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Abstract

The incorporation of equal amount of Ni and ZrO2 particles can significantly enhance the toughness of Al2O3. In the present
study, the oxidation resistance of Al2O3/ZrO2/Ni composites at 1200

�C for up to 400 h is evaluated. The presence of ZrO2 particles

accelerates the oxidation of Ni particles in the Al2O3 matrix. Furthermore, the oxidation rate constant of the composites increases
significantly when the ZrO2 addition is higher than 10 vol.%, the threshold at which that ZrO2 inclusions form continuous net-
works. The effect of the polymorphic form of ZrO2 on the oxidation resistance is also evaluated. The oxidation resistance of Al2O3/
m-ZrO2/Ni composites is slightly better than that of Al2O3/t-ZrO2/Ni composites.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The applications of monolithic ceramics are fre-
quently limited by their brittleness. To improve the
toughness of ceramics, toughening agents, either cera-
mic or metallic particles, are incorporated into ceramic
matrices to interact with the propagating crack. The
metals are relatively ductile in nature; they can deform
plastically during the opening of crack surfaces and
consequently enhance the toughness. Among the metals
investigated, nickel has attracted the most attention.
The Ni-toughened Al2O3 can be prepared by pressure-
less sintering; furthermore, their strength and toughness
can reach two to three times that of alumina alone.1�3

However, the natural oxidation resistance of alumina is
degraded due to the addition of Ni particles. A recent
study on the oxidation of Ni-toughened Al2O3 demon-
strated that a dense nickel aluminate spinel, NiAl2O4, is
formed on the surface after oxidation at elevated tem-
perature.4 The oxidation process of the Ni-toughened
Al2O3 involves diffusion. Due to the slow diffusion of
oxygen through the alumina and spinel; the Ni inclusions
are well protected by the surrounding matrix.
The toughness of Ni-toughened Al2O3 can be further
enhanced by adding t-ZrO2 inclusions.5 The plastic
deformation of Ni and the phase transformation of
t-ZrO2 can all take place during the fracturing of Al2O3/
ZrO2/Ni composites. Furthermore, two toughening
mechanisms can interact with each other to bring in
extra toughness enhancement, especially when the
amount of Ni and ZrO2 is close to each other.

6

Zirconia is a good oxygen conductor, the presence of
ZrO2 inclusions may accelerate the oxidation of Ni
particles in the Al2O3 matrix. In order to determine the
thermal stability of the Al2O3/ZrO2/Ni composites, the
oxidation behavior of the composites is investigated in
the present study. Furthermore, ZrO2 has three crystal-
lographic forms, monoclinic (m), tetragonal (t) and
cubic for ZrO2. Adding either m-ZrO2 or t-ZrO2 phase
can enhance the toughness of ceramics;7,8 the effect of
crystallographic phases of ZrO2 on the oxidation behavior
is thus also investigated in the present study.
2. Experimental procedures

In the present study, Al2O3/t-ZrO2/Ni and Al2O3/
m-ZrO2/Ni composites were prepared by using a con-
ventional powder mixing and pressureless sintering
technique. The Al2O3/Ni composites were also prepared
with the same technique for comparison purpose.
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An alumina powder (TM-DAR, specific surface
area=13.8 m2/g, Taimei Chem. Co. Ltd., Japan) was
ball-milled together with various amounts of zirconia
powder (t-ZrO2, ZrO2+3 mol% Y2O3, specific surface
area=14 m2/g or m-ZrO2, ZrO2+0 mol% Y2O3, spe-
cific surface area=24 m2/g, Hanwha Ceramics Co.,
Australia) and nickel oxide (NiO, mean particle
size=16 mm, Johnson Matthey Co., USA) powder in
ethyl alcohol for 24 h. The grinding media used were
zirconia balls. The slurry of the powder mixture was
dried with a rotary evaporator. The dried lumps were
crushed and passed through a plastic sieve. Powder
compacts of 7�6�50 mm were formed by pressing uni-
axially at 44 MPa. The sintering was carried out in a
box furnace at 1600 �C for 1 h in air. Both the heating
rate and cooling rate were 5 �C/min. The green com-
pacts were placed within a covered graphite crucible. A
reducing atmosphere, carbon monoxide, was generated
during sintering. The nickel oxide particles were reduced
to result in nickel inclusions during sintering. The com-
positions investigated in the present study are shown in
Table 1. The final density of the specimens was deter-
mined by the Archimedes method. The solubility
between the materials used in the present study was low;
the relative density of the sintered composites was esti-
mated by using the theoretical density of 3980 kg/m3 for
Al2O3, 6100 kg/m

