optical micrograph of Zn-22°s Al
eutectoid alloy showing microstructure
Prior to testing ; average grain size
L<1#m ; magnification 2650 times -

Fig.6.1-b - Optical micrograph of Zn- 22 %o Al
eutectoid alloy showing microstructure
after aging for 48 hr at 270°C;
average grain size L<3#m ;
magnification 2650 times.
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Fig. 6.2 - Optical micrograph showing a typical
lamellar structure of Zn_Al eytectoid
alloy ; the specimen was held at 300C
for T hr and furnace cooled
magnification 2650 times .

Fig.6-3 - Optical micrograph showing the structure of
the bulged specimen near fractured region
at 270°C; magnification 2650 times -
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CHAPTER 7

FLOW STRESSES IN THE BULGE

TEST



Chapter 7

sl Forces involved in the bulge test

It has been clearly shown in section (6.5.3)
that the N value varies widely along the bulge
profile, and is locally a sphere only at the pole and
at an annular ring whose position shifts towards the
die edge as deformation progresses. At everywhere
before this annular ring is reached from the pole,
the shell is prolate and becomes oblate after this
ring is passed, Fig. (6.18). From the variation of
the N values, it is possible to analyse the variation
of the forces in the deformed shell for any particular
stage of deformation. For the present analysis the
second mode of deformation (stage b to £ -
O.5<H/é <1.2) 1is chosen as it represents a typical
deformation in the bulge test. This anaWﬁcal
approach is also applicable to both the first and

third modesof deformations.

As seen in section (3.2), there are two forces
involved in the bulge test, namely (oet) the force
per unit length of the meridian section, and (ast)
the force per unit length of the circumferential
section. The variation of these forces will be

discussed in turn.

7 e o & Meridional tension

The variation of the meridional tension may be
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obtained by differentiating Eq. (3.5) with respect to

r , hence

d {Ust)
dr

dpe
ar

P
il (7.1)

since the pressure (P) is constant, then comparison

of Egs. (6.8) and (7.l1l) yields,

r;'ipe d (O'S t)
a) >0 then >o and N<1l
dr dr
z dpg d (o  t)
b)Y i T =0 then - =0 and N=1 (7w 2)
dpg d(ogt) :
c) 1f <o then <o and N>1
dr dr

By virtue of Eq. (7.2), in the region of

prolateness (N<1), is always positive and the

p
dr
meridional tension is monotonically increasing, (Path

ABC in Fig. 7.1). The annular region of unity N,
dlo_t)
dr £

corresponds to the maximum meridional force (

Point C in Fig. (7.1), and when this point is passed

d(o_t)
] " "
i becomes negative. Therefore, for successive
) d(USt)
deformations, a locus for a = o representing

maximum meridional force can be drawn. From the N
distribution curve shown in Fig. (7.1), it is easy to
visualise two separate features in the region to the
left of the maximum (cst) locus. These features are
characterised by the minima of N. Thus, in spite of
the property of N<1 in this region, a5 is negative

dr
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initially and then becomes positive towards the
maximum (ust) locus. Therefore, for the successive
stages of deformation it is possible to draw a locus
passing through point B in Fig. (7.1l) to indicate

minimum N (QE = o).
dr

7.1.2 Circumferential tension

The variation of the circumferential tension

can be obtained from Eq. (3.6), thus

ggt = (2-N) o t (7.3)

differentiating Eq. (7.3) with respect to r yields,

d{Uet} d{USt]
dr k2 W) dr

dN
- {Ust)g; (7.4)

It can readily be seen from Fig. (7.1) that at

the position near the pole (Path AB), 90 t) g
dr

positive and %% is negative. Hence, Eq. (7.4)

requires that df“et}>¢3 ;, and the circumferential
dr

force must be monotonically increasing. At everywhere
in the specimen after the maximum (cst) locus is

passed (Path CD), both meridional and circumferential

forces are decreasing functions since d(cst)(o and
dr
dn . Glogt)
ac >° - In the area between the two loci e = 0
and g% = o (Path BC), the circumferential force
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becomes monotonically decreasing although the meridional

tension is still increasing.

