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ABSTRACT

Superplastic behaviour is well established in fine-
grained zirconia ceramics at high temperatures (well above
0.5Tm, where Tm is the absolute melting point). In this
study, an attempt was made to develop a nanocrystalline 5
mol.% yttria partially stabilised zirconia ceramic (5Y-PSZ)
capable of exhibiting superplastic flow at relatively lower
temperatures. A physical vapour processing route was used
to synthesise the powders which was consolidated and
subjected to a pressureless sintering route. Dense specimens
with grain sizes in the nanometer range were subjected to
tensile as well as compressive tests in the temperature range
of 1283-1523K at different stress or strain rate levels in
order to determine the superplastic deformation behaviour.
The stress – strain – strain rate response of the material was
analysed by a model for grain boundary sliding controlled
superplastic flow. It was demonstrated that the strain rates
predicted by the model are in close agreement with the
experimentally observed ones.

Keywords: nanocrystalline ceramics, 5Y-PSZ, superplastic
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1 INTRODUCTION

Superplasticity is the ability of a polycrystalline
material to exhibit very large deformations prior to failure.
Wakai et al. [1,2] first established superplastic deformation
behaviour in zirconia ceramics by stabilising the tetragonal
or the cubic phase with a small quantity of yttria or other
oxides. Since then several workers [3-11] have reported
superplastic deformation in these ceramics at fairly high
temperatures. The typical temperature range where
superplastic behaviour has been observed lies well over
0.5Tm (where Tm is the absolute melting point) and requires
special heating arrangements during testing. However, only
recently results on the superplastic deformation in these
ceramics at lower temperatures have been reported [12-15].
This is of interest not only from a scientific standpoint, but
also from a practical and commercial point of view. In this
study, the superplastic deformation behaviour of a
nanocrystalline 5 mol. % yttria partially stabilised (5Y-
PSZ) zirconia was examined at relatively lower
temperatures.

2 EXPERIMENTAL

Nanocrystalline zirconia and yttria were separately
synthesised using an Inert Gas Condensation (IGC) process
[13, 15].  The crystallite sizes were determined from the
peak broadening of the X-Ray Diffractogram (XRD). A
crystallite size of 8 nm in case of zirconia and 14 nm for
yttria was computed using the Scherrer formula. Specific
surface areas determined for both ceramic powders by
nitrogen adsorption measurements using a 5 point BET
method [16] revealed particulate sizes of 8 and 15 nm
respectively for zirconia and yttria, thus demonstrating little
or no agglomeration in the powders.

The powders were then mixed in the correct proportion
of 5 mol.% yttria in zirconia in isopropanol, given a stirring
and ultrasonic agitation treatment to ensure uniform
dispersion and finally, the organic medium was evaporated
and the powder dried and collected. The dried powder was
then uniaxially compacted followed by a cold isostatic
compaction step. The sintering behaviour of the green
bodies was first investigated. A pressureless sintering route
was selected which essentially consisted of the following
steps: (a) heating at a fixed rate in an oxygen flux to an
intermediate temperature, (b) heating further under vacuum
to the target sintering temperature, (c) holding at the target
temperature for a predetermined amount of time with the
oxygen flux restarted about midway through this period,
and (d) cooling at a predetermined rate to room temperature
under an oxygen flux. Specimens were sintered at different
target temperatures and the resulting grain size (from line
broadening of the XRD peaks as well as SEM micrographs)
and the relative density (by Archimedes’ principle)
measured.

The green bodies for the tensile tests were prepared by
uniaxial pressing in a 40 mm die at a pressure of 200 MPa
followed by isostatic compaction at 400 MPa. The green
bodies for the compression tests were prepared by uniaxial
pressing in a 5.8 mm die at a pressure of 400 MPa and an
isostatic compaction step at 520 MPa. For all the
specimens, a sintering temperature of 1423 K with a hold
time of 120 mins was selected as this resulted in a optimal
combination of a relatively high density and a small grain
size, well below 100 nm.
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The tensile tests were carried out in the constant
crosshead speed mode at temperatures of 1283 and 1403 K
at initial strain rates in the range of 10-6 to 10-4 s-1 till
failure. Reference specimens were also placed alongside the
deforming specimens in order to monitor the static
behaviour at these temperatures. The compression tests
were carried out on a constant load type creep testing
machine at temperatures of 1363, 1463 and 1523 K at
different stress levels in the range of 12-90 MPa. The
compression tests were not carried out till failure as (a)
even after substantial time and deformation there was no
failure seen and (b) density, deformation etc.,
measurements are simpler to make on a non-damaged
specimen. From the tests, the strain – time data (obtained
through a data acquisition set-up) at a given temperature
and stress level were analysed for the deformation
behaviour. The final density (from Archimedes’ principle),
grain size (from XRD) etc., were measured for all the
specimens tested. To determine the strain rate sensitivity
and the temperature dependence under tensile conditions, a
stress jump test at a constant temperature of 1383 K and a
temperature jump test at a constant stress of 20 MPa
respectively, were carried out.

