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Abstract

The microstructural evolution during superplastic creep of alumina–zirconia composites prepared from alumina powder–zirco-
nium alcoxide mixtures was studied, in order to determine the changes in the grain size and shapes. Zirconia reinforced alumina

composites with up to 20 wt.% ZrO2 content were deformed in compression creep tests at constant load in air at 1350 �C. The
microstructure was studied by means of SEM. The distribution of both phases, grain sizes and shapes were determined on sintered
and tested materials. Grain size distributions are narrow, with typical zirconia particle sizes several times finer than alumina ones,

resulting in intergranular small zirconia grains occupying most alumina triple points. Every composition was deformed in sta-
tionary creep to 100% true strain. Superplastic strains were achieved by the coupled dynamic movement of grains during grain
boundary sliding and simultaneous accommodation at triple points by zirconia particles. The shape and size changes in alumina

and zirconia grains revealed that transport of matter took place also by diffusion at the grain boundaries. Grain boundary diffusion
at alumina–zirconia interphases resulted in significant grain shapes in the zirconia particles, with zirconia grains exhibiting pro-
truding parts along the alumina grain boundaries aligned perpendicularly with the compression axis.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Superplasticity remains essentially a phenomen-
ological topic. This is partly due to the fact that ductility
is not an intrinsic property of the material but depends
of the time observation scale. During superplastic
deformation the strain rate and therefore the flow stress
are controlled by the diffusivity in grain boundaries.
Superplasticity in a fine grained Al2O3/20%ZrO2 com-
posite was first reported by Wakai et al.,1,2 at 1500 �C.
Their finding opened the search for higher ductility at
lower temperatures and increased strain rates. However
the effect of zirconia particles on ductility it is not yet
well understood, i.e. there are discrepancies in the lit-
erature about the relative sliding mobilities of the dif-
ferent interfaces in the composites. Recent studies in
composites with zirconia addition from 1000 ppm up to
20% have clarified the different role of zirconia as a
dopant and in the form of zirconia particles dispersed in
the composite.3�13 It is now widely accepted that segre-
gation of Zr4+ at grain boundaries takes place for very
low contents and results in lower grain boundary diffu-
sivity. Elevated ductility has been reported from differ-
ent authors in two-phase composites, while other
authors reported the inhibition of plastic deformation
and the increase of flow stress.
Considerations solely based on flow stress are sim-

plistic. Fine grain size is necessary to observe reduced
flow stress at a given strain rate and temperature and
therefore desirable to obtain high ductility at a a lower
temperature. It is also well stablished that even 0.1%
zirconia addition hinders the grain growth of alumina.10

The critical factor to obtain superplastic composites is
the microstructural homogeneity, namely both the spa-
tial distribution of zirconia particles and the grain size
distribution of both alumina and zirconia. It has then to
be stressed the importance of the used processing route.
The effect on creep of the processing method com-

paring the behaviour of Al2O3/5.5v%ZrO2 composites
processed by powder mixing and sol-gel was previously
studied.14 An homogeneous distribution of fine zirconia
particles and narrow grain size distributions resulted in
the extention toward higher stresses of the stress range
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at which stationary creep rates could be observed. The
maximun strains achievable by stationary creep with-
out creep damage also increased, without affecting
significantly the creep rates at low stresses. A small
addition of zirconia particles by colloidal methods
also increased the ductility in alumina and silicon
carbide whisker reinforced alumina composites.15 In
the present research alumina–zirconia composites were
obtained by powder alcoxide mixtures. Alumina grain
sizes were �1 mm and zirconia grains around 0.2 mm
were located at alumina triple points. The composites
were deformed to 100% true strains at 1350 �C and
the microstructures after creep were studied. The
microstructural evolution of the binary composites
during creep is presented.
2. Materials and experimental

