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Abstract

Al,05/Ni nanocomposites were prepared by spark plasma sintering (SPS) using reaction sintering method and the mechanical properties of the
obtained nanocomposites are reported. The starting materials of Al,03;—NiO solid solution were synthesized from aluminum sulfate and nickel
sulfate. These Al,03;—NiO powders were changed into Al,O3 and Ni phases during sintering process. The obtained nanocomposites showed high
relative densities (>98%). SEM micrographs showed homogeneously dispersed Ni grains in the matrix. The 3-point strength and the fracture
toughness of the composites significantly improved from 450 MPa in the monolithic a-Al,O3 to 766 MPa in the 10 mol% (2.8 vol.%) Ni
nanocomposite and from 3.7 to 5.6 MPam'? in 13 mol% (3.7 vol.%) Ni nanocomposite. On the other hand, Young’s modulus and Vickers
hardness of the nanocomposites were mostly same as those of the monolithic a-Al,O3.
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1. Introduction

The spark plasma sintering (SPS) is basically a kind of a hot
press method, but is developed into a newer technique for
sintering the ceramics [1-7]. Fig. 1 shows the schematic model
of the SPS apparatus. The main difference of SPS from a hot
press is an occurrence of a spark discharge between particles of
materials, and the spark discharge accelerates the sintering of
material with low grain growth [4-6]. Hence, ceramics
prepared by SPS showed high mechanical properties [7]. To
discharge the spark plasma, the pulsed dc is applied through the
electrodes to top and bottom punches. Carbon sheets are
inserted between dies and sample to easily remove the sintered
sample from die. Thus, the SPS is carried out inside the carbon
sheets and the sintering process carried out in reduction
atmosphere. Therefore, SPS is suitable to prepare of ceramics/
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metal nanocomposites, which are otherwise generally sintered
in inert and/or reduction atmosphere [8—14].

The nanocomposite materials, in which nano-size particles
disperse in the matrix, have superior mechanical properties
[14,15]. Al,O3/Ni nanocomposites are one of the most
successful systems. Because the microstructure of these
nanocomposites strongly depends on the preparation method,
many preparation methods have been attempted [16-22]. The
fracture strength of these nanocomposites is significantly
enhanced from that of monolithic alumina ceramics.

The in situ reaction sintering method, forming nano-size
grains of secondary phase by thermal decomposition of complex
compound during reaction sintering, is one of the most
appropriate methods to obtain nanocomposites [17]. The starting
materials of AlLO3;-NiO powder synthesized by thermal
decomposition of precipitates prepared from aluminum sulfate
and nickel sulfate were sintered in a carbon bed at 1500 °Cfor 1 h
after molding. The obtained Al,O3/Ni composites have high
relative densities and nickel grains (grain size 100-300 nm)
dispersed homogeneously in the microstructure. The maximum
3-point bending strength was 408 MPa at 10 mol% Ni sample
and the maximum fracture toughness was 9.9 MPam'? at
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Fig. 1. Schematic model of spark plasma sintering (SPS) apparatus.

40 mol% Ni sample. By homogeneous dispersion of nano-Ni
grains, the obtained composites showed the maximum 3-point
bending strength at much lower Ni content than previously
reported nickel content. Thus, Al,O3/Ni nanocomposites were
prepared by the in situ reaction sintering method in carbon
atmosphere. This method is also preferable to SPS which is
carried out in carbon atmosphere, and it is expected that the
mechanical properties of the nanocomposites are further
enhanced by in situ sintering method using SPS system.

In this study, the Al,03/Ni nanocomposites were prepared by
SPS using Al,O3-NiO solid solution as raw material and mecha-
nical properties of the obtained composites were evaluated.

2. Experimental procedure
2.1. Preparation of composites

Al,03-NiO co-precipitated powders were prepared by the
water solution heating method [17,23]. High purity aluminum
sulfate (Al,(SO4)3-14—18H,0, Hayashi Pure Chemical Ind.,
Japan) and high purity nickel sulfate (NiSO4-6H,O, Kishida
Chemical Co., Japan) (0—13 mol%) were dissolved and mixed
in water for 2 h. The obtained solution was rapidly dried by
microwave (MR-P1510, Hitachi, Japan), calcined at 900 °C for
4 h to remove sulfate and further calcined at 1250 °C for 1 h.
The obtained powder was wet ball milled in an ethanol for 48 h
and dried at 110 °C for 2 h.

