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Abstract

In the present study, an Al2O3/Ni nanocomposite
containing 5 vol% Ni is prepared by pressureless
sintering at 1400�C for 2 h. Most nickel inclusions,
around 70% in the sintered nanocomposite, locate at
the intergranular sites, the triple junctions and
Al2O3/Al2O3 grain boundaries. The average size of
the nickel inclusions at the triple junctions, grain
boundaries and intragranular locations is 145, 131
and 73 nm, respectively. The average size of all
nickel inclusions is 118 nm. The presence of nickel
inclusions can prohibit the grain growth of matrix
grains. The size of Al2O3 grains in the sintered
nanocomposite is only 490 nm. The strength of the
nanocomposite is thus high for the re®ned micro-
structure. The matrix Al2O3 grains and Ni inclusions
at triple junctions underwent considerable coarsening
during a post-annealing treatment at 1300�C for 2 h.
The strength of the annealed composites is thus
reduced signi®cantly after annealing. # 1999 Else-
vier Science Limited. All rights reserved

Keywords: sintering, Al2O3, strength, micro-
structure-®nal, nanocomposites.

1 Introduction

More and more evidence highlights that the
strength of ceramics can be signi®cantly enhanced
by adding nano-sized ceramic or metallic inclu-
sions.1±5 The size of the so-called nano-sized inclu-
sions is in the range of 100 nm or smaller than
100 nm.1 The composite containing the nano-sized
inclusions is coined by Roy as nanocomposite.6

Among the nanocomposites investigated, the
Al2O3/SiC system has attracted much attention.
Three strengthening mechanisms were proposed

for the system. These mechanisms are (1) ¯aw size
reduction,1,2 (2) grinding e�ect4,5 and (3) grain
boundary strengthening e�ect.7 The ®rst mechan-
ism suggested that the strength of the nanocompo-
sites is enhanced for the size of ¯aws is drastically
reduced.12 This mechanism also related the
strengthening to the formation of dislocation net-
works.1 The dislocations could form subgrain
boundaries after a post-annealing treatment, the
strength could thus be further enhanced. The sec-
ond mechanism related the strengthening to the
introduction of a compressive surface stress during
abrasive grinding.4,5 The compressive stress in the
nanocomposite was not relived after a post-
annealing treatment; however, the surface cracks
generated during grinding were healed.8 The
strength of the nanocomposite was thus further
enhanced after the annealing treatment. Di�er to
the fracture mode for monolithic alumina, the
fracture mode for the nanocomposite was mainly
transgranular. On the basis of this observation, the
third mechanism suggested that the strength
increase was contributed by the grain boundary
strengthening.7

The above mentioned strengthening mechanisms
are all based on the fact that the thermal expansion
coe�cient of Al2O3 and SiC is di�erent. By choos-
ing a system with reverse thermal properties o�ers
an opportunity to examine the strengthening
mechanism for nanocomposite. In the present
study, Al2O3/Ni nanocomposite are prepared.
Unlike the Al2O3/SiC system, the thermal expan-
sion coe�cient of the nano-sized phase, Ni, is
higher than that of the matrix, Al2O3.
The microstructure of the nanocomposite can play

an important role on the strengthening e�ect. Fur-
thermore, the size as well as the locations, inter-
granular site or transgranular site, of the inclusions
may also a�ect the strength of the nanocomposite.
However, the microstructure of the metal-strength-
ened nanocomposites is more di�cult to be
controlled than that of the ceramic-strengthened
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nanocomposite.9 It mainly due to the metals are
usually in their molten state during sintering as the
melting point of metals is usually low. The di�u-
sion rate in liquid phase is more rapid than that in
solid phase. Furthermore, the wetting of molten
metal on ceramic is usually poor. The coarsening
of the molten metallic particles in ceramic matrix is
thus much faster than that of solid ceramic
particles in ceramic matrix.9,10 Therefore, most
metal-strengthened nanocomposites are prepared
by hot-pressing technique.3,9 This technique allows
the nanocomposites to be densi®ed at a relatively
low temperature; the coarsening of metallic inclu-
sions is thus suppressed. For example, Sekino et al
had applied hot-pressing technique to prepare Ni-
strengthened Al2O3.