These three distinctive properties of AB, BC and
CD in Fig. (7.l1) may also be obtained by plotting
(oet) against (cstJ in Cartesian coordinates.
These curves are shown in Fig. (7.2) with the line of
45 degrees, representing equal forces with unity N.
The direction of the curves from the starting point
on the line of 45° has a definite meaning. Along
the line of 45 degrees, N is equal to one, and the
forces are balanced biaxial stretching forces, (point
A and C). Above this line, N is less than unity, the
shape of the shell is prolate, and the circumferential
force exceeds the meridional tangential (Path ABC);
and below this line, N is greater than unity, the
shape of the shell is oblate, and the relative
magnitudes of the forces are reversed (Path CD).
Therefore, all the curves take a spiral shape in the
clockwise direction towards the die edge except those
for the initial and final stages of deformation. It
is evident that the curves for the initial stages of
deformation must lie below the line of 45° ;, Since
the shells are totally oblate (e.g. curve a, in

Eig. T.2).

Some features of the forces per unit sectional
length are noticeable in Fig. (7.2). Point B is the

position r in the specimen where the resultant force
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is maximum and this corresponds to a point having
passed the minimum N value with N still less than

unity but its gradient dN becomes positive. When
dr

the curves in Fig. (7.2) intersect the line of 45
degrees (N = 1) at C, the local surface is
temporarily a sphere, and it can easily be shown that

P is maximum and the tangent at C in Fig. (7.2)

6

then becomes vertical, giving d‘“stL o+ The locus
dr

of this point (C) for successive stages is then

represented by a horizontal line N = 1 and the

d(USt)
dr

= o locus in Fig. (7.1).

It can be seen from Fig. (7.2) that the position
vector at point B has always a maximum value.

the
Therefore, ,locus of this point for successive stages

the
represents the locus of,maximum resultant force which
occurs only in the second mode of deformation
(0.5 <"/a <1.2), at 18< r<30 mm.
the
The fact that,maximum resultant force does not

occur at the pole can be explained by the following

analysis.
Let F be the resultant force. By vector algebra

2 2 2
F™ = (o t)" + (o t) (7.5)

by substituting Eq. (7.3) into Eq. (7.5)
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B = (Ust)z. (1—(2—N)2 ) (7.6)
F2 = (Gst)2.(N2 - 4N + 5)
Thus F = (o t) + (N2-4N + 59 2 (7.7
E ihe ko
where F.= g.t

(7.8)

F, = (N2 - 4N + 5)12

In Eq. (7.8), F; is maximum along the maximum

(cst) locus and F, is maximum along the minimum N
locus. Some reflection will show that the maximum

resultant force must occur at some position between

a d(Ust)

N
the =9 and r

= o loci, that is between

points B and C in Fig. (7.1).

A striking feature of the curves in Fig. ( 7.2)
is the reduction of resultant forces for the
successive stages of deformation which is due to the
constancy of pressure (P) and decrease of the

principal curvatures as the forming progresses.

7.2 Flow stresses in the bulged specimen

Having obtained the trend of the force distribution

curves in the deformed shell, it is possible to pursue
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towards the flow stresses. This can simply be done
by taking into account the thickness (t) in Egs. (3.5)
and (3.6). Thus the stress distribution curves can
be plotted as in Figs. (7.3) and (7.4). Comparison
between Figs. (7.2) and (7.3) shows that in the
former, the loops in the curves above the line of

45 degrees (N = 1) are all iniclockwise direction,
whereas in the latter they are iéfgnticlockwise
direction. This reversal is due to the effect of

the variation in the thickness (Fig. 7.5). The other
noticeable difference between the force and the
stress curves is the radial movement of the points

on the stress curve near r = o relative to the rest
of the curve, outwards from the origin, and each
movement is greater, the greater the variation in
thickness. Obviously, if the shell were always a
perfect sphere, with uniform thickness distribution,
each stress distribution curve would collapse into a
single point on the line for N = 1. For the actual
shells, however, the stress curves cross this line
only at the pole and at an annular ring which is
locally a sphere. Elsewhere, the state of stresses
is more complicated, because with increasing
deformation, not only the magnitude of the stresses Oy
and o4 increases due to the thinning of the material,
but the ratio between them changes also. The effect
of severe thinning of material in the third mode of
deformation (H/a >1.2) on the stress distribution

curves becomes conspicuous in Fig. (7.4), and at the

23



final stages of deformation (curves k and 1), the
stress curves cross the line for N = 1 only once and

that is at the pole of the shell.

The intensity of triaxial stresses is measured
by the effective stress which in this case is that

for the Von Mises ellipses, as follows,
2
a - Ued 5 Us = constant

A series of Von Mises ellipses are plotted in Figs.

(7.3) and (7.4) as guides to show that the greatest
effective stress is not at the pole, except at some
stages in the third mode of deformation (curves i to 1).
Before these stages the point of maximum effective

stress remains near ro = 16 mm.

