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The stress state during “simple’” superplastic bulge forming (without a back pressure) is
different from that when a back pressure is applied. In the former procedure, specimens or
components are deformed under a biaxial tensile stress state, while in the latter, the
deformation is achieved under the combination of a biaxial tensile stress and a uniaxial
compressive stress state. Both theoretical and experimental studies have shown that when
a back pressure is present, the deformation cannot be treated as simply governed by the
difference between the forming pressure and the back pressure. The analytical expressions
for the forming relationships and the influence of back pressure on experimental m-logé.
(where m is the strain-rate sensitivity and &, is the equivalent tensile strain rate for bulge
forming) relationships for Zn-22 wt % Al and Zn—4 wt % Al-1 wt % Cu are given. Results show
that with increasing back pressure, the m-log ¢, curve shifted towards higher strain rates,
but the maximum m values were not affected.

1. Introduction
Superplastic forming of metallic sheet materials is
attracting increasing interest in commercial practice,
particularly in the aerospace industry. However, most
superplastic materials cavitate during high-temper-
ature deformation, which deteriorates the post-form-
ing properties of the components. The most effective
way of controlling cavitation is to superimpose a hy-
drostatic pressure during deformation [1]. Uniaxial
tensile testing is usually involved in the fundamental
studies for the evaluation of superplastic deformation
properties, such as the relationship between strain rate
sensitivity, m, and strain rate, &, (m—logé curves).
Bulge forming of domes is usually adopted as the
early stages of many commercial superplastic forming
processes [2]. However, most work on the determina-
tion of the optimum procedure for bulge forming has
been based on the analyses of stress—strain rate rela-
tionships and the optimum procedure has been pre-
dicted from the strain rate corresponding to the max-
imum value of strain-rate sensitivity obtained from
uniaxial tension. Both theoretical and experimental
investigations [3-7] have shown that the m-logé
curve obtained by uniaxial tensile testing may not
accord with that obtained by biaxial tensile (bulge)
testing. The determination of m—logé curves under free
bulge-forming conditions (without a back pressure)
have been reported previously [8]. The stress state
during superplastic bulge forming without a back
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pressure is different from that when a back pressure is
applied. In the former procedure, specimens are de-
formed under a biaxial tensile stress state, in the latter,
the deformation is achieved under both biaxial tensile
and uniaxial compressive stress state. As the m value is
related to stress states and microstructure [9], the
m-logé curves for bulge forming will also be affected
by the application of a back pressure (or hydrostatic
pressure). In practice, it is more useful to determine the
m-logé relationship by biaxial tensile test rather than
by uniaxial tensile test. The present paper is concerned
with the analytical solutions for the forming relation-
ships and the determination of the experimental
m-logé, (where &, is the equivalent tensile strain rate
for bulge forming) curves. Materials used for experi-
mental investigations were Zn-22 wt % Al (Zn—22Al)
and Zn-4wt% Al-1wt% Cu(Zn—4Al-1Cu) cross-
rolled sheets.

2. Theory

2.1. Geometric relationships and basic
assumptions

A superplastically bulged dome under hydrostatic

pressure is illustrated in Fig. 1, in which r, is the die

radius, Py is the applied forming pressure, P, is

the back pressure and other symbols are as illus-

trated. For simplicity, the following assumptions were

made.
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Figure 1 Schematic illustration of a bulged dome.

1. The material is completely plastic and incom-
pressible.

2. When the dome height, H, is equal to the die
radius, r, the surface area of a dome is twice that of
the base, corresponding to an equivalent tensile strain
of 100 % [10], which is sufficient for most commercial
applications. For this reason, only H <, is con-
sidered. Consequently, the geometry of the median
plane of the formed dome is equivalent to part of
a sphere at any instant during deformation.