3 The size of the resulting Ni
inclusions is as small as 96 nm; the strength of the
nanocomposite can be as high as 1.6 times that of
alumina alone.
The processing of nanocomposite is also a chal-

lenging task. For the Al2O3/SiC nanocomposites,
the strength enhancement can only be found in the
hot-pressed specimens but not in the pressureless
sintered nanocomposite.11 However, the hot-press-
ing technique may impose limit on the application
of nanocomposites for the cost reason. In the present
study, processing techniques to prepare nickel-
strengthened nanocomposite by pressureless sinter-
ing are explored. Furthermore, the microstructure
of the nanocomposite is carefully analyzed. The
strengthening mechanism for the nanocomposite is
also investigated.

2 Experimental

An alumina powder (TM-DR, Taimei Chem. Co.
Ltd., Japan) and nickel nitrate powder (Johnson
Matthey Co., USA) were mixed and stirred in
water at 30�C for 24 h. The amount of nickel
nitrate was controlled to result in 5 vol% Ni in the
composite after sintering. The water was then
removed by drying on a heating pad. The residue
was washed with distilled water twice and dried in
an oven for 24 h. The dried lumps were crushed
and passed through a 150 mesh plastic sieve. The
powder was then reduced in a dry hydrogen at
500�C for 12 h. The reduced powder was milled
again in ethyl alcohol for 4 h to break the agglom-
erates. The slurry was then dried with a rotary
evaporator and sieved. Powder compacts were
formed by pressing uniaxially at 56MPa. The spe-
cimens were then arranged within a covered gra-
phite crucible. The use of graphite crucible could
generate an atmosphere of carbon monoxide, CO,
during sintering.12 Sintering was taken place at
1400�C for 2 h. The heating and cooling rates were

5�C minÿ1. The ®red specimens were then ground
longitudinally with a diamond wheel. The ®nal size
of the ground specimens was 4 � 3 � 40mm. Some
ground specimens were further annealed in the
graphite crucible at 1300�C for 2 h. The monolithic
alumina specimens were prepared with the same
procedures for those of composites.
The phases analysis was performed by X-ray

di�ractometry (XRD). The apparent density of the
sintered specimens was determined by the water
displacement method. The ¯exural strength and
fracture toughness were determined respectively by
the 4-point bending technique and the single-edge-
notched beam technique. The rate of loading was
0.5mm minÿ1. The microstructure was observed by
scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The size of
Al2O3 and Ni inclusions was measured with the
TEM micrographs.

3 Results

The XRD analysis reveals only Al2O3 and Ni pha-
ses in the powder after reduction in dry hydrogen,
(Fig. 1) The phases remain the same after sintering
and after post-annealing. Figure 2 shows the mor-
phology of Al2O3 particles and Al2O3/Ni powder
mixtures. The size of Al2O3 particles is around
200 nm; the shape is irregular. Fine Ni particles,
around 20 nm, are observed on the surface of alu-
mina particles; the shape is roughly spherical.
Typical TEM micrographs of Al2O3 and Al2O3/

Ni composites after sintering are shown in Fig. 3
The relative density of the specimens is shown in
Table 1, the size of Ni inclusions shown in Table 2.
The average size of all Ni particles is 118 nm.
Therefore, the Al2O3/Ni composite prepared in the
present study ful®lls the de®nition of nanocompo-
site. Most nickel inclusions seat at the inter-
granular sites, i.e., the Al2O3/Al2O3 grain

Fig. 1. The XRD pattern for the Al2O3/Ni powder mixtures
after reduction in hydrogen at 500�C for 12 h.
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boundaries or the triple junctions, [Fig. 3(b)].
There are around 1/3 of the nickel inclusions are
located within the Al2O3 grains. The size distribu-
tion of nickel inclusions is shown in Fig. 4 The
nickel inclusions seated at the triple junction is
slightly larger than that of the nickel inclusions

seated between two matrix grains. The intra-
granular nickel inclusions are the smallest. The
strength and toughness of the sintered specimens
are shown in Table 1. The strength of alumina is
increased by 35% as nano-sized nickel inclusions
are added; the toughness increased by 20%.

Fig. 2. TEM micrographs of (a) Al2O3 and (b) Al2O3/Ni
powder mixtures.

Fig. 3. Typical TEM micrographs of sintered (a) Al2O3 and
(b) Al2O3/Ni nanocomposite.