This particular behaviour of the material in
the biaxial test is very different from the uniaxial
one in which the stress is inversely proportional to
the cross-sectional area of the specimen at any
particular stage, so that, the maximum stress
always occurs at the thinnest section. This condition
is also valid for a perfect spherical bulge with
non-uniform profile thickness, but such a case can
never occur experimentally in the usual test method.
In the actual bulge test, because of the effects of
Pg and t, the maximum stress will occur at the

thinnest section only when the curvature of the bulge

does not affect the stress function.
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of the
The magnitude resultant stress follows that of

the resultant force vector and the position of maximum

an d(ogt)

resultant stress is between the = o and = = O

loci, that is between points B and C in Fig. (7.1). At
the final stages of deformation the variation of the
thickness near the pole is much greater than the
variation of the curvatures, and because of the opposite
effect of t on the stress function, the position of

maximum stress shifts towards the pole of the shell.

In forming processes without draw-in and neglecting
the effect of the die edge, the value of N varies between
O and 1.5, Fig. (6.18). Thus the stress condition varies
from the mean condition of balanced biaxial stretching

(ce==us) to those conditions of plane strain (ae =20

and o ==2ce). In the two conditions of plane strain at
8

the extremes, at one extreme when T =20 , the meridional
S

tangential incremental strain tends to be zero, the
circumferential expansion being compensated by thinning;
and at the other extreme when o, =2°b’ the circumferential
incremental strain tends to be zero, the stretch in the
meridional tangential direction being also compensated by
thinning. All the stress conditions inbetween these
extremes may, in fact, be resolved into two components, a

balanced biaxial stretching, and a stress for plane

strain (or pure shear, as it is sometimes called); thus,

9 Oy +9g ' Og - 0g
0 2 2 (7.9)
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where the first terms of the right hand sides of Eq. (7.9)

(7.9}

constitute a balanced biaxial stretching, and the second terms
constitute the stress producing plane strain, or pure shear.
The ratio between these two components is, of course, a

function of N, or prolateness (E), thus,

Oy + 9

2 -

— -2z .2 -3 (7.10)
0 1= P

2

The balanced biaxial stretching stress is always
positive (tensile), but the pure shear component in Eq.
(7.10) can be positive or negative depending on the

prolateness or oblateness of the deformed shell.

In Fig. (7.6), the pure shear stress is plotted
against balanced-biaxial stress with the radial lines
indicating the prolateness of the local surface. These

lines are obtained from Eq. (7.10), and the line of N = 1
Og +9¢
2

a _Us ) .
(__1r—-) axis shows an oblate spheroid of N = 1.5. If the

or the ( ) axis denotes a sphere and the negative
surface of a deformed shell had been a sphere for all stages
of deformation, everywhere the shell would be subjected to
balanced biaxial stretching and the curves in Fig. (7.6)
would collapse into a horizontal line.

As seen in Fig. (7.6), the maximum variation of the
balanced biaxial stresses along the bulge increases with

deformation, and the highest balanced biaxial stress on each

curve corresponds to the pole of the bulge. The difference
of the balanced biaxial stresses at the pole and annular ring
also increases with severity of deformation until fracture

takes place. The variation of pure shear stresses
in the specimen between the pole and
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die edge has the same pattern as balanced biaxial stresses,
but at some stages in the third mode of deformation
(curves h to k), the maximum pure shear stress variation
increases tremendously. This maximum variation in terms
of length along the (E&é}%i) axis consists of two
parts separated by the line N = 1. Thus the length
above the line N = 1 represents pure shear stress
variation in the prolate section of the shell; and the
length beneath the line N = 1 shows the shear stress
variation in the oblate region of the bulge. The shear
stress in the bulged specimen can now be visualised
clearly. In general, the shear stress variation in the
prolate portion increases with deformation throughout
the bulging process owing to the general increase of
prolateness. The shear stress variation in the oblate
portion, however, reduces its magnitude rapidly with

further deformation.

753 Relationship between deviatoric stresses and

prolateness

As discussed in section (4.4.1), any flow stress
consists of two components, hydrostatic and deviatoric
responsible for elastic and plastic deformation
respectively. In the present analysis, the hydrostatic
component is ignored since only large plastic strains are
considered. States of deviatoric stress can be deduced

from Eq. (4.18), thus
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hydrostatic stress a0, = 173 (o, + gp)

deviatoric circumferential stress o =0 -0
deviatoric meridional tangential stress O = 0 =~ O

and deviatoric through-thickness stress 0. = -0 = -(d, +0_)

It is possible to relate any state of deviatoric stress
to the prolateness of the deformed shell by introducing
the index of sphericality (N) into the Eg. (7.11).

