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Abstract

In the present study, dense Al2O3/(ZrO2 + Ni) nanocomposites are prepared by pulse electric current sintering (PECS) at 1350◦C for 5 min or
by pressureless sintering (PLS) at 1600◦C for 1 h. The nanometer-sized Ni particles (∼10 nm) were first introduced into the (Al2O3 + ZrO2)
p red by PLS;
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owder mixtures by using a coating technique. The presence of the Ni particles prohibits the coarsening of the composite prepa
evertheless, enhances the grain growth of the composites prepared by PECS. The sub-micrometer-sized ZrO2 particle acts as microstructu
tabilizer that slows down the coarsening of matrix grains in the composites prepared by both processes. Due to microstructural
he strength of the Al2O3/(5%ZrO2 + 1%Ni) nanocomposite is∼40% higher than that of Al2O3 alone.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

The applications of ceramics as structural components
re restricted because of their poor mechanical performance.
o improve the mechanical properties of ceramics has thus
ttracted much attention. One of the most promising ap-
roaches is incorporating a second-phase reinforcement into
eramic matrix.1 The second-phase reinforcement can be ei-
her a ceramic or a metallic phase. The presence of the second-
hase inclusions can prohibit the propagation of crack and

hus enhance the toughness of ceramics.
Among the many second-phase reinforcements used in

revious studies, zirconia particles and nickel particles have
eceived wide attention.2–4 It is mainly because zirconia and
ickel particles are readily available. Furthermore, the addi-

ion of either zirconia or nickel particles can enhance both the
trength and toughness of ceramics. Recent studies suggested

∗ Corresponding author. Tel.: +886 2 23659800; fax: +886 2 23634562.
E-mail address:tuan@ccms.ntu.edu.tw (W.H. Tuan).

that the toughness of the brittle material can be increas
adding zirconia and metallic particles simultaneously.5–7 For
example, the toughness of an Al2O3/(5 vol.% ZrO2 + 5 vol.%
Ni) composite could reach a value as high as 8 MPa m0.5.5

However, the strength of the composite is only margin
enhanced. The size of the Ni inclusions in the compos
relatively large, 2.3�m. The size may be large enough
induce micro-crack at interface for the presence of the
expansion mismatch between Al2O3 and Ni.5 By reducing
the size of Ni particles to∼100 nm, the strength of Al2O3
may be enhanced significantly.4 In the present study, bo
nanometer-sized Ni and submicrometer-sized ZrO2 powders
are added into an Al2O3 matrix. The processes of prepar
dense Al2O3/(ZrO2 + Ni) nanocomposites are explored. T
presence of Ni particles is detrimental to the oxidation re
tance of alumina;8 furthermore, the addition of ZrO2 above
a critical volume fraction, 10 vol.%, can reduce significa
the oxidation resistance of Al2O3/(ZrO2 + Ni) composites,9

the total amount of (ZrO2 + Ni) is therefore kept belo
10 vol.%.
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.07.001
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Nanometer-sized Ni powder is needed first to prepare
nanocomposites. These nanometer-sized particles have to be
dispersed uniformly within the micrometer-sized particles.
Furthermore, the coarsening of the nanometer-sized particles
during the subsequent high temperature treatment should be
as slow as possible. In the present study, a coating technique is
used to prepare nanometer-sized nickel particles. The powder
mixtures containing nanometer-sized nickel particles are then
densified with a pulse electric current sintering (PECS, also
known as spark plasma sintering, SPS). The technique is a po-
tential method to prepare nanocomposites for its features of
extremely fast heating rate and an external pressure.10 On top
of these features, a pulse electric current is applied simultane-
ously to the powder compact. The pulse electric current may
generate either plasma or electrical discharge between insu-
lating particles. Though the detailed sintering mechanism for
PECS is yet to be established, many experimental evidences
have demonstrated that the presence of the pulsed electrical
field can enhance the densification rate,10 grain growth rate11