3. At the periphery, the diaphragm is rigidly clamped.

4. Anisotropy only exists in the thickness direction.

5. Py, » (P; — Py), the stress gradient along thick-
ness direction is neglected.

6. Cavitation or bending during deformation is ne-
glected.

Because different stress levels bring about non-uni-
form thickness along the dome profile, the dome is
divided into finite concentric rings, which were further
divided by a group of planes through the axis of the
dome, Fig. 2. The following relationships can be ob-
tained from Figs 1 and 2.

sin@ =&/ (1a)

cost = dg/d! (1b)

£ dy = oda (1c)

@ —&)?=0~(H-w (2a)
o= (& + H?)/2H (2b)

where 0 1s the subtend angle of any finite ring whose
radius changed from the original value, r, to the cur-
rent value, &, and thickness changed from original
value of S, to the current thickness, S, @ is the radius of
the dome and the rest are as illustrated in Figs 1 and 2.

2.2. Mechanical relationships

The three principle stresses at any point of the dome
will be the tangential stress, oy; the circumferential
stress, o, and the radial stress (or thickness stress), ..
From Figs 1 and 2, the following equations can be
obtained.

nE2(P; — Py) = 2nESc,sin O 3)
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Figure 2 Schematic illustration of a finite portion of a dome used
for mechanical analyses.

(Pr — Py) Esin{dy) gsin(df) = <G, + E;—Z‘d@) (& + dg)

do
S(d7)sin= + 6.ES(d) sin? + 25,05(d0) sin%
“4)

Substituting sin 6 = &/p in Equation 1 into Equation
3 gives

o, = Q(Pr — Pu)/2S ()

In Equation 4, using sin(dy) =~ dy, sin(d6)x do,
sin{(do/2) ~ do,/2, etc., and neglecting the high orders
of finite components, G, is obtained as

o, ~ 0o(P; — Py)/28 (6)

It is seen that through those approximations, G, is
about the same as o,. In fact, o, is equal to o, at the
apex and half of that value at the bottom. The radial
stress, o, i8 — Py,. Corresponding to the three prin-
ciple stresses, the three principle strains are defined as
tangential strain &, = In(di/dr), circumferential strain
g, = In(/r) and radial (or thickness) strain g, =
In(S/So).

According to the incremental theory [11], the
equivalent stress, G, and the equivalent strain rate, &,
can be expressed as

_J_ R 2 1 2
G = {H—R(Gt —6.)" + e R[(Gc — Gy

1/2
+ (o, — Gt)z]} (7

1 +R <_2 2R
t

1/2
S I G gk +é§> (8)



where R is the coefficient of anisotropy along the
thickness direction, & and &, are tangential and cir-
cumferential strain rates, respectively.

As the circumferential stress, 6., is approximated to
be the same as the tangential stress, o,, the corres-
ponding strains and strain rates will be also approxim-
ately the same, ie. g, = g, and &, = &,. Assuming that
the material is incompressible, the following equation
can be obtained

- ©)

Combining the definitions of the three principle
strains and Equation 9 gives

d e
dr -
SO 1/2
-(5) 1o
dr dl
P (11)

Substituting Equation 1 into Equation 11 and integ-
rating using boundary conditions of £ =r, when
r =1y, and using Equation 2 gives

£ W Hw  rd(d + H?)

> = =————"" (12
¥ +ZQ—H +r8 ré + H?r? (12)
Let h = H/rg and y = w/ry, Equation 12 gives
So1s hy (13)
.
h(rd —r?)
=50 (14)
re + hor

The thickness variation along the dome height can be
derived from Equations 14 and 11 as

S = So(1 + hy)~2 (15)

Similarly, the stresses, strain rates and strains in the
three principle directions can be expressed as the func-
tions of h and y

wro(Pf*"Pb)l“‘hz

— 2

o, = G, i, h (14 hy)* (16a)
o, = — P, (16b)

. 2y dh
Sc—St——1+ha (17a)