3 for t-ZrO2, 5830 kg/m
3 for m-ZrO2

and 8900 kg/m3 for Ni. The polished specimens were
thermally etched at 1500 �C for 0.5 h to reveal the grain
boundaries of matrix grains.
Microstructural characterization was performed by

scanning electron microscopy (SEM). The atomic dis-
tribution within the oxidized specimens was character-
ized using electron dispersive X-ray spectroscopy
(EDX). The interconnectivity of nickel particles within
the Al2O3 matrix was determined by measuring the
electrical resistance. The volume fraction of Ni after
sintering was determined from the area fraction of
nickel in SEM micrographs. To ensure the accuracy of
the measurement, more than five SEM micrographs for
each composition were used. The size of Al2O3 grains,
ZrO2 and Ni inclusions was determined by using the line
intercept technique. More than 300 Al2O3 grains, 200
ZrO2 and 200 Ni inclusions were counted.
The sintered specimens were machined longitudinally

with a 325 grit resin-bonded diamond wheel at a depth
of 5 mm/pass. The final dimensions of the specimens
were 3�4�>36 mm. The fracture toughness was deter-
mined by the single-edge-notched-beam (SENB) tech-
nique at ambient conditions. The rate of loading was 0.5
mm/min. The notch was generated by cutting with a
diamond saw. The width of the notch was approxi-
mately 0.3 mm. No annealing treatment was applied to
the notched specimen before the toughness measure-
ment. Five to eight specimens were used to determine
the toughness for each composition.
The specimens for oxidation test were prepared by

cutting the SENB bars into small rectangular specimens
of 3�4�10 mm. The specimens were submerged in an
ultrasonic bath of acetone for 5 min, and then dried in
an oven at 120 �C for 3 h. The dried specimens were
cooled slowly in a vacuum chamber (10�2 torr) to room
temperature prior to weight measurement. The oxida-
tion was carried out in a box furnace at 1200 �C for up
to 400 h. The heating rate of the oxidation test was
10 �C/min. After the specimen was oxidized for a cer-
tain time, the specimen was cooled down to a tempera-
ture of around 200 �C at a rate of 10 �C/min, then
drawn from the furnace and placed into a vacuum
chamber until it reached room temperature. Each
Table 1

The nickel content after sintering, relative density, size of matrix grains and inclusions for Al2O3/Ni, Al2O3/t-ZrO2/Ni and Al2O3/m-ZrO2/Ni

