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Abstract

Al2O3±ZrO2(3Y)±SiC composite powder was pre-
pared by the heterogeneous precipitation method.
Calcinating temperature of the powder was impor-
tant to obtain dense sintered body. The nanocompo-
sites were got by hot-pressing, and addition of ZrO2

did not raise the sintering temperature. Some Al2O3

grain shape was elongated, and Al2O3 grain size was
about mm. Nano SiC particles were observed uni-
formly distributing throughout the composites, and
most of them were located within the matrix grains.
Because SiC particles located within ZrO2 grains
in¯uenced the phase transformation of ZrO2, the
sintering of nanocomposites, which controlled grain
size and transformable ZrO2 amount, become
important to get high performance. The strength of
80wt% Al2O3±15 wt% ZrO2±5 wt% SiC nano-
composites was 555 MPa, and toughness was 3.8
MPa m1/2, which were higher than those of mono-
lithic Al2O3 ceramics. # 1999 Elsevier Science
Limited. All rights reserved

Keywords: composites, microstructure-®nal, mech-
anical properties, Al2O3, SiC, D. ZrO2.

1 Introduction

Al2O3 ceramics are essential structural materials,
but low mechanical properties limit their applica-
tions. Since Niihara reported that composites rein-
forced with submicrometer or nanoscale second
phase called nanocomposites have excellent
mechanical properties,1,2 Al2O3-SiC nanocompo-

sites have become an interested material to overcome
the inherent demerit of Al2O3 ceramics.3 According
to Niihara's investigation, addition of 5 vol% SiC
particles whose size was about 0.3�m could
increase the strength of hot-pressed alumina from
350MPa to over 1GPa and the fracture toughness
from 3.2 to 4.7MPam1/2, and further annealing
enhanced the strength of this nanocomposite to 1.5
GPa. It can be seen that the strength improvement
of Al2O3±SiC nanocomposites was distinct, but
toughness only increases a little compared with
monolithic Al2O3 ceramics. Since Niihara's pioneer
work, many researchers have intensively studied
the processing and microstructure of Al2O3±SiC
nanocomposites,4±6 and found the details of pro-
cessing were very important to get high perfor-
mance, but considerable improvement of toughness
has not been observed yet, compared with mono-
lithic Al2O3.
In Al2O3±SiC nanocomposites the increase of

mechanical properties could be attributed to resi-
dual stress ®elds, and other toughening mechan-
isms such as microcracking, crack tip shielding,
crack branching, and crack de¯ection.3 To enhance
the toughness, more energy absorbed mechanisms
are needed besides those listed above. Stress
induced transformation of ZrO2 is believed to be
an e�ective toughening approach to Al2O3 cera-
mics,7±9 and the toughness of ZrO2 toughened
Al2O3 ceramic (ZTA) is signi®cantly higher than
that of pure Al2O3. If stress induced transforma-
tion toughening can combine with other toughen-
ing mechanisms in nanocomposites, adding ZrO2

to Al2O3±SiC system is hopeful to improve the
toughness of nanocomposites. There are still few
reports about Al2O3±ZrO2±SiC nanocomposites,
and the e�ect of ZrO2 on Al2O3±SiC nanocompo-
sites is uncertain. Therefore, it is interesting to
study processing, microstructure, and properties of
Al2O3±ZrO2±SiC nanocomposites.
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2 Experimental

Al2O3±ZrO2(3Y)±SiC composite powders were
prepared by the heterogeneous precipitation
method. The size of nanoscale SiC particles was
about 70 nm (Beijing Institute of Chemical Metal-
lurgy, CAS). The ¯ow chart is shown in Fig. 1.
It is critical to disperse nanoscale SiC particles

homogeneously into the matrix because SiC parti-
cles are ®ne and easy to aggregate. There are three
ways to avoid their agglomerates: (1) ultrasonic
vibrating to open agglomerates, (2) regulating pH
to make the zeta potential high, (3) adding dis-
persants. Since some carbon remains may be left
after adding dispersants, only the ®rst two ways
were adopted to produce good dispersion. The
isoelectric point of SiC was determined to be
between pH 3 and 5. If the pH value of SiC aqu-
eous suspension is beyond this range, the charge of
the particles is the same, and the SiC particles will
repulse each other due to a static electric force,
making it di�cult to form agglomerates. For this
reason, the pH value of the SiC aqueous suspen-
sion was regulated to 9±10 while constantly ultra-
sonic vibrating for 1 h. Then, AlCl3, ZrOCl2,
Y(NO3)3 solution and ammonia were dripped into
the SiC aqueous suspension simultaneously while
the pH value was always maintained between 9 and
10, Al(OH)3, Zr(OH)4 and Y(OH)3 precipitation
including well-dispersed nano SiC particles were
produced. After drying, calcining and wet-balling,
Al2O3±ZrO2(3Y)±SiC powder could be achieved.
The nearly full density samples could be got by
hot-pressing at temperatures between 1650 and
1700�C.
Sintered densities were measured using the