and creep rate.12 In the present study, pressureless sintering
(PLS) technique was also used to prepare the Al2O3/(ZrO2
+ Ni) nanocomposite. The resulting microstructure and the
mechanical properties are compared in terms of processing
details.
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sequence, 12 pulses with 3.3 ms for each pulse and followed
by 2 periods of zero current, was used. An external pres-
sure of 30 MPa was applied on the powder mixtures from
the very beginning of the PECS process. The peak temper-
ature was 1350◦C and the time at the temperature was 1
or 5 min. The heating rate was 130◦C/min, the cooling rate
50◦C/min from 1350 to 600◦C. The final dimensions of the
specimen were 20 mm in diameter and around 5–6 mm in
thickness.

2.3. Pressureless sintering (PLS)

A uniaxial pressure of 30 MPa was used to prepare the
green compacts. The compacts with diameter of 25.4 mm
were then sintered within a covered graphite mold at 1600◦C
for 1 h. The heating and cooling rates were 5◦C/min. A
graphite powder was also used to cover the green compacts.
A reducing atmosphere, carbon monoxide mainly, was gen-
erated during sintering.

2.4. Characterization

Phase identification was performed by X-ray diffractom-
etry (XRD) with Cu K� radiation. The amount of Ni in
the powder mixtures was determined by using the inductive
coupled plasma-atomic emission spectroscopy (ICP-AES,
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.1. Powder preparation

An alumina (TM-DAR, d50 = 210 nm, Taimei Chem
o. Ltd., Tokyo, Japan) powder was mixed with a zir
ia (TZ-3Y, ZrO2 + 3 mol% Y2O3, d50 = 230 nm, Toso
o., Japan) powder by ball milling in de-ionized water
4 h. Ammonia was added drop by drop into the slurr
each a pH value of 9.2. A separate solution of nicke
rate, Ni(NO3)2·6H2O (Showa Chem. Co., Japan), was a
repared. The pH value of the nickel nitrate solution
lso adjusted to 9.2. The alumina and zirconia slurry
oured into the nickel nitrate solution and then stirred
0 min. The Ni2+ ion could then be absorbed onto the s

ace of Al2O3 particles. The starting amounts of ZrO2 and Ni
dded into the slurry were adjusted to result in 5 vol.% e

o that of Al2O3. The resulting powder mixtures after co
ng were filtered, washed and dried. The powder mixt
ere reduced in pure hydrogen at 550◦C for 1 h, followed
y ball milling in ethyl alcohol for 24 h with alumina grin

ng media. The Al2O3 powder, Al2O3–ZrO2 and Al2O3–Ni
owder mixtures were also prepared with the same
ique.

.2. Pulse electric current sintering (PECS)

The powders were densified in a graphite die wit
ECS furnace (Dr. Sinter 1050 SPS, Sumitomo Coal M

ng Co., Tokyo, Japan). The electrical pulse with 12:2 p
000DV, Perkin-Elmer, Optima, USA). The final density
he specimens was determined by the Archimedes me
he solubility between the materials used in the present
as low; the relative density of the composites was estim
y using the theoretical density of 3.98 g/cm3 for Al2O3,
.05 g/cm3 for ZrO2 and 8.90 g/cm3 for Ni. The microstruc

ure was observed by using scanning electron micros
SEM) and transmission electron microscopy (TEM). P
shed surfaces were prepared by grinding and polishing
iamond paste to 3�m and with silica suspension to 0.05�m.
thermochemical technique13 was adopted in the prese

tudy to reveal the grain boundaries of the composites
olished specimens were subjected to chemical etching
solution of 0.8N orthophosphoric acid and 0.5N nitric a