composites
Added inclusion content/vol.%
 Nickel content

after sintering/vol.%
Relative

density/%
Al2O3 matrix

grains/mm

Ni inclusions/mm
 ZrO2

inclusions/mm
Al2O3
 0
 98.2
 10.9
 –
 –
5 vol.% Ni
 4.7
 99.6
 6.6
 2.4
 –
7.5 vol.% Ni
 6.7
 98.7
 4.6
 2.6
 –
10 vol.% Ni
 8.7
 99.1
 4.4
 2.9
 –
12.5 vol.%Ni
 10.8
 97.6
 4.3
 3.7
 –
15 vol.% Ni
 12.9
 98.1
 3.8
 4.9
 –
5 vol.% t-ZrO2+5 vol.% Ni
 4.7
 99.7
 1.9
 2.3
 0.35
7.5 vol.% t-ZrO2+7.5 vol.% Ni
 6.7
 99.2
 1.8
 2.8
 0.29
10 vol.% t-ZrO2+10 vol.% Ni
 8.8
 98.6
 1.6
 3.6
 0.32
12.5 vol.% t-ZrO2+12.5 vol.% Ni
 11.3
 98.8
 1.5
 4.3
 0.33
2.5 vol.% m-ZrO2+2.5 vol.% Ni
 2.4
 99.0
 3.0
 5.6
 0.44
5 vol.% m-ZrO2+5 vol.% Ni
 4.5
 98.7
 2.5
 7.1
 0.45
7.5 vol.% m-ZrO2+7.5 vol.% Ni
 6.9
 99.1
 1.9
 6.3
 0.48
10 vol.% m-ZrO2+10 vol.% Ni
 7.9
 98.5
 1.8
 5.5
 0.59
12.5 vol.% m-ZrO2+12.5 vol.% Ni
 10.8
 97.8
 1.9
 7.1
 0.65
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specimen was oxidized only once to avoid any thermal
shock effect. The extent of oxidation, weight gain here-
after, was expressed by the weight change per unit area.
Phase identification was performed by X-ray dif-

fractometry (XRD) with CuKa radiation. To observe
the cross-sections, the specimen was first mounted
within a resin, then ground with diamond paste to 3 mm
and polished with silica suspension to 0.05 mm. Care
was taken to avoid tensile stress applied on the oxidized
surface during grinding and polishing.
3. Results and discussion

3.1. Toughness of the Al2O3/ZrO2/Ni composites

Fig. 1 shows a typical micrograph of an Al2O3/ZrO2/
Ni composite. Both ZrO2 and Ni inclusions distributed
uniformly within the Al2O3 matrix. The large Ni parti-
cles seems to isolate from each other within the matrix;
it has also been confirmed by their high electrical resis-
tivity. Table 1 shows the density and microstructural
features of the composites. The data for the Al2O3/Ni
composites are also shown for comparison. The density
of the composites is higher than 97.5%, indicating that
dense Al2O3/ZrO2/Ni composites can be prepared by
pressureless sintering at 1600 �C for 1 h. The presence of
both ZrO2 and Ni inclusions prohibits the coarsening of
Al2O3 matrix during sintering; the microstructure of
Al2O3 is thus refined. The Ni inclusions increase in their
size with the increase of Ni content; nonetheless, the size
of ZrO2 particles remains almost the same.
Fig. 2 shows the toughness of the Al2O3/ZrO2/Ni

composites as a function of total inclusion content. The
values for the Al2O3/Ni composites are also shown in
the figure. The toughness of all the composites is higher
than that of Al2O3 alone. Furthermore, the toughness of
the Al2O3/t-ZrO2/Ni composites is higher than that of
Al2O3/m-ZrO2/Ni and Al2O3/Ni composites. The active
toughening mechanisms involved in the fracturing of
the Al2O3/t-ZrO2/Ni composites are transformation
toughening and plastic deformation.5 These two
mechanisms can interact with each other to bring in
extra toughness enhancement.6 The toughness of the
Al2O3/m-ZrO2/Ni composites is higher than that of
Al2O3/Ni composite only when the total inclusion con-
tent is low. It may indicate that the toughening
mechanisms involved, microcracking and plastic defor-
mation, in the Al2O3/m-ZrO2/Ni composites affect each
other in a negative manner. Detailed analysis can be
found elsewhere.9

3.2. Oxidation of Al2O3/Ni composites

Fig. 3 shows the XRD pattern of a sintered Al2O3/Ni
composite, nickel oxide is fully reduced into nickel after
sintering. The electrical resistivity of the composites is
higher than 1010 �-cm, indicating that the Ni inclusions
are isolated from each other. The XRD patterns of the
oxidized composites are also shown in the figure. Both
NiO and NiAl2O4 are formed on the surface after being
Fig. 1. SEM micrograph of an Al2O3/10%m-ZrO2/10%Ni composite.