The obtained powders were sintered by SPS apparatus (SPS-
5158, Sumitomo Coal Mining, Japan). The dimension of the
carbon die barrel and inner aperture was 40 and 20 mmg,
respectively. To ensure the good electrical contact and reduce
the co-precipitated powder, carbon sheets were inserted
between the punches and die (Fig. 1). The carbon die was
covered with ceramic wool for thermal insulation and the co-
precipitated powder was packed in the die. Sintering conditions
were at 1350 °C for 6 min (heating rate: 100 °C/min) and a
pressure of 20 MPa applied from the beginning of the sintering.
The temperature of the die was measured with an optical
pyrometer which was focused to the die surface.

2.2. Characterization

The phase composition was identified by X-ray diffracto-
metry (XRD) using Cu Ka radiation (RAD-B, Rigaku, Japan).

The relative density of the specimens was measured by
the Archimedes technique using water. The microstructure of
the surface was observed using a scanning electron microscope
(SEM) (JSM-5200, JEOL, Japan). Young’s modulus was
measured using an ultrasonic method using a sintered specimen
with diameter of 20 mmg¢ and thickness of 10 mm. The sintered
specimens were cut by a diamond wheel to the dimension of
2mm X 2mm X 10 mm, and the specimen surfaces were
polished with 3 and 6 pwm diamond pastes. Fracture strength
measurements were carried out by a 3-point bending test with a
span length of 8 mm and crosshead speed of 0.5 mm/min
(AGS-5kND, Shimadzu, Japan). The average bending strength
was obtained from measurements of 10 samples. Vickers
hardness test was performed on micro-Vickers hardness tester
(AVK-A, Akashi, Japan) on the polished surface. Fracture
toughness were estimated by indentation fracture (IF) method,
which was calculated from the following equation:

E()AS (P)O.Sa

Kie = 0.026=— 75

where E is the Young’s modulus, P the load applied for
indentation, a the dimension of indentation and C is the crack
length measured from the center of contact pattern.

3. Results and discussion

3.1. Phase change during sintering

Fig. 2 shows the XRD patterns of the obtained Al,0;—NiO
powders before sintering. The powder without Ni shows only a-
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Fig. 2. XRD pattern of Al,O3-Ni solid solution powders after calcining at
1250 °C for 1 h.
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Fig. 3. XRD pattern of Al,O3/Ni composites after sintering at 1350 °C for
6 min.

Al,O3 peaks and the powders containing Ni show peaks
assigned to a-Al,03 and NiAl,Oy spinel. The powder for in situ
reaction sintering ideally consists of the mono phase to avoid
the problem of density difference between ceramics phase and
secondary metal during mixing process. The obtained powders
consisted of two phases but the densities of a-Al,O3 (4.0 g/
cm? ) and NiAl,O,4 (4.4 g/cm3) are similar, which is fair for the
raw material for in situ reaction sintering. Fig. 3 shows the XRD
patterns of the composites obtained by SPS at 1350 °C for
6 min. These XRD patterns show that all the samples consisted
of only a-Al,O3 and Ni phases. This is because of the phase
changes from NiAl,O,4 to a-Al,O3 and Ni as reported in the
previous study [17,23].

Fig. 4. SEM micrograph of Al,05/10 mol% Ni composite.
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Fig. 5. Young’s modulus and Vickers hardness of Al,O3/Ni composites as a
function of Ni content.

3.2. Microstructure and relative density

Fig. 4 shows the fracture surface of the 10 mol% Ni
composites. The microstructures of all samples show homo-
geneous dispersion of Ni grains in the alumina matrix. These Ni
grains were originated from NiAl,O, spinel. SEM micrograph
also showed many voids, which were formed by Ni grains
peeled off from alumina matrix. It is considered that these voids
indicate that the Ni grains influence the fracture of the ceramics
and improvement of the fracture toughness. The relative
densities of the composites measured by Archimedes technique
were >98% of the theoretical densities.

3.3. Mechanical properties

Fig. 5 shows Young’s modulus (E) and Vickers micro
hardness (Hy) of the resulting Al,05/Ni composites. The E and
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Fig. 6. Relationship between nickel content and 3-point bending strength of
Al,0O3/Ni composites.
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Fig. 7. Relationship between nickel content and fracture toughness of Al,O3/Ni
composites.

