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Biaxial Gas-Pressure Forming of a 
Superplastic AI2OJYTZP 

T.G. Nieh and & Wadsworth 

The superplastic deformation behavior of fine-grained, 20 wt % alumina/yttria-stabilized tetragonal zir- 
conia (20 wt% AI203/YTZP) under conditions of biaxial gas-pressure deformation is described. Sheet 
specimens were deformed into hemispherical caps at temperatures ranging from 1450 to 1600 ~ and at 
imposed gas pressures of 345 and 690 kPa. For the conditions examined, hemispherical caps were formed 
at times ranging from 103 to 2.1 x 104 s. The correlation between data obtained in uniaxial tensile testing 
and the behavior observed during the biaxiai deformation experiments of this study is discussed. 
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1. Introduction 

SINCE it was initially reported in 1986 (Ref 1), the science of 
ceramic superplasticity has rapidly advanced. A variety of ce- 
ramic materials has been shown to exhibit superplastic behav- 
ior; these include yttria-stabilized tetragonal zirconia poly- 
crystal (Ref 1-3), alumina (Ref 4), silicon nitride (Ref 4), hy- 
droxyapatite (Ref 5), and composites of alumina-zirconia (Ref 
6) and silicon nitride-silicon carbide (Ref 7). For the most part, 
reports of ceramic superplasticity to date have focused on ac- 
quiring a fundamental understanding of ceramic superplastic- 
ity through uniaxial tension or compression testing. These 
studies have yielded invaluable information on the deforma- 
tion behavior (e.g., strain rate sensitivity or stress exponent) 
and microstructural evolution (e.g., concurrent grain growth 
and cavitation behavior) of superplastic ceramics (Ref 8, 9). 
The knowledge of fundamental issues in ceramic superplastic- 
ity has now advanced to the stage that the technological appli- 
cation of superplastic deformation is beginning to receive 
increasing attention. Examples include successful extrusion of 
YTZP powders (Ref 10), closed-die deformation of YTZP (Ref 
11), punch forming of YTZP sheet (Ref 12), and most recently, 
biaxial gas-pressure deformation of 20 wt% AI203/YTZP (Ref 
13), monolithic YTZP (Ref 14), and Fe/Fe3C (Ref 15). These 
forming processes offer technological advantages of greater di- 
mensional control and increased variety and complexity of 
shapes than is possible with conventional ceramic shaping 
technology. This paper presents a description of the superplas- 
tic forming behavior of 20 wt% AI203/YTZP sheet under con- 
ditions of biaxial gas-pressure forming. 

2. Material and Procedure 

The material used in this study was a fine-grained YTZ con- 
taining 20 wt% Al20 3, (denoted AI203/YTZP, hereafter) ob- 
tained as 50-mm-diam, 1.5-mm-thick disks, from Nikkato 
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Corp., Japan, The microstructure exhibited an equiaxed YTZP 
grain size of 0.5 lxm with a random distribution of 0.5-1am-diam 
AI203 grains. Data regarding the superplastic flow properties 
(Ref 16), grain growth behavior (Ref 17), and cavitation char- 
acteristics (Ref 18) of this A1203/YTZP (under uniaxial tension 
conditions) system have previously been reported. Based on in- 
formation from these previous studies, a gas-pressure forming 
apparatus was constructed with the capability to operate at tem- 
peratures of <1700 ~ at gas forming pressures of < 2.5 MPa. 
These forming pressures were chosen so as to impart true strain 
rates over the range of approximately 10 -5 to 10 -3 s -1, within 
which AI203/YTZP exhibits the highest superplastic elonga- 
tion. A detailed description of this apparatus was presented 
elsewhere (Ref 14). 

All experiments were conducted isothermally under condi- 
tions of constant applied forming pressure. Following equili- 
bration at the temperature of interest, the desired forming 
pressure was applied, and the resultant deformation was moni- 
tored. Experiments were terminated when the deformation 
height corresponded to that of a hemisphere. The 50-mm-diam 
disks were clamped about their periphery resulting in an uncon- 
strained 38-mm-diam diaphragm. Thus, the height for defor- 
mation to a hemisphere was 19 mm. 

Following deformation, all hemispheres were measured to 
determine the degree of deformation. These measurements 
were employed to determine true strain and average strain rate 
for each experimental condition. Strain distribution can be 
studied by two techniques, i.e., by sectioning formed articles or 
by using a grid system. The former technique is employed in 
the following section to describe the progressive deformation 
of a hemisphere. Use of the grid system involves placing an or- 
thogonal grid system onto the undeformed diaphragm with the 
use of a diamond-tipped scribe and measuring the displacement 
of the grid subsequent to deformation. The grid technique pro- 
vides reliable data on the in-plane strains with the through- 
thickness strains derived from these measurements through 
conservation of volume considerations. 