Therefore, by the definitions of Oy and LA given by Egs.

(3.5) and (3.6), the hydrostatic and deviatoric stresses

are

3 - N -
cf1':1 3 S
0" = '11 (o]
w 3 8

(7.12)

’ 3 - 2N
Ge 3 Og
/ S L NS o
S = m 3 s

The relationship between the non-dimensional stresses
and index of sphericality are obtained by dividing the

Eq. (7.12) by the meridional tangential stress. Thus,

g,
SRR L
s
{(7.13})
7/
O‘s E'N
ol
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These non-dimensional stresses in Eq. (7.13) are only

functions of N so that when they are plotted against

0.
N, the dimensionless hydrostatic stress ( Um

) becomes

a straight line of slope (- 1/3) passing tﬁiough the
coordinate (0, 1), line AE in Fig. (7.7). c;/ﬂ;is also

a straight line (AD) of slope (- 2/3) passing through the
same coordinate. Similarly, the dimensionless deviatoric
meridional tangential and through thickness stresses

are both straight lines having positive slope of (l/3),
the former (line OD) passing through the origin, and

the latter (line BC) passing through the point (0, -1) in
Flg. (7<7). The two straight lines (OD) and (AD)
intersect at N = 1, thus forming a triangle having
vertices of coordinates O (0,0), A (0,1) and D (1,1/3).
Moreover, for any given value of N, it can easily be shown
that the prolateness of the shell corresponding to this
N value is given by the vertical distance between the

two sides (AD and OD) of the shaded triangle OAD in

Fig. (7.7).

The above analysis suggests the possible use of the N

value onto the clock diagram for deviatoric stress so

143



that prolateness (P = 1 - N) can be related to the
characteristic indices (¢ ) as shown in Fig. (7.8).

The insets in Fig. (7.8) for 2<r<8 show the

meridional sections of constant N surfaces which are
discussed in Fig. (3.4). Thus, it is seen that within
this region of 2<z<8, the surface is prolate only when
6<r«7; and at everywhere of 2<g<6 , the surface is

always oblate. For the special case of ¢ =6, the surface
is spherical. Some reflection will show that the surface
of the shell is always closed for 2<g<7 ahd becomes open

in the region 7<z<9.

7.4 Deviatoric stresses in the bulge test

It has been shown in section (4.4.2) that the

deviatoric stress components (d;, db,

principal stresses (US,Ué) in the bulge test have only

d;) of the biaxial

/4

two degrees of freedom, i.e. d;-bce

property is used for representation of states of

the
deviatoric stress on ,triangular coordinate system.

+d = 0. This
s

The set of curves in Figs. (7.9) and (7.10)
represent states of deviatoric stress in the second and
third modes of deformation of the specimen and are
plotted on different scales for clarity. In these
figures, the deviatoric stress paths and deviatoric
stress distribution curves are represented by solid and
dotted lines respectively. It can be deduced from Figs.
(7.9) and (7.10) that the deviatoric stress paths for the

second mode of deformation (0.5 <H/3<1.2) are nearly
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radial, specially for o <r < 32 mm. In the third mode
of deformation, however, the deviatoric stress paths
are more curved whenrobcx The characteristic index

(z ) shifts from 5 o'clock to 7 o'clock as deformation
progresses. The reason for this phenomenon can be
explained by the N distribution curves, Fig. (6.14),
and their effects on the clock diagram which are shown

in Pig. (7.8).

At the initial stages of deformation the specimen
is totally oblate, and therefore the deviatoric stress
distribution curve crosses the line of ¢ = 6 only once
and that is at the pole and the whole length of the
curve lies in the region of 5<z¢6 (not shown in Fig. 7.9).
In the second mode and some stages in the third mode of
deformation, the deformed shell is divided into two zones
by an annular ring of perfect spherical surface (section
6.5.3), prolate inside and oblate outside it. Moreover,
the local sphericality at the pole of the bulge is
always a perfect sphere (N = 1). From Fig. (6.18) it
may be concluded that, in the clock diagram for
deviatoric stresses, the stress distribution curves must
intersect the ¢ = 6 line twice, thus forming a loop in
the region of prolateness (6<z<7). The direction of the
loops in the clock diagram in Figs. (7.9) and (7.10) can
easily be seen by considering the meridional tangential
stress condition at the pole and annular ring of perfect
sphere. At these two positions in the bulge, N is unity

and from Figs. (7.3) and (7.4), it can easily be deduced
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from Eq. (7.10) that the loops must emerge in the counter-

clockwise 'direction.