3:1) for 4–5 min followed by thermal etching at 1250◦C
or 30 min. The line intercept technique was used to d
ine the size of matrix Al2O3 grains. More than 200 grai
ere counted. The size of Ni inclusions in the fired com

tes was estimated by using the Scherrer formula from X
atterns.14

Before measuring the mechanical properties, the sin
iscs were first ground with a 325 grit resin-bonded diam
heel at depth of 5�m/pass. The elastic modulus of the sp

mens was determined with an ultrasonic technique at 5
Pulser Receiver 5055PR and Oscilloscope 9345CM, L
oy Co., USA). The strength of the discs was determine
sing a biaxial flexure technique15 with a universal testin
achine (MTS 810, MTS Co., USA). A one-ball-on-thr
alls jig was used; the loading rate was 0.5 mm/min.
trength of the discs was calculated by using the follow
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equations:

σmax = 3P

2π t2[
(1 + νd) ln

RS

RC
+ 1 + νd

2
+ (1 − νd)(2R2

S − R2
C)

4R2
d

]
(1)

RC = 0.721 3

√√√√PD

[
1 − ν2

b

Eb
+ 1 − ν2

d

Ed

]
(2)

In the above equations,P is the applied load,t the thickness
of specimens,νd the Poisson’s ratio of specimens,νb the
Poisson’s ratio of the ball (stainless steel, 0.28 was used in
the present study),Rd the radius of specimens,RS the distance
from the center of specimens to the support ball (4.85 mm),
RC the contact radius of the loading ball,D the radius of the
loading ball (4.85 mm),Eb the elastic modulus of support
balls andEb the elastic modulus of specimens. The elastic
modulus of the specimens,�d, was determined by using an
ultrasonic method.5

The fracture toughness was determined by using an inden-
tation technique at the load of 196 N. The following equations
were used to calculate the toughness:16
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Fig. 1. Morphology of Al2O3/(ZrO2 + Ni) powder mixtures. Arrow indicates
a Ni particle.

is lower than the Ni amount added,Table 1. It suggests that
only part of the Ni2+ ions can be adsorbed onto the surface of
Al2O3 particles. The excess Ni ions were filtered and washed
away. The Ni amount in the powder mixtures was thus much
lower than the amount added. The XRD analysis reveals the
presence of�-Al2O3, t-ZrO2, Ni and a small amount of m-
ZrO2 in the powder mixture after undergoing reduction in
hydrogen, indicating that the reducing atmosphere, pure hy-
drogen, employed in the present study can transform some
t-ZrO2 to m-ZrO2.18

3.2. Pulse electric current sintering (PECS)

The density of the Al2O3/(ZrO2 + Ni) composite pre-
pared by PECS increases from 96.5% to 99.0% as the time
at 1350◦C increases from 1 to 5 min. The microstructures
of the composites are shown inFig. 2. Since the strength
of ceramics depends strongly on the amount of porosity, the

Table 1
Composition of Al2O3/Ni and Al2O3/(ZrO2 + Ni) powder mixtures af-
ter reduction in hydrogen and ball milling as determined by the ICP-AES
technique

Ni (vol.%) Al2O3 (vol.%) ZrO2 (vol.%)

Al2O3/Ni 0.6 99.4 –
A

IC = 0.028
Hv

Hva
a

(3)

v = 1.8544
P

(2a)2
(4)

In the above equations,aandcare the half-length of inde
nd crack. The density variation within the sintered sp
en was verified by determining the hardness (Hv) variation
ithin the cross-section of the specimen. The load use

he hardness measurement was 49 N.

. Results and discussion

.1. Powder preparation

The Al2O3 and ZrO2 slurry was adjusted to a pH value
.2 before the addition of nickel nitrate solution. The sur
f Al2O3 particles is thus negatively charged first.17 The ad-
orption of Ni2+ ions onto the surface of Al2O3 particles is
hen possible. After reducing the resulting powder mixt
t 550◦C in hydrogen, metallic nickel particles are form
ig. 1shows the morphology of the Al2O3/(ZrO2 + Ni) pow-
er mixtures. The small particles on the surface of the l
articles are Ni particles, as identified by the energy dis
ive X-ray spectroscopy. The size of the Ni particles
round 10 nm. The nanometer-sized Ni particles were

ributed uniformly on the surface of submicrometer-sized
icles. The ZrO2 content is low; the presence of ZrO2 particles
hus had little effect on the distribution of nanometer-s
i particles. The ICP-AES analysis shows that the Ni con
 l 2O3/(ZrO2 + Ni) 1.2 93.6 5.2
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Fig. 2. TEM micrographs of Al2O3/(ZrO2+Ni) composites after PECS at
1350◦C for (a) 1 and (b) 5 min.