3. Results and Discussion 

Six AI203/YTZP superplastically hemispheres deformed 
are shown in Fig. 1. The hemispheres were deformed at form- 
ing pressures of 345 and 690 kPa. For the range of forming 
pressures and temperatures examined in this study, 
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Fig. 1 AI203/YTZP hemispheres superplastically deformed at 
various conditions (50 psi = 340 kPa, 100 psi = 680 kPa) 

AI203/YTZP disks were deformed into hemispherical caps in 
times ranging from 103 to 2 x 104 s. As expected, higher tem- 
peratures and higher forming pressures result in faster defor- 
mation times. 

The superplastic forming behavior for A1203/YTZP sheet at 
various temperatures and pressures is summarized in the defor- 
mation-time plots of Fig. 2(a) and (b). The curves in Fig. 2 indi- 
cate that thereare essentially three distinct regions of  behavior 
as deformation progresses for all the test conditions examined. 
Initially, the height of  the deforming dome increases quite rap- 
idly. This stage is followed by a period of apparent steady-state 
deformation, which is characterized by a minimum deforming 
rate. Finally, as the height approaches that of  a hemisphere, the 
deformation rate increases again. 

The three-stage behavior in Fig. 2 appears to be similar to 
the creep curve of metal alloys deformed under a constant value 
of uniaxial stress, but its physical interpretation is quite differ- 
ent. This is because, although the applied pressure remained 
constant throughout the test, the resultant applied stress varies 
continuously during the course of  deformation. In fact, the 
pressure-stress relationship for a deforming spherical thin shell 
follows the equation: 

Fig. 2 Superplastic forming behavior of AI203/YTZP sheet at 
(a) 345 kPa and (b) 690 kPa gas pressures 

Pp 
- 2t (Eq 1) 

where ~ is the principal tangential stress acting in a shell having 
a wall of  thickness, t, and radius, P, and P is the applied gas 
pressure. For the experiments of  this study, P remains constant, 
but 9 and t (and therefore c)  vary during the course of the test. 
Qualitatively, Eq 1 predicts a high flow stress at the beginning 
of a test when the radius is very high and at the end of  a test as 
the thickness decreases. This results in a high forming rate at 
both low and high dome heights. As t and p are interdependent, 
the second stage of deformation occurs at a more-or-less con- 
stant rate because a decreasing radius is balanced by a decreas- 
ing shell thickness. Therefore, the three-stage behavior 
observed in Fig. 2 not only results from the creep of the mate- 
rial, but also from the nature of  biaxial forming. 

To provide a more quantitative description of the relation- 
ship between a ,  shell deformation, and strain rate, a mechani- 
cal analysis of the deformation process was performed. By 
assuming that the volume of the deforming shell remains con- 
stant and that the thickness of  the shell decreases uniformly 
during deformation, the flow stress acting in the shell may be 
determined through Eq 1. For the present experiments, the ra- 

Fig. 3 A hemispherical cap of height h and base radius r o may 
be considered to be a section of a sphere of radius p and in- 
cluded angle 2ix 

dius was deduced from the height of the deforming shell as 
measured and deduced from the contact linear variable differ- 
ential transformer (LVDT) sensor. The height of a deforming 
hemispherical cap may be related to its radius through a consid- 
eration of  the cap geometry, as schematically shown in Fig. 3. 

A hemispherical cap of apex height, h, and base radius of r o ,  

may be considered as a section of a sphere of radius p and in- 
cluded angle 2ct. The included half-angle ct may be determined 
by measuring the height h of the cap: 
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Fig. 6 A direct comparison between the strain rate-stress data 
obtained from the present biaxial forming experiments at 
1550 ~ and those from uniaxial tests 
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Fig. 5 Minimum strain rate versus nominal stress for biaxial 
gas-pressure forming of 20 wt% AI203/YTZP 

(;/h 
tan = - -  

r o 

The radius p may then be determined as: 

F o 

p - -  . 

s i n  

(Eq 2) 

(Eq 3) 

Knowledge of p and h together with the assumption that vol- 
ume is conserved enables a determination of the average shell 
thickness7: 

r 2 t o  
7 -  (Eq 4) 

2ph 

Equations 1 through 4 establish a relationship between the 
height of a deforming hemispherical shell and the flow stress 
acting in the shell walt. 

For the present testing conditions, the relationship between 
and dome apex height has been calculated and is shown 

in Fig. 4. For these calculations, the initial thickness, t, 
was 1.5 mm, and the base radius, r o ,  was 19 mm. Note in Fig. 4 

that for each forming pressure, there exists a region in which a 
nominal flow stress acts for a large portion of the test. This re- 
gion corresponds to the aforementioned steady-state deforma- 
tion region observed in the deformation-time plots (Fig. 2). The 
computed results presented in Fig. 4 show that the nominal 
flow stresses for the experiments of  this study were approxi- 
mately 3.75 and 7.5 MPa for applied gas pressures of 345 and 
690 kPa, respectively. Effective stresses are higher for a large 
radius (in the initial stages of forming) and diaphragm thinning 
(in the final stages of forming) regions. These calculations of 
variation in flow stress with increasing dome height agree with 
the general description of variation in deformation rate with in- 
creasing dome height, shown in Fig. 2. 