The start of the second mode of deformation
characterised by curve (b) in Fig. (7.9) reveals that
the local sphericality is less prolate before and less
oblate after the annular ring of perfect sphere is
reached on comparing with the sphericality at some final
stage in the second mode of deformation (e.g. curve £
in Fig. 7.9) so that change of direction of ¢ results from the
second to the third mode of deformation. For further
deformation (curves g to k), the general trend is
increasing prolateness so that the deviatoric stress
paths have to curve towards the left oﬁﬁ?= 6 line as
shown in Fig. (7.10). Atﬁ?&nal stages of deformation,
the prolate region expands outwards and the whole shell
becomes prolate. Thus, it can be seen from Fig. (7.10)
that the deviatoric stress paths, especially near the
die edge, are more drastically curved towards the prolate

region of the clock diagram (6<r < 7) so that the

entire stress distribution curve lies within this region.
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Fig. 7-3 - Stress distribution in the second mode of deformation .
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Chapter 8

Strain and Strain-Rates

in the Bulge Test

This chapter is focussed on the detailed study of
the states of strain and strain-rates of a real bulged
specimen based on sections (3.3) to (3.5). The trace of
the progress of deformation from one stage to the other
of an element in the deformed specimen together with
the states of strain are plotted in the triangular
coordinate system. To serve as a basis for stress strain and
strain-rate relationship determination, states of
strain-rate are also calculated and plotted in the

triangular coordinate system.

8.1 Strain paths and strain distributions

As shown in section 4.2, the states of strain in the
bulge test can graphically be represented as points in
the triangular coordinate system. These points can be
plotted from the experimental results not only for
every stage in the deformation, but also along the
entire specimen. These constitute the strain paths and

strain distribution curves respectively.

Through the incompressibility condition of metals
in plastic deformation , only two principal strains of
the three are sufficient to define the state of strain
of any elementary particle in the bulged specimen. 1In this
project, the circumferential and through thickness

strains are calculated from the following procedures:
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The circumferential strain is simply calculated
from Eg. (3.21) which is €g = 1ln (r/x;), by measuring
accurately the original and current radii. The through-
thickness strain can be calculated from Egq. (3.22) which
is €, = ln (t/ty) ,» by measuring the current thickness
of the bulged specimen. However, due to inaccuracies
of the thickness measurements specially at the final
stages of deformation, a new way based on the measured
angle of inclination of meridian section (0) and
circumferential strain (eB) to calculate ﬁ:is proposed

and used in this project. By differentiating eet= in nfz.)

dr

with respect to r and substituting the term g into that
o

. AT dr ik
f = RS S
term in the definition of € ( 1n(3 . COSQL the

following compatibility equation is obtained,

dEe
1+r, —=—
dr,
e =—-¢ =1ln (—0)
s (s cos B (81

Using the incompressibility equation, the through-

thickness strain is,

dE‘.e
l+r R
€, = -2¢g, - 1ln ( ° dr“) (8.2)
t 0 cos 0 S
de
The wvalue of E;Q is derived from Fig. (8.1l) by an
(¢}

adjustable set square; and the source of the largest
error in the calculation of €, is in® . The overall
maximum error in gtis estimated to be less than 3 percent

except for the region very near to the pole.
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The characteristic index (n) of any state of strain
can be decided by Eq. (8.l1), or simply by the definition

of esand €y - Thus,

a dr 1 Yo
g ~gy = in (a?o cos8 r )
(8.3)
= oln ] d{inr) )

cosB d (lnro)

Cbviously, for any stage of deformation, the bracketed
term in Eg. (8.3) must have some positive values, that
is,

dr 1 )
dr. cos® r s (8.4)

r and r_are positive quantities, but cos® andg%can take
both positive and negative values depending on the stage
of deformation. By referring to Fig. (8.2), it is

dr

observed that up to stage "f" (H/é~<l.2) ar is always

©
positive and cos® is also positive (6 < "™/2). When H/é
exXceeds 1.2, the bulge expands infradial direction,
resulting in a negative cos0Onear the rim of the bulge
(6 > "/2). oOver this region gfsmust be less than zero,

. a ; o .
meanlnghdecrease of rwith xr . This condition is shown

in Flg. {8.2).

The strain paths and strain distribution curves
for superplastic Zn-Al eutectoid alloy in the bulge test

are shown in Fig. (8.3) in which the solid and dotted
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lines represent strain paths and strain distributions
respectively. The maximum strain (et) obtainable in
the bulge test is much greater than the value =-1.3

shown in Fig. (8.2) (specimen £, H =80.2 mm), and is
-3.44 when H is 142 mm and considerably exceeds -4.0

when the bulge breaks.