) 4y dh
= Ty ha (170}

€ =&

= In(1 + hy) (18a)
& = 1In(1 + hy)? (18b)

where dt is a very small time interval over which the
dimensionless dome height, h, increased to h + dh.
The equivalent stress and strain rate at the apex can be

obtained by substituting Equations 16 and 17 into
Equations 7 and 8, respectively, and also & = y at the
dome apex, gives

2 \'2ro(Pe — Py) (1 + B2
= 1
o <1 + R> [ 48, g T (199
2h dh
& y2__ =7 T
b= 20+ AP (19b)

2.3. Measurement of m

From the definition [6] of m = dlogo,/dlogé,., the
velocity of dome height V = dH/dr and Equation 19,
the m value during superplastic bulge forming under
the application of a back pressure is given by the
following equation

o Q10g[(Pr — Py)(r§ + H?)*/(4SorEH) + Py ]

2
dlogV — dlog(rg + H?) + dlogH 20)

For convenience during experimental measurements,
Equation 20 can be written in the differential form, Let
P = P; — Py, after a small time interval of d¢, the
pressure difference, P, dome apex velocity and dome
height changed from Py, V; and H, to P,,V, and H,.
For the constant back pressure condition, m can be
expressed as

. 108[(BP, + P)/(4P, + P,)]
log[V,H,(r5 + H) H,)/V,H, (r5 + H3)]

where 4 = (rg + H})*/(4Sor¢ Hy) and B = (r2 + H3)*/
(48,1 H,). When two specimens are used for the deter-
mination of m, each of the specimens can be bulged to
the same height, e.g. H,, then Equation 21 can be
simplified as

i ~ 108LAPs + Py)/(APy + Py)]
log(V»/V1)
Equation 22 is used for the measurement of m during

bulge forming by the pressure jump method using two
specimens.

(21)

(22)

H A

Figure 3 Schematic illustration of the pressure jump method used
to determine m during superplastic bulge forming.
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TABLE I The measurement of the m values for Zn—22Al under various back pressures during superplastic bulge forming of domes (dome

height H = 34.28 mm)

P, (MPa) P, (MPa) P, (MPa) Vy (mms™ 1) V, (mms™1) g (™" m

0 0.1 0.2 0.006 0.078 199 x 107% 0.27
0.2 0.3 0.078 0.209 2.59%x1073 041
0.3 04 0.209 0.340 6.93x1073 0.59
04 0.5 0.340 0.450 1.13x 1077 0.79
0.5 0.6 0.450 0.574 146 x 10772 0.74
0.6 0.7 0.574 0.835 1.86x1072 0.41
0.7 0.8 0.835 1.843 2.73x 1072 0.16

1.8 0.1 0.2 0.037 0.151 122x1073 0.34
0.2 0.3 0.151 0.309 501x1073 045
0.3 04 0.309 0.436 1.02x 1072 0.71
04 0.5 0.436 0.557 1.45x 1072 0.80
0.5 0.6 0.557 0.693 1.85x 1072 0.75
0.6 0.7 0.693 0.869 2.30x 1072 0.62
0.7 0.8 0.869 1.224 2.88x 1072 0.36

23 0.1 0.2 0.070 0.246 2.30x1073 0.35
0.2 0.3 0.246 0.466 8.17x1073 0.48
0.3 0.4 0.466 0.645 1.55x 1072 0.72
0.4 0.5 0.645 0.815 2.14x1072 0.81
0.5 0.6 0.815 1.010 2701072 0.74
0.6 0.7 1.010 1.275 3.35x 1072 0.59
0.7 0.8 1.275 1.752 423 %1072 0.38

3.0 0.1 0.2 0.159 0.456 528x1073 0.38
0.2 0.3 0.456 0.850 1.51x1072 0.46
0.3 0.4 0.850 1.120 2.82x1072 0.80
04 0.5 1.120 1.390 3.72%x1072 0.84
0.5 0.6 1.390 1.724 4.61 x1072 0.71
0.6 0.7 1.724 2.205 5.72x 1072 0.54
0.7 0.8 2.205 3.113 7.30%x 1072 0.34