The processing of polycrystalline alumina zirconia
composites was carried out mixing high purity
(99.995%) alumina powder and zirconium alc-
oxides.16,17 Nearly fully dense samples were obtained.
Densification took place by presureless sintering at
1600 �C. The composites were named after their zirco-
nia content: AxZ, with ‘x’ being the wt.% of zirconia.
Polished surfaces of as-received and deformed sam-
ples were observed by SEM. Some were thermally
etched in air at 1400 �C for 1 h to reveal grain
morphology. Key microstructural features, zirconia
distribution, grain size distribution of zirconia and
alumina and shape of grains, were studied by means
of an image analyzer, using between 200 and 600
grains for each measurement.
Mechanical tests were carried out on 2�2�4 mm3

samples under compression using a Instron commercial
apparatus. To avoid friction with the alumina pushing
rods, the samples were sandwiched between well aligned
and flat sapphire single crystals. All tests were per-
formed at 1350 �C in air at a constant load of 50 MPa
(initial engineering stress), until 100% strain and stop-
ped when strain reached that level. Fracture occurred
before 100% strain only in the monolithic alumina
material.
3. Results

3.1. Microstructure of as-sintered samples

Fig. 1 shows a polished and etched surfaces of A20Z.
Average alumina grain sizes ranged from 5.5 mm for A
to 1.3 mm for A20Z and were fairly homogeneous thor-
ough each composite. ZrO2 grains are homogeneously
distributed throughout the Al2O3 matrix with a typical
particle size, daverage [ZrO2], from 200 nm in A5Z to
more than 300 nm in A20Z, several times finer that the
alumina grain size. They were located at alumina triple
points. In the A5Z material more than one of every two
triple points were occupied by zirconia particles, in the
A10Z composite two of every three triple points were
filled with zirconia particles and in A15Z and A20Z
zirconia particles were present in nearly all triple points.
The zirconia particle sizes were very homogeneous, with
90% of the particles between 0.5 daverage[ZrO2] and 2
daverage[ZrO2] in each composite. The alumina grain
size distribution was also narrow, the maximum grain
sizes observed were less than two and about two times
the average grain size for zirconia and alumina,
respectively.
The addition of zirconia is very effective in hindering

the grain growth of alumina during sintering, even for
the lowest zirconia content. The addition of up to 20
wt.% ZrO2 prevents grain growth without allowing the
formation of zirconia agglomerates, which are very
deletereous for the mechanical stability of the compo-
site. The grain size distribution in the composites is
illustrated in Fig. 2, while the evolution of particle size
with zirconia content is shown in Fig. 3. A higher zir-
conia content is associated with the increase of zirconia
grain sizes and the decrease in alumina grain sizes.

3.2. Microstructure of samples deformed to E=100%

After 100% strain all samples appeared neat and
homogeneously deformed: all the faces remained paral-
lel to their initial orientations and no rounded edges, no
barrelling occurred. Small pores at triple points appear
in the same proportion than in as-sintered samples.
Fig. 4 shows a SEM micrograph after 100% strain. The
Fig. 1. SEM micrograph showing the polished cross-section of the

A20Z composite prepared from powder alcoxides mixtures. The alu-

mina grains (darker phase) have a grain size several times higher than

the zirconia grains (brighter phase). Zirconia grains are placed mainly

in the grain boundaries, although some intragranular zirconia can also

be observed.
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apparent changes in the preliminary SEM observations
of deformed samples were:

� A small change in grain size and a more rounded
shape of alumina grains.

� Zirconia grains in the triple points between
rounded alumina grains appeared squeezed.

Grain sizes and shapes in deformed samples were
subsequently studied by SEM and measured by means
of an image analyzer, in polished and etched cross-sec-
tions perpendicular and parallel to the compression
axis, in order to determine any anisotropy in the grain
size deformation, due to the uniaxial compressive stress.
Fig. 5 shows SEM micrographs of the polished cross-
section in both planes, relative to the compressive axis.
Fig. 5A shows the same features than the preliminary
observations, done only in the plane perpendicular to
Fig. 3. Evolution of the average grain size of alumina and zirconia in

the composites with increasing zirconia content (wt.%).
Fig. 2. Illustration of the relative particle size distribution of alumina

and zirconia in the composites. The smaller alumina grains have simi-

lar size than the bigger zirconia grains.
Fig. 4. SEM micrograph showing the polished cross-section of a