In addition to the computed flow stresses for each experi- 
ment, the deformation strain rates were also estimated. As 
noted in Fig. 2, the steady-state deformation region also corre- 
sponds to the minimum strain rate region. The determination of 
this steady-state strain rate as a function of the nominal stress, 
therefore, provides a first-order result of the biaxial forming 
properties. This is presented graphically as a log-log plot in 
Fig. 5. Assuming a conventional power-law relationship, the 
minimum strain rate, e, can be expressed as: 

= B �9 o n (Eq 5) 

where (~ is the nominal stress, n is the stress exponent, and B is 
a constant. Despite limited data, the n value is approximately 2 
to 3, which is in the range for superplastic ceramics. Specifi- 
cally, n is ~3 at 1500 ~ but decreases to -2  at 1550 ~ 

It is of  interest to compare the present results with those 
from uniaxial tests. Shown in Fig. 6 is a direct comparison be- 
tween the strain rate-stress data obtained from the present biax- 
ial forming experiments at 1550 ~ and those from uniaxial 
tests (Ref 16). It is particularly pointed out that the nominal 
stress, or stress for the biaxial tests used in Fig. 5, is in fact the 
tangential stress. For the case of biaxial forming and in the case 
of  a spherical dome, the stress, as used in Fig. 6, acting on the 
dome apex is the resultant stress of the tangential and circum- 
ferential stresses, which equals ~ of the stress value indicated 
in Fig. 5. Taking into account this resultant stress would shift 
the data in Fig. 6 for the biaxial tests downward, thus moving 
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Fig. 7 Cross section of a dome deformed at 1550 ~ 

them closer to the data for the uniaxial tests. However, the 
strain rate from the biaxial forming test is still approximately 3 
to 4 times faster than that from the uniaxial tests. A faster strain 
rate was also observed during the biaxial gas-pressure forming 
of YTZP (Ref 14). In fact, in the case of  YTZP, the strain rate 
from the biaxial forming test is also approximately 3 to 4 times 
faster than those from the uniaxial tests. 

Shown in Fig. 7 is the cross section of a dome deformed at 
1550 ~ As expected, the thickness of  the dome at each loca- 
tion varies. The thickness nonuniformity primarily arises from 
the variation in stress state from the clamped periphery of the 
diaphragm to its freely deforming center. At the center of the 
diaphragm is a stress state of equibiaxial tension (plane stress) 
described fully by Eq 1. At the clamped periphery of  the dia- 
phragm, however, is a state of plane strain. When the dia- 
phragm is deformed by an applied gas pressure, the state of 
stress varies between the apex and the periphery. As a result of 
this stress gradient, deformation occurs under a corresponding 
strain rate gradient. The degree of thickness variation is deter- 
mined by both the local stress and the strain rate sensitivity, m 
= l /n ,  of the deforming sheet. In the present case, thickness 
strain distributions of the deformed disk are shown in Fig. 8. 
The thickness of the periphery of  the diaphragm is 1.5 mm, and 
the thickness of the apex is only N1.0 mm. 

Cornfield and Johnson (Ref 19) developed a model to pre- 
dict the thickness distribution for biaxial bulge forming. The 
model was, however, derived under the condition of a constant 
m value, which is invalid for most superplastic ceramics. It has 
been reported that many superplastic ceramics, as a result of a 
fine grain size, undergo severe dynamic grain growth during 
superplastic deformation, which changes the m value (Ref 8, 9, 
20). Therefore, a kinematic equation that incorporates dynamic 
grain growth effects must be ultimately developed in order to 
predict precisely the strain distribution. 

4. Conclusions 

A fine-grained 20 wt% AlzO3/YTZP was successfully 
formed using a biaxial gas-pressure forming technique. Sheet 
specimens were deformed into hemispherical caps at tempera- 
tures ranging from 1450 to 1600 ~ and at imposed gas pres- 
sures of 345 and 690 kPa. For the forming conditions 
examined, hemispherical caps were formed at times ranging 
from 103 to 2.1 x 104 s. Mechanical analyses of  the deforma- 
tion process indicate that the stress exponent for deformation is 
approximately 2 to 3. The strain rate from the biaxial forming 

Fig. 8 Strain distributions for the disk deformed at 1550 ~ 
and 690 kPa pressure 

test is approximately 3 to 4 times faster than that from the 
uniaxial tests, which is similar to that observed during the biax- 
ial forming of  YTZP. The deformed domes exhibited a thick- 
ness variation from the dome apex to dome base. 
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