3 RESULTS AND DISCUSSION

The variation of the grain size and the relative density
as a function of the sintering temperature is depicted in
Figure 1. It is clear from the plot that a maximum relative

density of over 95% can be obtained in a specimen with a
grain size well below 100 nm by sintering at a temperature
of about 1400K. A sintering temperature of 1423 K for the
test specimens resulted in a density of about 98% with a
grain size of about 65 nm.  Analysis of the sinter trajectory
revealed that during the sintering process the rate
controlling mechanism for grain growth is pore drag
whereas the pore growth mechanism is rate controlled by a
pore coalescence process. Both processes require an
apparent activation energy of about 450 kJ mol-1. The
detailed analyses of grain growth and pore size distribution
during sintering are reported elsewhere [15].

The results of the tensile tests, i.e., the stress – strain
responses at different initial strain rates, in the case of a test
temperature of 1333 K are depicted in Figure 2.  From the

tensile tests carried out at 1403 K, a maximum elongation
of 70 % at an initial strain rate of 3.13x10-5 s-1 was obtained
clearly demonstrating that the ceramic is superplastic at this
temperature.  The results of the compression tests in the
case of a temperature of 1523 K at various initial stress
levels are shown in Figure 3.  From the compression tests a

true compressive strain of more than 1.4 was established at
1463 K and 50 MPa initial stress level (again indicating the
superplastic deformation capability of the ceramic).  From
the stress jump test an average strain rate sensitivity index
of 0.33 was calculated [15].  The data obtained from the
temperature jump test carried out at a constant stress level
of 20 MPa, shown in Figure 4, was analysed to give an
apparent activation energy, Qapp ( T1ln & , where &  is

the instantaneous strain rate and T is the absolute
temperature) of 530 kJmol-1.   The term apparent is used
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Fig. 1: Variation of the grain size and density with the sinter
temperature
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Fig. 2: Stress – strain curves at different initial strain rate
levels obtained from the tensile tests at 1283 K
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Fig. 3: Strain – time curves at different initial stress levels
obtained from the compression tests at 1523 K
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because the computed activation energy would change with
the stress level at which the experiment is carried out and
must be distinguished from the true activation energy for
the rate controlling process.

The mechanical deformation (stress - strain rate) data,
taken at a constant material condition, were analysed by a
model for grain/interface boundary sliding controlled flow
[17], which has recently been shown to be the most suited
in explaining superplastic deformation.  The constitutive
equation arising from this model is given as follows:

1exp1ln1C m

m

o
o1&

       (1)

where C1 is a material and temperature dependent constant,

o the threshold stress for plane interface formation,
=1/( 0.5) with  being the standard deviation and m the

mean stress of the internal stress distribution arising from

the sliding process, & and  being the strain rate and the
stress respectively (see ref. 17 for details).  The true
activation energy for the rate controlling sliding process can
be computed from the following equation:

RT

Q
expCC1

    (2)

where C is a material constant inversely proportional to the
grain size, Q is the true activation energy, R is the universal
gas constant and T the absolute temperature.

As eqn. (1) is transcendental in nature, a step-scan
regression procedure using a standard mathematical
analysis software was used to obtain the best fit values of
the constants, C1, o,  and m for a given temperature and
material condition.  From the values of C1 at different
temperatures, the activation energy for the rate controlling
process was computed [18].  Table 1 lists the activation

energy computed for constant true strain (material)
conditions with the thermal vibration frequency factor,  =
kT/h (when considered as in diffusion [19]) and  =
constant (1013s-1 when it is considered to be constant for a
solid [20]).  Using the constants C, o,  and m and the

activation energy term, the strain rates were predicted for
the different stress levels and compared with the
experimentally observed values.  The predicted strain rates
were found to be in reasonable agreement in most of the
cases.  Figure 5 shows a comparison between the
experimentally observed and predicted strain rates obtained
by the model at a true strain level of 0.25.

Using eqn. (1), the apparent activation energy
( )T1()(lnQapp

& ) at a constant true stress level, ,

could be predicted.  At a true stress level of 20 MPa, an
apparent activation energy of 543 kJ mol-1 was predicted,
which compares very well with the experimentally obtained
value.

4 CONCLUDING REMARKS

Mechanical deformation studies of a nearly fully dense,
nanocrystalline 5 mol. % yttria stabilised zirconia ceramic
at elevated temperatures demonstrated clearly that this
material is capable of exhibiting superplastic deformations
at relatively lower temperatures under tensile and
compressive stresses.  The stress – strain rate response was
analysed by a model for grain/interface boundary sliding
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Fig. 4: Strain – time response of 5Y-PSZ during the
temperature jump test carried out at a constant stress level

of 20 MPa

Activation Energy, kJ mol-1

True strain level
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0.20 476 488
0.25 479 491

Table 1: Computed values of the activation energy at
different material conditions for the 5Y-PSZ ceramic
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controlled superplastic flow.  The true activation energy for
the rate controlling process as well as the different
deformation parameters that govern the constitutive relation
were computed and it was shown that the strain rates
predicted by the model are in reasonable agreement with
the experimentally observed ones.  The apparent activation
energy at a constant stress level, predicted by the model,
compares well with the experimentally observed result.
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