Hy values of monolithic a-Al,Oz are 364 and 20.0 GPa,
respectively. The E-values were nearly same with increase in Ni
content and Hy of the resulting Al,O3/Ni composites were
slightly decreased with increase in Ni content. It is considered
that the little decrease of these values were due to Ni addition.
Nevertheless, these values of the composites were similar to
monolithic «-Al,O; because of a very low Ni content
(13 mol% = 3.7 vol.%).

On the other hand, the 3-point bending strength and fracture
toughness showed a large increase with such a low Ni content.
Fig. 6 shows the change of 3-point bending strength (o) as a
function of Ni content in the composites. The o-value increases
up to 766 MPa (Weibull modulus of 21.9) by dispersing
10 mol% Ni, which is only 2.8 vol.%. However, the strength
decreases with increasing Ni content beyond 10 mol%. The
maximum strength of the composites is generally obtained by
mixing 5-10vol.% of the second phase, however the
composites prepared by in situ reaction sintering method show
the maximum strength at only 2-3 vol.% [17]. The maximum
strength of the present sample was also obtained at 2.8 vol.%.
This is owing to homogeneous dispersion of nano-Ni grains in
alumina matrix.

The relationship between Ni content and the fracture
toughness (K.) of the obtained composites is shown in Fig. 7.
The Kj. values of monolithic a-Al,O5 was 3.7 MPa m'?. This
value increased with increase in Ni content and reached up to
5.6 MPam'? at 13 mol% Ni content. The mechanism of the
toughening is thought to be frontal zone toughening and crack
bridging, which is the general toughening mechanism of the
nano-composites [14,15].

To compare the improvements of the mechanical properties
the mechanical properties of the present composites, mono-
lithic a-Al,O3 [24] and Al,O5/Ni composites prepared by in
situ reaction sintering method (previous study) [17], pressure-
less sintering method [18,19], hot press method [20,21] and
SPS method [13,14] are listed in Table 1. The fracture strength
and fracture toughness of the present composites showed
relatively higher values than the reported values. To evaluate
the effect of the nickel addition, Tuan et al. have used the ratio
of the mechanical properties of composite to that of matrix [16].
Comparison of the ratios is appropriate to the evaluation of the
mechanical properties, because each report uses the different
condition to measure these properties. The ratio of the fracture
strengths (o/0y) and fracture toughness (Ki./Ki.) were also
listed in Table 1. The present material is stronger than the other
reported materials when compared with their o/0¢ and Kj./Kj.q
values. These excellent mechanical properties are due to
homogeneously dispersed small Ni grains in alumina matrix
obtained by this new method hence demonstrate the usefulness
of this new preparation technique for nanocomposites.

4. Summary

Al,03/Ni nanocomposites were prepared by SPS using
Al,05-NiO solid solution as raw material and mechanical
properties of the obtained nanocomposites were reported.
Starting powders (Al,O3—-NiO powders) were changed into
Al,O5 and Ni phases during sintering process. The relative
densities of the obtained Al,O3/Ni nanocomposites were
>98%. Ni grains were homogeneously dispersed in the micro-
structure. Young’s modulus and Vickers hardness of the
nanocomposites were similar to those of the monolithic o-
Al,O5. By contrast, the 3-point strength of the composites
increased from 450 MPa in the monolithic a-Al,O5 to 766 MPa
in the 10 mol% (2.8 vol.%) Ni nanocomposite. The fracture

Table 1
Comparison of mechanical properties of the Al,O3/Ni composites prepared by various methods

Ni content (vol.%) R.D.2 (%) o (MPa) Kic (MPam'?) oloy Ki/Kieo
This study 2.8 >98 766 4.6 1.70 1.25
Previous study [17] 2.8 95 408 5.8 1.15 2.20
Pressureless [18] 5 97 526 4.2 1.07 1.17
Pressureless [19] 7.6 90 439 1.28
Hot press [20] 5 >98 1090 35 1.56 1.00
Hot press [21] 5.5 >98 500 4.1 1.43 1.18
SPS [12] 3 >98 984 4.5 1.64 1.05
SPS [13] 5 >08 650 32 0.90 0.94
a-Al,O3 [24] 0 >98 380 35

? Relative density.
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toughness of the nanocomposites were enhanced from 3.7 to
5.6 MPa m'"? with increasing Ni content. The o/0 and K;/Kcq
values of the present samples were higher than previously
reported values. Therefore, the new SPS technique, which is a
reaction sintering technique using SPS apparatus, is success-
fully demonstrated for the preparation of Al,O3/Ni nanocom-
posite.
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