composite deformed a strain E=100%.
Fig. 5. SEM micrograph of deformed samples. (A) Cross-section in

the plane perpendicular to the compression axis (called ?). (B) Cross-

section in the plane parallel to the compression axis (called =), showing

the alignment of the grains along the axis perpendicular to the com-

pression axis, indicated by an arrow in the figure.
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the compression axis. Fig. 5B, in the plane parallel to
the compression axis, shows the alignment of the grains
along the axis perpendicular to the compression axis.
The evolution of the deformed grains reveals a change

from equiaxed to a more lenticular shape. Fig. 6 illustrates
the effect. The biggest and circular circular cross-section
of the grains tend to lie in the plane perpendicular to the
compression axis. The shape change, however, does not
necessarily implies an associated change in the volume
of the grains. The grain size evolution was investigated
from the grain size distribution obtained in cross-sec-
tions perpendicullar and parallel to the compression
axis in the deformed composites. Fig. 7 shows the evo-
lution of alumina grain size in both cross-sections,
compared to the intial grain size.
The particle size distributions of alumina and zirconia

for the as-sintered A20Z and cross sections perpendi-
cular and parallel to the compression axis in deformed
samples composite are shown in Fig. 7. The differences
in the apparent grain size in the different cross-sections
were clear before and after testing. The particle size
distributions indicate that the grain sizes become smal-
ler in the=plane and bigger in the bottom plane. The
average grain size after testing was defined as ddef=(d=
d?

2)1/3, where d= and d? represent the average grain
sizes measured in the parallel and perpendicular cross
sections. When compared with the as-sintered value,
ddef=das-received. We can conclude from the micro-
structure study that no change in grain size occurs. The
apparent grain growth observed in the plane perpendi-
cular to the compression axis corresponds to the change
of the shape of alumina equiaxed grains submitted to
uniaxial stress, as shown in Fig. 6 and not to grain growth.
The grains acquire a non equiaxed lenticular shape.
The changes in grain shape indicate that diffusional

processes are active during creep. Diffusional transport
of matter couples with grain boundary sliding to
account for the total strain during creep. The con-
tribution to the total strain due to diffusion within the
grain can be approximately determined from the
observed change in grain shapes after testing. A simple
calculation reveals that the observed variation in average
grain shape affects around 15% of the volume of the
grain.
Many zirconia grains appeared significantly

deformed after deformation (i.e. zirconia grains with
protrudring fingers elongating along alumina grain
boundaries were observed). This significantly higher
grain shapes than in alumina grains can be attributed
to a significanly higher diffusional activity accom-
modating grain boundary sliding taking place in the
zirconia grains, relative to alumina grains. The internal
features of alumina grains also indicated that diffu-
sional transport of matter took place mainly at the
grain boundaries, because the intragranular zirconia
grains always appeared rounded and completely unde-
formed, in contrast with the intergranular zirconia at
alumina grain boundaries.
4. Conclusions

Alumina/zirconia composites with a narrow distribu-
tion of alumina and zirconia grain sizes and an homo-
geneous microstructure of fine zirconia particles filling
Fig. 6. Illustration of the change in grain shape from equiaxed to

lenticular in the deformed samples. The shape change indicates the

activity of diffusional.
Fig. 7. Alumina grain size distribution in as-sintered and in deformed

samples (in the=plane and in the ? plane) showing the changes in

grain shape in deformed samples, dcue to difffusional creep in uniaxial

compression (Figs. 5 and 6).
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almost all alumina triple junctions, due to the suitable
zirconia/alumina grain size ratio, were obtained by
powder alcoxide mixtures. The described intergranular
zirconia microstructure is advantageous for achieving
superplastic deformation without significant creep
damage. The structural evolution after superplastic
creep was presented.
The microstructural evolution of the studied compo-

sites during superplastic creep indicates a grain-bound-
ary diffusion controlled deformation mechanism,
coupled with grain boundary sliding. The results indi-
cate that zirconia addition using advanced processing
can significantly increase the ductility of alumina-based
composites by controlling the relative grain size and
distribution of both phases.
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