The large bright particles are Ni and small bright ones ZrO2.
Fig. 2. Fracture toughness of Al2O3/Ni, Al2O3/t-ZrO2/Ni and Al2O3/

m-ZrO2/Ni composites as function of total inclusion content.
Fig. 3. XRD patterns of the as-sintered and oxidized Al2O3/12.5%Ni

composites (A=Al2O3, N=Ni, O=NiO, S=NiAl2O4).
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heated to 1200 �C (without dwell). NiO disappeared
from the surface after oxidation for 10 h; nonetheless,
the amount of NiAl2O4 increases with increase in oxi-
dation time. The phase analysis suggests that the fol-
lowing reactions took place during oxidation. The
nickel inclusions first react with oxygen gas to form
nickel oxide, as

2Ni sð Þ þO2 gð Þ ¼ 2NiO sð Þ: ð1Þ

Then, NiO is consumed with Al2O3 to form NiAl2O4,
as

NiO sð Þ þAl2O3 sð Þ ¼ NiAl2O4 sð Þ: ð2Þ

Fig. 4 shows the square of weight gain as a function
of oxidation time at 1200 �C. The square of weight gain
exhibits linear relationships with oxidation time in the
figure. Such linear relationship has also been reported in
a previous study on the oxidation of Ni-toughened
Al2O3,

4 it suggests that the oxidation involves diffusion.
The oxidation rate constant can be calculated from the
slopes of the straight lines shown in Fig. 4. Fig. 5 shows
the oxidation rate constant as a function of nickel con-
tent. The oxidation rate constant increases with the
increase of Ni content; for example, the rate constant
increases from 7.9�10�12 to 3.5�10�10 mg2/(mm4 s) as
Ni content increases from 4.7 to 12.9 vol.%.
Fig. 6 shows the microstructure of the cross-section of
an oxidized composite. In the micrograph, the dark
phase is alumina, the gray one is spinel and the bright
one is nickel. The oxidation of nickel inclusions can be
found only in the surface region with a thickness of
around 80 mm. The formation of NiAl2O4 from Ni and
Al2O3 involves a volume expansion of 11%. Therefore,
NiAl2O4 spinel occupies most of the surface region.
Furthermore, the nickel ions can diffuse out from the
internal Ni inclusion to the external surface,4 a dense
surface layer comprising only NiAl2O4 spinel is formed
after oxidation. Since oxygen ions have to travel
through the alumina and spinel before reaching Ni, the
oxidation is therefore controlled by the diffusion of
oxygen through the alumina and NiAl2O4 spinel, as
suggested by Wang et al.4

3.3. Oxidation of Al2O3/t-ZrO2/Ni composites

Fig. 7 shows the XRD patterns of sintered Al2O3/t-
ZrO2/Ni composites. Apart from a-Al2O3 and cubic-Ni,
ZrO2 is mainly in its tetragonal form. The electrical
resistivity of the composites is higher than 1011 �-cm,
indicating that the Ni inclusions are also isolated from
each other within the Al2O3/t-ZrO2 matrix. Unlike the
Al2O3/Ni composites, the size of Ni inclusions in the
Al2O3/t-ZrO2/Ni composites is larger than that of the
Al2O3 matrix. It may be because the fine ZrO2 particles
act as a buffer layer for the milling of nickel oxide par-
ticles;10 thus decreasing the milling efficiency on nickel
oxide particles.
Both NiO and NiAl2O4 are present on the surface of

oxidized composite when the oxidation time is zero
(Fig. 7). The amount of NiAl2O4 increases with
increasing oxidation time, while the amount of NiO
shows the reverse trend. However, NiO remains on the
surface region till 400 h at 1200 �C. ZrO2 maintains its
Fig. 4. Square of weight gain for Al2O3/Ni composites as function of

oxidation time at 1200 �C.
Fig. 5. Oxidation rate constant as function of total inclusion content.