It is clearly shown in Eq. (8.3) that the

characteristic index (n) in the bulge test is greater or

1 Yo

)

cos r

less than 6 o'clock depending on whether (%%
o]

is less or greater than unity respectively. For the
curves plotted in Fig. (8.3), all the strain distribution
curves lie in the region 5<n<7 in accordance with Eq.

(8.4) and the Nvariation in the shell.

It has been shown in section (6.5.3) that in the
second and third modes of deformation, the bulge is
divided into two zones by an annular ring of perfect
spherical surface, prolate inside and oblate outside it.
Moreover, the bulge is always a perfect sphere at the
pole. Therefore, it may be concluded that the strain
distribution curves igrgriangular coordinate system must
intersect the n=61line (the line of balanced biaxial
stretching) twice and form a loop in the region of
prolateness (6<n<7). Obviously, at the final stage of
deformation, when the whole shell becomes prolate, the
entire strain distribution curve lies within the prolate

region of the diagram (6<n<7).
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It is seen in Fig. (8.3) that the strain paths in
the first and second mode of deformation are nearly
radial along the specimen towards the die edge,
indicating an almost constant strain ratio for any
particular element particle during successive deformatiocn.
In the third mode of deformation (not shown in Fig. 8.3),
every particle element is subjected to a different
strain ratio at a different stage of deformation because
the strain distribution curves shift to the left of the

diagram at this stage.

8.2 Strain-rates in the bulge test

The principal strain rates, just like principal
strains, have only two degrees of freedom as shown in
Eq. (3.28), so that the triangular coordinate system
may be used in the analysis of strain-rates. 1In order
to comply with the use of this coordinate system for
strains, the vertical axis denotes the through-thickness
strain-rate; and the left and right hand axes represent
the circumferential and meridional tangential strain-

rates respectively.

It was suggested in Chapter 3 that the strain-rates
in the bulge test can be obtained by measuring the rate
of change of r, 1 and 6. However, it is more
practicable to obtain the state of strain-rate simply by
differentiating each principal strain with respect to

time (T). This requires accurate measurements of time
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which can be done easily by the method described in
section (5.3.4). Fig. (8.4) shows the time-height
relationship at a constant pressure of 0.103 N/mn? .

As seen in this figure, in the first mode of deformation,
the bulge rate varies rapidly and there is an almost
instantaneous expansion followed by a comparatively
short period in which the bulge rate falls to an almost
constant value. In the third mode of deformation, the

bulge rate accelerates and finally leads to rupture.

Having obtained the time-height relationship in
the bulge test, it is possible to construct the strain-
time graph- for any two of the three principual strains
and differentiate them for the values of strain-rates.
Since the initial stage of the bulging process is of
short duration and the final stage leads quickly to
rupture which results in relatively high strain-rates,
therefore, the values of strain-rates cannot be shown
clearly intf%iangular coordinate system for the whole
process of bulging. However, the greatest interest lies
in the second mode of deformation in which the bulge
rate is almost constant. By using the above method, the
states of strain-rate and strain-rate paths are plotted

in Fig. (8.5) as dotted and solid lines respectively.

An alternative method may be used to represent the

state of strain rate (ét, € éS) as a point in the

e r
triangular coordinate system by differentiating the strain

path at the point (et. € as) also in the triangular

e r
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coordinate system. The direction of the radial lines
passing through the origin and (ét, ée, és} is also that

of the tangent at the point (e., € €s) on the strain

e r
path.

The vertical strain-rate path pointing downwards
in Fig. (8.5) represents a balanced biaxial stretch

(¢, negative). It is easily seen in this figure that

t
the strain-rate paths are nearly radial along the
specimen indicating an almost constant strain-rate ratio

for any particular elementary particle during successive

deformation.
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Fig. 8-1— Variations of circumferential strain in the

bulged specimen .
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Chapter 9

Stress-strain and stress-strain rate

Relationships in the Bulge Test

As described in Section (4.5), the stress, strain
and strain-rate relationships of the material during
deformation can be derived by superposing the three sets
of triangular coordinate for stress, strain and strain-
rate one into the other; and study the relationships in
vectorial form. Thus, in the bulge test of superplastic
material in which the deviatoric stress distribution
curves are spaced between 5 and 7 o'clock as shown in
Figs. (7.9) and (7.10), there are infinite numbers of such
relationships along the entire bulge profile which can be

expressed in vectorial form.