Fig. 3. XRD patterns of the Al2O3, Al2O3/ZrO2, Al2O3/Ni and Al2O3/(ZrO2 +

PECS was thus carried out at 1350◦C for 5 min to reduce the
porosity in the composites.

XRD patterns show no m-ZrO2 in the zirconia-containing
composites,Fig. 3, suggesting that ZrO2 particles are con-
strained by the rigid Al2O3 matrix after densification. A small
amount nickel aluminate spinel, NiAl2O4, is found in the
Al2O3/(ZrO2 + Ni) composite. The presence of spinel sug-
gests that the following reaction has taken place during PECS:

2Ni(s) + O2 + (1 + x)2Al2O3 = 2NiO(1+ x)Al2O3 (5)

The nickel aluminate spinel is a solid solution of NiAl2O4
and Al2O3; the maximumxvalue varies from 0.27 at 1000◦C
to 0.32 at 1300◦C.19 The existence of NiAl2O4 suggests that
there is a small amount of oxygen dissolved or adsorbed on
the surface of nanometer-sized Ni particles after reduction.
The extremely fast heating rate used for the PECS leaves little
time for the removal of oxygen during heating up stage. The
Ni content in the Al2O3/(ZrO2 + Ni) composite is two times
that in the Al2O3/Ni composite,Table 1. There may be a small
amount of NiAl2O4 in the Al2O3/Ni composite prepared by
PECS; however, the amount is too low to be detected.

Table 2shows the relative density of the composites pre-
pared by PECS process. The density of the composites is
higher than 99%, demonstrating that the potential of using
PECS as an alternative to prepare nanocomposite at a low
s of
t pos-
i o be
l ing.
B g at
Ni) specimens after pulse electric current sintering at 1350◦C for 5 min.

intering temperature.Fig. 4 shows the microstructures
he specimens. The size of the matrix grains in the com
te is small. The temperature of thermal etching has t
ow in order to avoid the coarsening during thermal etch
y combining the chemical etching and thermal etchin
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Table 2
Density, size of Al2O3 matrix grains and Ni inclusions, elastic modulus, strength and toughness of the specimens prepared by pulse electric current sintering

Relative density (%) Al2O3 grains (�m) Ni inclusions (nm) Elastic modulus (GPa) Strength (MPa) Toughness (MPa m0.5)

Al2O3 99.3 1.9 – 407 669± 65 2.3± 0.1
Al2O3/ZrO2 99.4 0.8 – 392 895± 55 2.6± 0.1
Al2O3/Ni 99.6 2.7 61 397 658± 81 2.7± 0.2
Al2O3/(ZrO2 + Ni) 99.0 0.8 27 397 970± 57 2.9± 0.1

1250◦C, we could successfully reveal the grain boundaries
of the matrix. However, this technique could also remove Ni
from the polished surface during chemical etching or thermal
etching. The size of Ni was therefore determined by using the
XRD technique.

The size of Ni inclusions in the Al2O3/Ni and
Al2O3/(ZrO2 + Ni) composites is smaller than 100 nm,
Table 2, indicating that the Ni-containing composites can be
categorized as nanocomposites. However, the size of Al2O3
grains in the Al2O3/Ni composite was larger than that in the
monolithic Al2O3 specimen. It seems that the presence of a
very small amount of nanometer-sized Ni particles enhances
the coarsening of matrix grains in the Al2O3/Ni composite.
The electrical conducting Ni particles may induce spark or
electrical discharge20 and result in a temperature rise at the
locations of Ni particles. Zirconia is an electrical insulator;
furthermore, the size of ZrO2 is much bigger than that of Ni
inclusions. The existence of ZrO2 particles can thus prohibit

the coarsening of matrix grains with or without the presence
of electric pulse current.