The oxidation temperature was 1200 �C.
Fig. 6. SEM micrograph of an oxidized Al2O3/12.5%Ni composite.

The oxidation is carried out at 1200 �C for 400 h. The dark phase is

Al2O3, gray phase NiAl2O4 and bright phase Ni.
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t-phase throughout the oxidation process, indicating that
ZrO2 is inert with respect to the oxidation reactions.
Fig. 8 shows the square of weight gain as a function

of oxidation time. Similar to the oxidation of Al2O3/Ni
composites, linear relationships are also exhibited
between the square of weight gain and oxidation time. It
suggests that the oxidation of Al2O3/t-ZrO2/Ni compo-
sites involves diffusion. Fig. 5 shows the oxidation rate
constant of the composites as a function of total inclu-
sion content. The rate constant jumps when the total
inclusion content is higher than 14.2 vol.%, with the Ni
content being 6.7 vol.% and the t-ZrO2 content 7.5
vol.% (Table 1). As demonstrated by the microstructure
observation and electrical resistance measurement, the
Ni inclusions are isolated particles within the Al2O3/t-
ZrO2 matrix. The oxidation rate constant increases
from 3.3�10�10 to 4.7�10�9 mg2/(mm4 s), namely 1
order of magnitude, when the Ni content increases from
6.7 to 8.8 vol.%, ZrO2 content from 7.5 to 10%, How-
ever, for the Al2O3/Ni composites, the oxidation rate
constant increases from 3.1�10�11 to 9.1�10�11 mg2/
(mm4 s) when the Ni content increases from 6.7 to 8.7
vol.%. It indicates that the significant increase of the
oxidation rate for the Al2O3/t-ZrO2/Ni composite from
the total inclusion content of 14.2 vol.% is mainly con-
tributed from the increase in ZrO2 content. Since zirco-
nia is a good oxygen conductor, it thus implies that
ZrO2 inclusions form a continuous network when the
ZrO2 content is higher than 10 vol.%. For the system of
two components with equal size, the percolation
threshold is 16 vol.%.11 However, the percolation
threshold decreases with increasing size ratio between
the two components.11 The size of ZrO2 inclusions after
sintering is in the range of 0.3–0.7 mm (Table 1), which
is smaller than that of Al2O3 and Ni, 10 vol.% of t-ZrO2
inclusions can thus reach the percolation threshold
within the Al2O3/Ni matrix.
Fig. 9(a) shows the microstructure of the cross-section

of an oxidized Al2O3/t-ZrO2/Ni composite. The thick-
ness of the oxidation zone is around 1000 mm after oxi-
dation at 1200 �C for 400 h. There is no dense NiAl2O4
surface layer observed. An enlarged micrograph of the
oxidized region is shown in Fig. 9(b). The large bright
particles are Ni and the small bright ones are ZrO2.
Fig. 8. Square of weight gain of Al2O3/t-ZrO2/Ni composites as func-

tion of oxidation time at 1200 �C.
Fig. 9. (a) SEM micrograph of an Al2O3/12.5%t-ZrO2/12.5%Ni

composite after oxidation at 1200 �C for 400 h. The dark phase in (b)

is Al2O3, gray phase NiAl2O4, large bright particles Ni and small

bright particles ZrO2.
Fig. 7. XRD patterns of the as-sintered and oxidized Al2O3/12.5%t-

ZrO2/12.5%Ni composites (t=t-ZrO2).
T.C. Wang et al. / Journal of the European Ceramic Society 24 (2004) 833–840 837



NiAl2O4 (the gray phase) is found to surround each Ni
inclusion in the oxidation region. From the micro-
structural observation, the oxygen ions can travel a dis-
tance of 1000 mm into the composite to react with Ni
forming NiAl2O4. However, residual Ni remains in the
oxidation zone. The crystal structure of NiAl2O4 is very
similar to that of Al2O3 in terms of oxygen packing.