Archimedes method. For mechanical testing, the hot
pressed samples were cut and ground into rectangular

bar specimens (4�3�30mm). Fracture toughness
was evaluated from the indentation fracture
method,10 and fracture strength was measured by
the three point bending test. For the grain growth
observation, samples were polished using diamond
paste to a 1�m ®nish, and thermally etched in
nitrogen at temperatures between 1400 and
1600�C. The etched surface and the fracture cross
section was examined using a scanning electron
microscope (SEM), and the composite powder and
other microstructure features of sintering bodies
were examined using a transmission electron
microscope (TEM). X-ray di�raction analyses were
performed to determine the peak heights of tetra-
gonal and monoclinic zirconia and the following
equations were utilized to calculate the volume
fraction of the monoclinic phase.11

Vm � pXm

1� �pÿ 1�Xm
�1�

where Xm is the integrated intensity ratio and
P � 1�340

Xm � Im��111� � Im�111�
Im��111� � Im�111� � It�101�

Subscripts m and t represent the monoclinic and
the tetragonal phases, respectively. Im and It are
the peak heights of these phases. Vm is the volume
fraction of the monoclinic phase and that of the
tetragonal phase is Vt � 1ÿ Vm

3 Results and Discussion

3.1 The selection of the calcination temperature
During the preparation process of Al2O3±ZrO2-SiC
powder, the calcination temperature selection is
important. Several phase transformations of Al2O3

and ZrO2 would occur from room temperature to
sintering temperature, which include -Al2O3

transforming to �-Al2O3 at 1200
�C through several

transition phases, and m-ZrO2 changing to t-ZrO2

at about 1000�C. Those transformations will cause
the phase volume change, and in¯uence sintering.
In the procedure of ceramics, calcination is gen-
erally adopted to make phases stable and avoid the
phase volume change. The high calcination tem-
perature and long holding time is believed to be
e�ective to raise phase stability. But high calcination
temperature and long holding time will make
powders lose their activities and form aggregate
which will be unfavourable to sintering. The proper
calcination temperature for powder is essential to
obtain dense Al2O3±ZrO2(3Y)±SiC nanocomposites
with considerable properties.Fig. 1. Flow chart of the heterogeneous precipitation method.
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After drying, the precipitate obtained from the
heterogeneous precipitation was calcinated at dif-
ferent temperatures for 1 h, and examined by
XRD. The phase transformations at di�erent tem-
peratures are shown in Fig. 2.
From Fig. 2, it can be seen that as-received pre-

cipitates included Al(OH)3 and Zr(OH)4, and their
phases were bayerite (�-Al2O3

.3H2O) and amor-
phous, respectively. After calcinating at 700�C
bayerite disappeared, and peaks of oxide occurred.
Peak intensity of t-ZrO2, -Al2O3 (or other alumina
transition phases) increased with the increment of
calcination temperatures, and -Al2O3 transformed
to �-Al2O3 completely above 1200�C. To select
proper calcination temperature, the composite
powders calcinated at 700 and 1100�C were hot-
pressed and measured densities of sintering bodies
respectively. It was found that integrated sintered
bodies were di�cult to obtain using the powder
calcinated at 700�C. Although the heating rate was
slowed, and the holding time was extended, the
sintering samples still broke. From Fig. 2, it can be
concluded that t-ZrO2 in composite powder
appeared but did not crystallize completely after
calcinating at 700�C. t-ZrO2 crystallization plus -
Al2O3 transformation would produce high internal
stress during the sintering of Al2O3±ZrO2(3Y)±SiC
nanocomposites, which could be beyond the

endurance of bodies, and made sintering di�cult.
To avoid too much transformation during sinter-
ing, the composite powder was calcinated at
1100�C. This temperature (1100�C) was also the
calcination temperature for most of ZrO2 toughened
Al2O3 ceramics (ZTA).12,13 At this temperature, t-
ZrO2 crystallized completely, and Al2O3 was still
the transition phase which made the composite
powder processed relatively high activity. Piciac-
chio et al.14 believed that the vermicular growth of
�-Al2O3 into the transition alumina matrix during
-Al2O3 phase transformation would result in rela-
tively greater concentration of intragranular SiC, so
the composite powder including -Al2O3 was
expected to prepare intragranular nanocomposites.
Dense sintering bodies could be obtained using the
powder calcinated at 1100�C, which proved that
1100�C was the proper calcination temperature for
Al2O3±ZrO2(3Y)±SiC composite powder.
The speci®c surface area of Al2O3±ZrO2(3Y)±

SiC powder after calcinating at 1100�C was 13m2

gÿ1, and morphology was shown in Fig. 3. The size
of powder was about 100 nm.