3.3. Pressureless sintering (PLS)

Fig. 5 shows the XRD pattern of the specimens pre-
pared by pressureless sintering. There was no NiAl2O4 found
in the Al2O3/Ni and Al2O3/(ZrO2 + Ni) composites, indi-
cating the adsorbed oxygen on the surface of the powder
was removed during heating up stage.Table 3shows the
relative density of the composites after pressureless sinter-
ing. The density of the Al2O3/(ZrO2 + Ni) composite is
higher than 99%, demonstrating that the dense nanocom-
posite can also be prepared by PLS.Fig. 6 shows the
microstructures of the specimens after pressureless sinter-
ing. The nanometer-sized Ni and submicrometer-sized ZrO2
can all prohibit the movement of Al2O3 grain boundaries
(Table 3).
Fig. 4. SEM micrographs of (a) Al2O3, (b) Al2O3/ZrO2, (c) Al2O3/Ni and (d
) Al2O3/(ZrO2 + Ni) specimens after pulse electric current sintering.
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Fig. 5. XRD patterns of the Al2O3, Al2O3/ZrO2, Al2O3/Ni and Al2O3/(ZrO2 + Ni) specimens after pressureless sintering at 1600◦C for 1 h.

Fig. 6. SEM micrographs of (a) Al2O3, (b) Al2O3/ZrO2, (c) Al2O3/Ni and (d) Al2O3/(ZrO2 + Ni) specimens after pressureless sintering.
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Table 3
Density, size of Al2O3 matrix grains and Ni inclusions, elastic modulus, strength and toughness of the specimens prepared by pressureless sintering

Relative density (%) Al2O3 grains (�m) Ni inclusions (nm) Elastic modulus (GPa) Strength (MPa) Toughness (MPa m0.5)

Al2O3 97.1 6.7 – 367 637± 15 2.4± 0.1
Al2O3/ZrO2 99.8 1.9 – 375 672± 40 2.8± 0.1
Al2O3/Ni 98.8 2.3 62 399 794± 57 2.8± 0.1
Al2O3/(ZrO2 + Ni) 99.4 1.9 32 380 905± 25 2.8± 0.2

3.4. Comparison

The uniformity of the microstructure can be verified by de-
termining the hardness variation on the cross-section of the
composites.Fig. 7 shows the hardness variation as a func-
tion of the distance from one edge to the other edge of the
Al2O3/Ni composite. The green compact of the composite
densified by pressureless sintering was prepared by using
die-pressing technique. Die pressing usually introduces den-
sity variation within the green compact due to the friction
between particles and die-wall and between particles.21 The
hardness thus varies within the composite prepared by die-
pressing and pressureless sintering. Despite the fact that the
die-pressing technique introduces density variation into green
compact, the technique has been widely used as the standard
technique for the production of engineering ceramics. By tak-
ing the hardness variation of the PLS composite as the basis
for comparison, the hardness variation within the PECS com-
posite is not any larger. It thus indicates that the PECS can
result in a microstructure with acceptable uniformity.

Though the total amount of ZrO2 and Ni in the
Al2O3/(ZrO2 + Ni) nanocomposite is only 6 vol.%; the
strength of the composites prepared by PLS and PECS is all
40% higher than that of Al2O3 alone. The strengthening effect
is independent of the sintering process employed. However,

F cross-
s

it is worth noting that the strength of the PECS specimens
is only 10 to 20% higher than that of the PLS specimens in
terms of the same composition.

Fig. 8shows the strength of all the specimens as a function
of the size of Al2O3 matrix grains. Similar to monolithic
alumina,22 the strength of composites also decreases with the
increase of the size of Al2O3 grains. The strengthening effect
of the composites can thus be attributed to the microstructural
refinement.