12

Thus, the diffusion of oxygen in the NiAl2O4 lattice may
be as slow as that in the Al2O3 lattice. Therefore, the Ni
inclusions are well protected once dense NiAl2O4 interface
is formed.

3.4. Oxidation of Al2O3/m-ZrO2/Ni composites

Fig. 10 shows the XRD pattern of the as-sintered
Al2O3/m-ZrO2/Ni composite. Apart from Al2O3 and Ni,
both t- and m-ZrO2 are detected. The zirconia inclu-
sions are constrained within the Al2O3/Ni matrix, the
transformation of some zirconia inclusions from t to m
may thus be suppressed during cooling from sintering
temperature. The electrical resistivity measurement
indicates that the Ni inclusions are isolated from each
other in the composites.
Similar to that of Al2O3/t-ZrO2/Ni composites, the

size of Ni inclusions in the Al2O3/m-ZrO2/Ni compo-
sites is larger than that of the Al2O3 matrix grains. The
size of m-ZrO2 powder is smaller than that of t-ZrO2
powder as demonstrated by the value of specific surface
area. Fine m-ZrO2 powder acts as an effective buffer
layer for the milling of nickel oxide particles;10 the
resulting size of Ni inclusions after sintering is therefore
large. The fine ZrO2 particles can also combine with
each other to form larger ZrO2 inclusions after sintering
(Table 1).
NiO and NiAl2O4 first appeared on the surface of the

oxidized specimen when the specimen was heated to
1200 �C without dwell. Ni disappears from the surface
at the beginning of oxidation, while NiO remains
throughout the oxidation treatment. The intensity of
NiAl2O4 increases with increasing oxidation time. Zir-
conia remains, in terms of phase and amount, almost
the same throughout the oxidation, indicating that zir-
conia is inert chemically to all the oxidation products,
such as NiO and NiAl2O4.
Fig. 11 shows the square of weight gain of the Al2O3/

m-ZrO2/Ni composites as a function of oxidation time.
The parabolic relationship between weight gain and
time indicates that the oxidation of the Al2O3/m-ZrO2/
Ni composites at 1200 �C may also involves diffusion.
As shown in Fig. 5, the oxidation rate constant also
jumps when the total inclusion content is higher than
14.4 vol.% (Ni=6.9 vol.%, m-ZrO2=7.5 vol.%), indi-
cating that 10 vol.% fine m-ZrO2 inclusions form inter-
connected network for oxygen transportation.
Fig. 12 shows the cross-section of an oxidized Al2O3/

m-ZrO2/Ni composite. The large bright particles are Ni
and the small bright ones are ZrO2. The thickness of the
oxidation zone is around 450 mm, as shown in Fig. 12(a).
No dense NiAl2O4 surface layer is observed; NiAl2O4
(the gray phase) is located at the Al2O3/Ni interface
instead, as seen in Fig. 12(b).

3.5. Comparison

The oxidation rate constants of the Al2O3/t-ZrO2/Ni
and Al2O3/m-ZrO2/Ni composites are low when the
ZrO2 content is lower than 10 vol.% (Fig. 5). However,
the oxidation kinetics speed up when the ZrO2 content
is higher than 10 vol.%. The thickness of the oxidation
zone for the Al2O3/12.5%Ni, Al2O3/12.5%t-ZrO2/
12.5%Ni and Al2O3/12.5%m-ZrO2/12.5%Ni compo-
sites is 80, 1000 and 450 mm after oxidation at 1200 �C
for 400 h, respectively. The diffusivity of oxygen in zir-
conia is about 10�6–10�8 cm2/s and in alumina about
10�16–10�20 cm2/s at the oxidation temperature,13 the
interconnection of ZrO2 particles thus provides a fast
path for oxygen transportation.
Fig. 10. XRD patterns of the as-sintered and oxidized Al2O3/

12.5%m-ZrO2/12.5%Ni composite (m=m-ZrO2).
Fig. 11. Square of weight gain of Al2O3/m-ZrO2/Ni composites as

function of oxidation time at 1200 �C.
838 T.C. Wang et al. / Journal of the European Ceramic Society 24 (2004) 833–840