3.2 Sintering
The powders were hot pressed at di�erent tem-
peratures, and the relative densities are shown in
Fig. 4. It can be seen that the relative density of the
sample hot-pressed at 1650�C for 1 h was 99.2%,
and 1700�C for 1 h could get to 99.7%. This hot-
pressing temperature was similar to that of most
Al2O3±SiC nanocomposites.4,5,6 It revealed that it
was unnecessary to raise the hot-pressing tempera-
tures of Al2O3±SiC nanocomposites for the inclu-
sion of ZrO2.

3.3 Morphology of surface and fracture cross-
section
Figure 5 shows the thermal etched surface of
80wt% Al2O3±15wt% ZrO2±5wt% SiC nano-
composites. Black grains were Al2O3, and white
particles located among Al2O3 grains were ZrO2. It
was observed that the zirconia grains tended to

Fig. 2. Phase transformation of Al2O3±ZrO2(3Y)±SiC powder
at di�erent temperatures.

Fig. 3. TEM micrograph of Al2O3±ZrO2(3Y)±SiC composite
powder.
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possess concave boundary segments, whereas the
alumina grains tended to be convex with crystal-
lographic facets, which resulted from the lower
interfacial energies of ZrO2/Al2O3 than Al2O3/
Al2O3.

15 Nano SiC particles are hardly seen in
Fig. 4 for small scale. The size of Al2O3 grains cal-
culated by the linear intercept method16 was
2.1�m, which was similar to the Al2O3 grain size in
Al2O3±SiC nanocomposites reported by other
researchers.1±6 It revealed that the in¯uence of
ZrO2 inclusion on hindering the grain growth of
Al2O3±SiC nanocomposites was not signi®cant,
which was concident with the consequence of sin-
tering temperature.
Figure 6 was the fracture surface of Al2O3±

ZrO2(3Y)±SiC nanocomposites. It can be seen that
the fracture mode of Al2O3±ZrO2(3Y)±SiC nano-
composites was transgranular, which was the same
as that of Al2O3±SiC nanocomposites. There were
two di�erent explanations for fracture mode

change contrasting to monolithic Al2O3, one was
that the grains in Al2O3±ZrO2(3Y)±SiC nano-
composites were signi®cantly weakened by addi-
tion of SiC and ZrO2, inducing a crack to
propagate into the inside of the grains; the other
was that the grain boundaries in nanocomposites
were reinforced, inhibiting intergranular crack
propagation. However, if the grains of the nano-
composites were weaker than those of the monolith
and the strength of the grain boundary was equal
between the two materials, it should result in a
degraded fracture toughness, for the real area of the
crack path in the transgranular fracture mode was
small compared to that of the intergranular fracture
mode. Hence, the second mechanism was more
believable because the fracture toughness of nano-
composites was higher than that of monolith. Fig-
ure 6 revealed that the grain boundaries of Al2O3±
ZrO2(3Y)±SiC nanocompsites were strengthened
although thermal residual stresses in sintered bod-
ies were complex for many phases.

3.4 Microstructure observed by TEM
Figure 7 are TEM micrographs of Al2O3±
ZrO2(3Y)±SiC nanocomposites. It can be seen that
the shape of most Al2O3 grains was elongated in
Fig. 7(a) and (c), larger ZrO2 particles (dark parti-
cles) are located among Al2O3 grains, and smaller
spherical ZrO2 particles in Al2O3 grains just like
those shown in Fig. 7(d). Nano SiC particles were
well-distributed in Al2O3 grains in all micrographs,
which indicated that intragranular Al2O3±ZrO2

(3Y)±SiC nanocomposites could be obtained using
the powder prepared by heterogeneous precipitation.
Whether SiC particles were located into ZrO2 was
unclear because the contrast of ZrO2 was similar to
that of SiC in TEM micrograph. But it can be

Fig. 5. Thermal etched surface of Al2O3±ZrO2(3Y)±SiC
composites.

Fig. 4. Relative density vs hot-pressing temperature for the
Al2O3±ZrO2(3Y)±SiC composites.