In the past papers on the bulge test of superplastic
material (56 - 61), (64), (66 - 69), flow stress is
assumed to be a unique function of strain-rate and any
strain dependence is neglected. As a starting point in this
chapter, let us investigate the validity of sucét;ssumption
by studying the stress-strain-rate relationship at the pole

of the bulge,which is subjected to balanced biaxial

stretching.

Since the pole of the bulge has zero prolateness (N = 1),
the effective stress is simply the meridional-tangential

stress defined as:

g = —F (9.1)
P 2tP
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where ‘E is the polar curvature, and is obtained by extra-
polation of the curves in Fig. (6.13). The effective strain-
rate is the through-thickness strain-rate defined as:

- t
. A, = 2n (=B ) (9.2)

€p £ t
o
The variation of stress against strain rates is
shown in Fig. (9.1) on the logarithmic scale for different
constant pressures. Some features of the flow stresses
and strain-rates are noticeable in this figure. As
deformation proceeds, the stress in the diaphragm
decreases, reaches a minimum and then increases rapidly.
Similarly, the strain-rate in each test decreases initially
and after reaching to a minimum value, increases sharply

until fracture occurs. The growth of the bulge is

indicated by arrows in Fig. (9.1).

As seen in Eg. (9.1), the variations of flow stress

p
depends only upon the variations of the term Ogl ), since
P

the pressure (P) is constant. At initial stages of
deformation, as the bulge expands, the polar radius of
curvature decreases rapidly and consequently (%2) decreases.
P
Further deformation causes a little change in the magnitude
of both polar curvature and polar thickness. At the final
stages of deformation, however, severe thinning of the
material together with a decrease of prolateness cause a

sudden increase of flow stress. Fig. (9.2) illustrates the
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p
variation of EE against polar height.
p

The experimental curves shown in Fig. (9.1l) have
different slopes, whereas the general shape of the curves
should be the same for any applied pressure. The cause

could be one or the combination of the following factors:

(i) inaccuracy of experimental measurements at high

strain-rate tests;
(ii) fluctuation of temperature during the test;

(iii) the flow stress is a function of both the strain and

the strain-rate.

However, it can be shown by further analysis of the results
in Fig. (9.1) that the last reason mentioned above is the
most likely one. In order to investigate this point
further, let us consider Specimen C in Fig. (9.1); and

the
study its behaviour inAtriangular coordinate system.

For each point on the specimen there are three vectors
for g, ¢ and &€ as in Fig. (9.3), where all the three
quantities (stress, strain and strain-rate) are expressed
non-dimensionally as fractions of the corresponding
quantities at the pole. It can readily be seen from this
figure that the vector for stress lies between the strain
and the strain-rate vector. The two components of the
stress vector {EE énd o.) are shown in the inset of Fig.

{9« 3)»
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The mechanical behaviour of this superplastic

material is described by Eq. (4.34), which is

o :
€ sSin o
—r VA
O sin B

where 2 represents the ratio of the solid to liquid
behaviour (Section 4.5). Fig. (9.4) illustrates the
variation of Z in the bulged specimen. As can be seen in
this figure, when 2 is zero, the material behaves like

a liquid, in that the deviatoric stresses are entirely
proportional to the strain-rates; when 2 is infinitely
large, the material behaves like an ordinary ductile
material insensitive to the strain-rate; and when 2 is
unity, the material behaves as much like a solid as like a
liquid, a pure mongrel, so to speak. As can be expected,
nowhere in the bulge does the material behave entirely like
a solid (2 less than infinity), but it behaves like a liquid
at some values of r, . Near the pole, the material is more
and more quasi-solid as r, increases. At the point where

N = 1, the strain and strain-rate vectors are collinear and
there it is empirically impossible to differentiate and
theoretically meaningless to talk about strain-proportional
and strain-rate-proportional stress components. Beyond

r, = 40 mm the material behaves most consistently, in fact
it is everywhere about twice as quasi-liquid as it is quasi-

solid (N nearly equals ¥%).
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It is now well worthwhile to return to Eg. (2.1)
where the behaviour of a superplastic material is expressed
as entirely strain-rate dependent. It has been shown in
this study that at least one superplastic material does not
behave like that at all. The superplastic material
investigated in this study not only exhibits a mixture of
quasi-solid and quasi-liquid behaviour, but the proportion
between these two types of behaviour changes according to
the stress ratio and the relative magnitudes of the strain
and the strain-rate. In defence of Eq. (2.1), however, it
should be added that it was originally based on the tension
test in which it was impossible to distinguish between the
strain-proportional and strain-rate proportional stresses.
As is shown in Figs. (9.3) and (9.4), in a biaxial stress
system involving curved strain paths, the stress system
consists of the above mentioned two components of stress,
hence the use of Eg. (2.1) is both unnecessary and mis-
leading. Indeed, the merit of the bulge test lies precisely
in averting the need to take the simplistic view of super-

plastic behaviour of materials represented by Eq. (2.1).
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Chapter 10