The microstructure of the oxidized region also
depends on the amount of zirconia. There are two oxi-
dation modes in terms of the microstructural features of
oxidized composites.14 The mode I microstructure fea-
tures a thin and dense oxidation surface layer, as
demonstrated in Fig. 6; while the mode II micro-
structure shows a thick oxidation zone without a dense
surface layer, as demonstrated in Figs. 9(a) and 12(a).
The different mode is mainly affected by the diffusion
rate in the matrix. A fast matrix diffusion rate results in
mode II microstructure, while a slow one yields mode I
microstructure. In the present study, the microstructural
feature of the oxidized composites is manipulated by
increasing the ZrO2 content. In other words, the mode I
oxidation behavior is swapped to mode II by adding
more than 10 vol.% ZrO2. It demonstrates that the ZrO2
content has a significant impact on oxidation behavior.
The toughness enhancement by adding ZrO2 into

Al2O3/Ni composites is traded off by the decrease in
oxidation resistance. Though the toughness of Al2O3/Ni
matrix can be enhanced to a value as high as 10 MPa
m0.5 by adding higher amount of t-ZrO2, the amount of
t-ZrO2 has to be lower than 10 vol.%, as long as a high-
temperature performance is of major concern. From
Fig. 2, the toughness of the Al2O3/t-ZrO2/Ni composite
with ZrO2 content lower than 10% can still reach a
toughness of 9 MPa m0.5.
According to the microstructure observation, the for-

mation of a dense NiAl2O4 surface layer has a sig-
nificant influence on oxidation resistance. A dense
NiAl2O4 surface layer can prevent the Ni-containing
composites from quick oxidation (Fig. 6). Furthermore,
NiAl2O4 at the Al2O3/Ni interface forms good protec-
tive layer for individual Ni inclusions [Figs. 9(b) and
12(b)]. It implies that the diffusion of oxygen in the
NiAl2O4 spinel layer is slow. Wang et al. had suggested
that the dominant oxidation mechanism for Al2O3/Ni
composites at elevated temperatures is the diffusion of
oxygen through Al2O3 and NiAl2O4 spinel.4 This
mechanism may also dominate the oxidation of Al2O3/
t-ZrO2/Ni and Al2O3/m-ZrO2/Ni composites.
Though the toughness of Al2O3/t-ZrO2/Ni composites

is higher than that of Al2O3/m-ZrO2/Ni composites
(Fig. 2), the oxidation resistance of Al2O3/m-ZrO2/Ni
composites is slightly better (Fig. 5). There are 3 mol%
Y2O3 solute in the t-phase zirconia. The aliovalent
cation dopants, especially the ones with larger ionic
radii, generally can substitute for Zr ion, and creating
oxygen vacancies for charge compensation.15 With the
help of oxygen vacancies, the transportation of oxygen
in the t-ZrO2 network is therefore faster than that in the
m-ZrO2 network.
4. Conclusions

The addition of t-ZrO2 particles can improve sig-
nificantly the toughness of Al2O3/Ni composites. In the
present study, the oxidation behavior of Al2O3/Ni,
Al2O3/t-ZrO2/Ni and Al2O3/m-ZrO2/Ni composites is
investigated. Fine ZrO2 particles form interconnected
network when the ZrO2 content is higher than the per-
colation threshold, 10 vol.%. Oxygen can move fast
along the ZrO2 network, the oxidation resistance of
Al2O3/Ni composites is thus degraded significantly.
Therefore, the amount of ZrO2 added into Al2O3/Ni
composites has to be kept below the threshold limit. The
amount of oxygen vacancies in t-ZrO2 is higher than
that in m-ZrO2, thus the oxidation resistance of Al2O3/
m-ZrO2/Ni composites is slightly better than that of
Al2O3/t-ZrO2/Ni composites.
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