Fig. 6. Fracture surface of Al2O3±ZrO2(3Y)±SiC nano-
composites.
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deduced that SiC particles should be dispersed into
Al2O3 and ZrO2 grains equally during the pre-
cipitation process. The e�ect of SiC on the phase
transformation of ZrO2 was interesting because of
the thermal residual stress between SiC and ZrO2.
The expansion coe�cient of ZrO2 was larger than
that of SiC, and compressive stress would occur on
the interface of ZrO2 and SiC during cooling. The
compressive stress would prompt the phase trans-
formation of t-ZrO2 to m-ZrO2, and in¯uence the
mechanical properties of nanocomposites. If most
t-ZrO2 grain size of nanocomposites were close to
critical value of phase transformation, inclusion of
SiC would enhance the completion of ZrO2 phase
transformation during cooling from the sintering
temperature, and disadvantageous to mechanical
properties. Contrarily, if some t-ZrO2 grain size
was too small to transform, inclusion of SiC would
promote their phase transformation, and add to
the improvement of mechanical properties. There-
fore, the in¯uence of SiC inclusion on mechanical
properties might be bene®cial or deleterious deter-
mined by the amount of transformable t-ZrO2. It
revealed that sintering process which a�ect grain size
needed to be controlled carefully to preserve
transformable t-ZrO2 as much as possible, but
detail discussion has to be given after more experi-
mental and microstructure observation.

In TEM micrographs, Fig. 7(a) and (c), it can be
seen that the shape of most Al2O3 grains were
elongated in contrast to equiaxed Al2O3 grains in
Fig. 7(b). Generally, the presence of elongated
grain in monolithic Al2O3 was believed to be the
evidence of the presence of a liquid phase during
densi®cation. But in Al2O3±SiC nanocomposites,
which were prepared with the same raw materials
(AlCl3 and SiC) and processing (the heterogeneous
precipitation for starting powder), no elongated
Al2O3 grains had been observed, and little liquid
phase could be seen on Al2O3/Al2O3 and Al2O3/
SiC interfaces.17 If the presence of elongated Al2O3

grains in Al2O3±ZrO2±SiC nanocomposites was due
to impurity liquid phase, many elongated Al2O3

grains should also be seen in Al2O3-SiC nano-
composites. To investigate the possibility that ZrO2

forms a number of low temperature eutectics with
impurities or Al2O3, we observed the Al2O3/ZrO2

interfaces in Al2O3±ZrO2(3Y)±SiC nanocomposites
by HRTEM. As shown in Fig. 8, there was no
liquid on the Al2O3/ZrO2 interfaces. Therefore,
liquid phase resulted in anisotropic grain growth
seem di�cult to explain this microstructure.
More ZrO2 particles could be observed around

elongated Al2O3 grains while fewer ZrO2 nearby
equiaxed Al2O3 grains, which may be the reason
for forming di�erent Al2O3 grain shapes. Most

Fig. 7. TEM micrographs of Al2O3±ZrO2(3Y)±SiC nanocomposites.
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elongated grains observed through TEM were
actually platelike grains just like these shown in
Fig. 9.18 Balmer et al.19 found that platelike Al2O3

grains also presented in ZrO2 toughened Al2O3

ceramics (ZTA) during the microstructure devel-
opment, and took the form of a colony with a
common crystallographic orientation. He believed
that this morphology was a consequence of the
strain energy and di�usional phenomena asso-
ciated with the � phase transformation. In Al2O3±
ZrO2(3Y)±SiC nanocomposites, the Al2O3 grain
growth was similar to that in ZTA. Large intrinsic
stresses were likely to arise as the growing �-Al2O3

(�3.98Mgm3) grains consumed the parent -Al2O3

phase (��3.65 Mgmÿ3) nearby ZrO2 particles, and
Al2O3 grains would select anisotropic growth in
order to minimize the concomitant strain energy.
Contrarily, the  phase transformation front in
monolithic Al2O3 moved through a porous, single-
phase() parent structure to produce large �-Al2O3

without ZrO2 particles hindering, equiaxed shape
inclined to form. Hence, elongated Al2O3 grains
existed where more ZrO2 particles can be observed
nearby, and equiaxed Al2O3 grains grew where no
or fewer ZrO2 particles exist.