Table 1. The density, ¯exural strength and fracture toughness of the sintered and annealed Al2O3 and Al2O3/Ni nanocomposites

Relative density
(%)

Size of Al2O3

matrix (nm)
Strength
(MPa)

Toughness
(MPam0�5)

Sintered Al2O3 93.9�0.5 750�65 390�45 3.6�0.1
Al2O3/Ni 96.6�0.5 490�60 526�37 4.2�0.1

Annealed Al2O3 94.0�0.7 1402�410 357�48 4.9�0.2
Al2O3/Ni 96.7�0.4 933�134 386�46 5.4�0.2

Table 2. The size of Ni inclusions in the sintered and annealed Al2O3/Ni nanocomposites

At the triple
junctions

On the
Al2O3/Al2O3 grain

boundaries

Within the Al2O3

grains
All Ni inclusions

Sintered Amount (%) 30 36 34 100
Sixe (nm) 145�42 131�50 73�30 118�51

Annealed Amount (%) 44 34 22 100
Size (nm) 329�147 164�83 92�43 219�148
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The relative density, the size of Al2O3 grains and
Ni inclusions of annealed specimens are also shown
in Tables 1 and 2. Typical micrographs of the
Al2O3 and Al2O3/Ni composite after the post-
annealing treatment are shown in Fig. 5. The dis-
tribution of the nickel inclusions in the annealed
specimens is shown in Fig. 6. Both Al2O3 grains

and Ni inclusions underwent considerable coar-
sening during annealing. The strength of the Al2O3

and Al2O3/Ni composite is thus signi®cantly
reduced after annealing, (Table 2).

4 Discussion

Since the coarsening of molten metallic inclusions
in ceramic matrix is fast,9,10 the sintering tempera-
ture used in the present study is lower than the
melting point of nickel to avoid the problem.
However, the solid nickel inclusions still underwent
considerable coarsening, from 20 to around
100 nm. The Al2O3 matrix grains are also grown
from around 200 to 490 nm after sintering. The
movement of Al2O3 grain boundaries can bring
along the Ni inclusions; the solid Ni inclusions are
thus coarsened. Furthermore, the size of Al2O3

grains in the nanocomposite is smaller than that in
the monolithic Al2O3, (Table 1). It indicates that
the presence of nickel inclusions slows down the
movement of the grain boundaries of Al2O3. Due
to the re®ned microstructure of the nanocompo-
site, the density of the nanocomposite is higher
than that of monolithic alumina, (Table 1). The
grain growth behaviour of the Ni-strengthened
Al2O3 may be similar to that of a porous Al2O3.
The separation between grain boundary and inclu-
sion can take place as the velocity of the grain
boundary is much faster that of inclusion.13

Figures 4 and 6 indicate that the Ni inclusions with
the size smaller than 100 nm can be separated from
the grain boundaries of Al2O3. It implies that 100
nm is the critical size for Ni inclusions. If the size of
all Ni inclusions can be smaller than 100nm, most Ni
inclusions can then be swallowed by Al2O3 grains.
The sintering temperature used in the present

study is as low as 1400�C, the relative density of
Al2O3/Ni nanocomposite is thus only 96.6%. The

Fig. 5. Typical TEM micrographs of post-annealed (a) Al2O3

and (b) Al2O3/Ni nanocomposite.

Fig. 6. The size distribution of Ni inclusions at intragranular
sites, grain boundaries and triple junctions in the post-

annealed Al2O3/Ni nanocomposite.

Fig. 4. The size distribution of Ni inclusions at intragranular
sites, grain boundaries and triple junctions in the sintered

Al2O3/Ni nanocomposite.
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increase of sintering temperature can increase ®nal
density; however, the increase of sintering tem-
perature can also enlarge the size of Ni inclu-
sions.10 Furthermore, the coarsening of Ni
particles can be very rapid above the melting point
of Ni, 1453�C. The sintering temperature, 1400�C,
can thus be taken as the maximum temperature
allowable to prepare the Al2O3/Ni nanocomposite.
The strength of ceramics depends strongly on the
amount of porosity. The strength of Al2O3/Ni
nanocomposite can be further enhanced if the
amount of porosity is low. It is indeed found by
Sekino et al on their hot-pressed Al2O3/Ni nano-
composite.3