3.5. Implications

There are three challenges for the preparation of nanocom-
posites. The first one is the dispersion of nanometer-sized
particles into sub-micrometer sized particles. In the present
study, the nanometer-sized Ni particles are prepared by first
adjusting the surface charge of Al2O3 particles and then coat-
ing Ni ion onto their surface. The amount of Ni that can be
coated onto the surface of Al2O3–ZrO2 particles is limited
by the surface charge available. The amount of Ni particles
can be produced onto the surface of Al2O3 particles is thus
limited. Nevertheless, this technique can produce nanometer-
sized particles; furthermore, the distribution of the particles
is uniform.

The second challenge is microstructure control. Though
the heating rate for the PECS is very fast and the dwell time

F rains.

ig. 7. Hardness variation across one edge to the other one of the
ection.
 ig. 8. Strength of all the specimens as a function of the size of matrix g
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at the peak temperature very short, the amount of porosity
can be reduced to a very small amount. Nevertheless, the
microstructure undergoes a considerable coarsening within
the first few minutes at 1350◦C. For example, the size of
Al2O3 grains in the Al2O3/(ZrO2 + Ni) nanocomposite in-
creases from 0.31 to 0.8�m as the dwell time increases from
1 to 5 min (Fig. 2). The extremely fast coarsening rate during
PECS has also been noted by Shen et al.11 In their report,
the size of silicon nitride grain increased to 3 times that of
the original size within the first 1 min at the PECS tempera-
ture. The coarsening rate then slowed down after 2 min. They
named the fast coarsening rate as dynamic ripening; they also
suggested that further investigation is needed. According to
the data provided by the manufacturer, the size of the starting
Al2O3 powder is 0.2�m. The Al2O3 grains after 1 min at
1350◦C remains more or less the same as that of the starting
particles. It seems that there is an incubation period around
1 min at 1350◦C. The coarsening is very fast after this pe-
riod. The existence of a small amount of nanometer-sized Ni
particles can enhance the coarsening of Al2O3 matrix dur-
ing PECS, prohibit the coarsening during PLS. However, the
addition of sub-micrometer-sized ZrO2 particles can always
prohibit the growth of Al2O3 grains. Therefore, the incorpo-
ration of both ZrO2 and Ni particles seems to be an effective
method for microstructural control. Furthermore, the amount
of Ni added into the composites is very low. The chance of
o ; the
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determine the strength of spherical discs. The scatter of the
strength data is relatively small, indicting that the uniformity
of the microstructure of the nanocomposites prepared in the
present study is acceptable. Furthermore, all the composites
are tested with the same configuration. The comparison be-
tween the monolithic specimen and composite can still shed
light on the evaluation of processing parameters. Therefore,
the biaxial flexure technique can deliver a quick and reliable
method to evaluate the strength of PECS specimens.

For the Al2O3/(ZrO2 + Ni) micro-composites, the tough-
ening mechanisms which are active in the composite can in-
teract with each other;25 such as that the extent of phase trans-
formation of ZrO2 particles was enhanced due to the presence
of Ni particles; the existence of ZrO2 increased the ductility
Ni particles. However, the amount of Ni in the Al2O3/(ZrO2
+ Ni) nanocomposite prepared in the present study is only
1 vol.%, the interactions between the two toughening mech-
anisms may therefore small. The toughness enhancement of
the composite is therefore marginal.

4. Conclusions

In the present study, dense Al2O3/(ZrO2 + Ni) nanocom-
posites are prepared by pressureless sintering and pulse elec-
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egree lower than that of PECS temperature. The value d
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egligible. Many previous studies on the ceramics prep
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ies. Furthermore, the sparse data show significant sca24

t may all reflect the fact that the PECS specimens ma
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The present study also demonstrates that nanometer
i particles can be distributed uniformly onto the surfac
l2O3 particles by employing a coating technique. As l
s both ZrO2 and Ni particles are incorporated simulta
usly into Al2O3 matrix, the coarsening of matrix grains
onstrained. Due to the coarsening during sintering is lim
y the addition of the inclusions; the nanocomposite can
e prepared by pressureless sintering.
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