3.5 Mechanical properties
Mechanical properties of the 80wt% Al2O3±
15wt% ZrO2 (3Y)±5wt% SiC nanocomposites are
shown in Table 1.
It can be seen that the strength of sample hot-

pressed at 1650�C is lower than that at 1550�C,
higher strength may be explained with smaller
grain size. Converse to what is expected, the
toughness of nanocomposites increases a little
comparing to monolithic. Just as discussed above,
inclusion of SiC located within ZrO2 grains would
make ZrO2 phase transformation more easly. If the
hot-pressing temperature was high, ZrO2 grain size
was large, some ZrO2 would transform sponta-
neously to the m form for compressive stress
between intragranular SiC and ZrO2 during cooling,
and the toughening e�ect of ZrO2 would disappear.

Contrarily, the grain size of the sample sintered at
lower temperature was smaller, which made ZrO2

phase transformation di�cult, addition of SiC
made phase transformation possible and improved
the mechanical properties because of the stress-
induced transformation of ZrO2. It indicated that
the sintering of Al2O3±ZrO2(3Y)±SiC nanocompo-
sites was important for getting proper ZrO2 grain
size and more transformable t-ZrO2. We determined
m phase content on polished surfaces of nano-
composites by X-ray di�raction, m phase fraction
was 54% in samples hot-pressed at 1650�C, and it
was 42% in samples hot-pressed at 1550�C.
Although m fraction of sample sintered at 1550�C
was less than that at 1650�C, for smaller ZrO2

particle size, both were high. Besides the in¯uence
of SiC, the thermal expansion coe�cient di�erence
between Al2O3 and ZrO2 also e�ect the ZrO2 phase
transformation. If Al2O3 particles were mainly
located within ZrO2 grains, the in¯uence of Al2O3

on ZrO2 transformation was similar to that of SiC
particles because the thermal expansion coe�cient

Fig. 8. High resolution TEM micrograph of Al2O3/ZrO2

interfaces.

Fig. 9. Indexing procedure for TEM di�raction pattern of ¯at
boundaries of platelike grains: (a) possible thin sections of
platelike grains, (b) con®guration of most probable section on

the TEM image.18

Table 1. Mechanical properties of the 80wt%Al2O3±15wt%
ZrO2 (3Y)±5wt% SiC nanocomposites.

Bending
strength
(MPa)

Fracture
toughness

(MPamÿ1/2)

Hardness
(GPa)

Sample sintered
at 1550�C

555 3.4 16.9

Sample sintered
at 1650�C

448 3.8 16.8
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of ZrO2 was larger than that of Al2O3. If most of
ZrO2 particles were intergranular, tensile stresses
would occur on the Al2O3/ZrO2 interfaces. Since
ZrO2 transformation leads to a volume increase,
these tensile stresses were also advantageous to the
ZrO2 transformation.
To get dense body and highmechanical properties,

some new sinteringmethods were adopted to prepare
nanocomposites such as sparking plasma sintering
(SPS) which was reported elsewhere.20 In SPS sin-
tered samples, the strength and toughness of
Al2O3±ZrO2(3Y)±SiC nanocomposites were much
higher than those of hot-pressed samples, which
proved that the powder prepared by the hetero-
geneous precipitation was successful and the sin-
tering was important to obtain the Al2O3±
ZrO2(3Y)±SiC nanocomposites with high mechan-
ical properties.

4 Conclusion

Al2O3±ZrO2(3Y)±SiC composite powders were pre-
pared by the heterogeneous precipation method. The
good dispersion of SiC was obtained by ultrasonic
vibration and regulating the pH of the SiC aqueous
suspension. To get dense sintering body, the selection
of calcination temperatures was important, and
1100�C was believed to be the proper temperature.
After hot-pressing at 1650�C for 1 h, dense sintering
body could be obtained, which indicated that addi-
tion of ZrO2 did not improve the sintering tempera-
ture. The fracture mode of Al2O3± ZrO2(3Y)±SiC
nanocomposites was transgranular, it proved the
boundary strength of nanocomposites was higher
than that of monolithic Al2O3 which fracture mode
was intergranular. Al2O3 grain size was about 2�m,
and most SiC particles were located within Al2O3

grains. The shape of Al2O3 grain was elongated
where more ZrO2 grains were around, andAl2O3 was
equiaxed where ZrO2 were less, which resulted from
the strain energy and di�usional phenomena asso-
ciated with the  ! � phase transformation. SiC
particles located within ZrO2 grains in¯uenced the
phase transformation of ZrO2 and the mechanical
properties of nanocomposites. The strength of
80wt% Al2O3±15wt% ZrO2±5wt% SiC nano-
composites was 555MPa, and toughness was
3.8MPamÿ1/2, which were higher than those of
monolithic Al2O3 ceramics.
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