TABLE II The measurement of the m values for Zn—4Al-1Cu under various back pressures during superplastic bulge forming of domes

(dome height H = 35 mm)

P,(MPa) Py (MPa) P, (MPa) Vi (mms™ 1) V, (mms™ 1) & (57 m

0 0.075 0.1 0.013 0.032 438 x 107+ 0.32
0.1 0.15 0.032 0.063 1.08x 1073 0.60
0.15 0.25 0.063 0.120 212%x1073 0.79
0.25 04 0.120 0.240 405%x 1073 0.68
04 0.6 0.240 0.530 8.09%x1073 0.51
0.6 0.8 0.530 1.120 1.78 x 1072 0.38

2.0 0.075 0.1 0.039 0.059 1.31x1073 0.44
0.1 0.15 0.059 0.089 2.00x1073 0.70
0.15 0.25 0.089 0.148 3.00x1073 0.79
0.25 04 0.148 0.280 499 %1073 0.63
04 0.6 0.280 0.560 9.44x1073 0.53
0.6 0.8 0.560 1.040 1.89 x 1072 043

3.0 0.075 0.1 0.076 0.105 2.56x1073 0.47
0.1 0.15 0.105 0.150 3.54%x1073 0.70
0.15 0.25 0.150 0.237 5.06x 1073 0.80
0.25 04 0.237 0417 7.99%x1073 0.67
0.4 0.6 0417 0.750 141 x 10772 0.60
0.6 0.8 0.750 1.260 2.53%1072 0.50

3. Experiment and discussion

The two-specimen, pressure jump method [12] was
used to study back-pressure influence on the relation-
ship between m and logé,. Cross-rolled superplastic
sheets of Zn-22Al and Zn—4Al-1Cu were used as test
materials. Specimens were 200 mm square plates of
1.5 mm thickness. The anisotropy along the thickness
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direction of the two materials was measured as
R = 0.58 for Zn—22Al and R = 0.61 for Zn—4Al-1Cu.
The die radius was 50 mm. Testing started after hold-
ing for 12 min at 523K for Zp-22Al and 593 K for
Zn-4Al-1Cu. In order to avoid the local stress
and temperature inhomogeneity caused by the
direct contact of a pin and a dome apex in the
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Figure 4 The effects of back pressure on the m-logé, curve for
Zn-22A1 during superplastic bulge forming. Back pressure: ([J)
0MPa, (O) 1.8 MPa, (A) 2.3 MPa, (V) 3.0 MPa.
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Figure 5 The effects of back pressure on the m-logé, curve for
Zn—4A] — ICu during superplastic bulge forming. Back pressure:
() 0.0 MPa, (O) 2.0 MPa, (A) 3.0 MPa.

conventional technique for measuring dome height,
the computerized, photoelectric measuring system for
bulge forming testing described elsewhere [8] has
been modified to include a back pressure system.

The dome height-time, (H-t), curves (Fig. 3) for
each specimen was recorded during testing. The tan-
gential of the curve at any point is the velocity of the
dome apex. From Equation 22, m values can be cal-
culated. The experimental data for the two materials
under various back pressures and forming pressures
are listed in Tables I and II.

The m-logé, curves for each material are plotted in
Figs 4 and 5. It is seen that with increasing back
pressure, the m-logé, curve moves to higher strain
rates, while the maximum m values remain essentially
the same. This suggests that a higher strain rate may
be used when a back pressure is applied during super-
plastic forming.

4. Conclusion

The application of a back pressure during superplastic
forming of domes changes the stress state from biaxial
tension to the combination of a biaxial tension and
a unaxial compression stress state. Both theoretical
analyses and experimental results showed that back
pressure has an influence on m. Experimental results
on Zn—-22Al and Zn—4Al-1Cu have shown that the
m-logé, curve shifted towards higher strain rates with
increasing back pressure, but the maximum m value
was not affected. This suggests that with the applica-
tion of a back pressure, the optimum forming strain
rate can be increased.
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