Figures 4 and 6 indicate that the Ni inclusions at
triple junctions are signi®cantly coarsened after
annealing. Table 1 shows that the size of Al2O3

grains in the annealed Al2O3 and Al2O3/Ni com-
posite is almost 2 times that in the sintered speci-
mens. The growth of triple-junction inclusions is
accompanied by the coarsening of matrix grains.
The growth of grain-boundary inclusions is slow
for the di�usion coe�cient of Ni ion along the
grain boundaries of Al2O3 is very small
(�Db � 7�0� 10ÿ21 m3sÿ1at1400�C; � is the grain
boundary thickness, Db the grain-boundary di�u-
sivity).14 The di�usion coe�cient of Ni ion in
Al2O3 lattice is expected even smaller; the coarsen-
ing of intragranular Ni inclusions is thus not sig-
ni®cant after the post-annealing treatment.
The strength of sintered and annealed Al2O3 and

Al2O3/Ni composites is shown as a function of the
size of Al2O3 grains in Fig. 7. A linear relationship
is exhibited. It indicates that the strength of the
nanocomposite depends strongly on the matrix
grain size. The strengthening e�ect for Al2O3/Ni
nanocomposite is thus contributed by micro-
structural re®nement. The fracture surfaces of
monolithic Al2O3 and Al2O3/Ni composite are
shown in Fig. 8. There is no signi®cant di�erence
between the fracture mode of the monolithic Al2O3

and the Al2O3/Ni nanocomposites. The grain
boundary strengthening mechanism is thus not
active in the present system. The strength of Al2O3/
Ni nanocomposite is reduced by 25% after the
annealing at 1300�C for 2 h. The annealing condi-
tion used in the present study is the same as that
used for the Al2O3/SiC nanocomposites. However,
the microstructure coarsening during annealing is
not reported in the Al2O3/SiC system. It may due
to the atmosphere used during annealing is di�er-
ent. The thermal expansion of the inclusion is lar-
ger than that of matrix in the present system. The
strengthening mechanisms induced by the thermal
expansion mismatch between Al2O3/SiC system are
not likely observed in the Al2O3/Ni system. How-
ever, the presence of second phase, independent of
ceramic or metallic phase, can prohibit the grain
growth of matrix grains. It implies that the most
important strengthening mechanism for nano-
composite is microstructural re®nement. To re®ne
the microstructure, the processing conditions
should be carefully controlled. However, the driv-
ing force for the grain growth of the re®ned
microstructure is high. The microstructure is
therefore sensitive to the post heat treatment.

Fig. 7. The strength of sintered and annealed Al2O3 and
Al2O3/Ni specimens as a function of Al2O3 grain size.

Fig. 8. The fracture surfaces of the sintered (a) Al2O3 and (b)
Al2O3/Ni nanocomposite.
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Similar to the results for the composites con-
taining micro-sized inclusions,10,14 the toughness of
alumina is also enhanced due to the presence of
nano-sized inclusions. The toughness enhancement
is contributed from the toughening agent acting
either on the crack path or in front of crack tip.
For the Al2O3/SiC nanocomposite, the contribu-
tion from the interactions between crack path and
SiC particles is ignored for the size of SiC particles
is too small to bridge the crack surfaces.11 How-
ever, the bridging Ni particles can be found on the
crack path, Fig. 9 It mainly due to the ductility of
Ni is better than that of SiC. The crack surfaces
can still be bridged by the nano-sized Ni inclusions,
the toughness of Al2O3 is thus enhanced.

5 Conclusions

The processing conditions to prepare Al2O3/Ni
nanocomposite by pressureless sintering are
explored. The microstructure of the nanocomposite
is carefully analyzed. Most the nickel inclusions
locate at the boundary and triple junction sites.
The Ni inclusions with the size smaller than 100 nm
can be separated from the grain boundaries of
Al2O3. The lattice di�usion coe�cient of Ni ion in
Al2O3 is expected to be low, the coarsening of the
intragranular Ni inclusions is thus slow in the sub-
sequent heat treatment. However, The size of
matrix Al2O3 grains and the Ni inclusions at triple
junctions is signi®cantly enlarged after annealing at
1300�C for 2 h. It indicates that not only the size

but also the location of nano-sized phase are cri-
tical for the microstructure of nanocomposite. The
strengthening of the nanocomposite is attributed to
microstructural re®nement. The strength of the
Al2O3/Ni composite is thus dropped after anneal-
ing. Due to the ductility of Ni, the presence of
nano-sized Ni inclusions can also enhance the
toughness of Al2O3.
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