General Conclusions and Suggestion

for Further Work

10.1 Conclusions

It has been shown that the simple relationship
o= k&" usually used to describe the superplastic flow
iniuniaxial tension test to be inadeguate foribiaxial stress
system. The bulge test provides a suitable means of
loading a superplastic sheet specimen to study the
mechanical behaviour in biaxial tension. With the aid of

principul curvatures the state of stress, strain and strain-

rate can be accurately determined throughout the bulge test.

In this project the complex variations of the
principal curvatures are measured at every point in the
bulged specimen and the states of stress, strain and strain-
rate are plotted in the triangular coordinate system instead

of the usual Cartesian coordinate system.

In the past literature on the bulge test of super-
plastic materials, the surface is usually assumed to be
spherical (56), (59), (64 - 67). It is shown here that such
an assumption is far from being adequate in either
predictive or interpretative theories. That such an assump-
tion is inadequate is not only because the surface deviates
from a sphere, but also because the exact deviation is of

fundamental significance in the forming process. This
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deviation is now quantitatively defined and the complexity
of the geometry is revealed and measured. Another
assumption which has been oversimplifying the problem is
the constancy of the thickness of the whole sheet at any
stage of the forming operation (56), (66). However, it is
now shown that, non-uniformity in sheet thickness is an
important practical consideration and in industrial
applications may limit the acceptance of a particular

alloy in pressure forming processes.

A method is devised and applied to present results
of reporting the quasi-solid and quasi-liquid behaviour of
a superplastic material under biaxial stresses, by resolving
the state of stress into two components, the strain-
proportional and the strain-rate-proportional components.
The ratio between the magnitudes of these two components may
be said to represent the relative predominance of the quasi-
solid to the quasi-liquid behaviour of the material. It is
found that the ratio between the quasi-solid and the quasi-
liquid resistances to deformation by no means remains
constant; in other words, the same material exhibits a
different bias between its solid-like and liquid-like

nature according to circumstances.

The data presented can form the basis of more refined
predictive theories in the future, perhaps by step-by-step
solutions using computer programmes, and the theoretical
and experimental techniques can be used to solve specific
problems. Apart from these techniques and results, however,

1k,



the final conclusion can be drawn in this project that
the characteristic of axisymmetrical superplastic sheet
forming by pneumatic pressure is both complex and

delicate and cannot be fully observed except by careful

analysis of very accurate measurements.

10.2 Suggestion for further work

The analysis presented in this thesis is applicable
to co-axial deformations of superplastic materials. It may
be possible to obtain some significant results on the
behaviour of such materials under non-coaxial conditions.
The standard bulge test using a circular die can be
extended to elliptical dies and square dies with round
corners. The square die may be used to draw some
conclusions useful in practical forming processes. It
would be of great interest if the thickness distribution
of a non-circular diaphragm could be determined simply from

the geometry of the bﬁlge.

It is now clear that the behaviour of superplastic
materials is not entirely strain-rate dependent. Therefore,
further study of the parameters affecting superplastic flow
is required, and a new relationship should be developed. The
effect of grain size and temperature must be included in this

relationship.

The experimental work presented in this investigation

indicates clearly that the ratio between quasi-solid and
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guasi-liquid resistance to deformation is never
constant. Further work is, however, required to find the

parameters affecting this function.
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APPENDIX I

Specification of the work material

The test material used in this project was a zinc-
aluminium alloy basically of eutectoid composition of 77.5%
zinc - 22% Aluminium with 0.5% various additives to improve
its properties, such as strength and creep resistance.

The material was supplied by Imperial Smelting Corporation.

Thickness of the work material 1.27 mm, 1.91 mm and 2.54 mm

Physical Properties

Density (g/cm3) 5420

Specific heat (cal/g/%) 0.102

Thermal coefficient of expansion/°C 22.86 % 10°°
(20 - 100°C)

Electrical conductivity at 20°C 3 I.A.C.S. 34

Modulus of Elasticity (N:ﬁg) 42.76 x 103

Melting point i 473

Thermal conductivity (cal/cm%cm/sec/oc) ol Rl
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