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Abstract

A heterogeneous precipitation method is described for obtaining nanocomposite powders consisting of Ni nanoparticles homo-

geneously dispersed within g-Al2O3. The amorphous Al(OH)3 was nucleated on the surfaces of NiO nanoparticles and crystallized
to g-Al2O3 at 900 �C. The porosity of g-Al2O3 allowed the growth of NiO nanoparticles during calcinations. After the calcined
nanocomposite powders were selectively reduced at 700 �C in a hydrogen atmosphere, NiO nanoparticles were converted to Ni with
the size of 25–35 nm. TEM observation and AES analysis showed Ni nanoparticles were uniformly dispersed in the g-Al2O3 matrix.
# 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Ceramics are used in many fields. However, the utility
of a ceramic material in an engineering application is
critically determined by its brittleness. Thus, the tough-
ening of ceramic materials is very necessary. The dis-
persion of a ductile metallic phase (Ni, W, Cr, Cu etc.)
in a brittle ceramic matrix is found to be a promising
way [1–4]. Reinforcement models show the importance
of the homogeneity and the small size of the metallic
inclusion [5]. So the synthesis of good composite pow-
ders is very important for preparing good properties of
materials. The control of the microstructure of ceramic–
metal composites is generally difficult to achieve by tra-
ditional techniques involving mechanical mixing of
ceramic and metallic powders followed by hot pressing
[6,7]. A small-scale homogeneity can be obtained using
the sol-gel route [8–10]. However, the relatively high
cost of some reactants and the difficulty to control the
gel drying step are drawbacks to this method. The het-
erogeneous precipitation method is a promising way
because of inexpensive raw materials and simple pro-
cessing. A large number of studies have been done and
have obtained exciting results [11,12].

In the present work, g-Al2O3–Ni nanocomposite
powders were prepared by the heterogeneous precipita-
tion method. The purpose of this paper is to explain the
expectation of obtaining a much better microstructure
and property of material.

2. Experimental procedures

g-Al2O3–Ni composite powders were prepared using
NiO [with the average size of 8 nm (SICCAS, China)],
Al(NO3)3.9H2O (analytically pure) and NH3.H2O as the
starting materials. NiO powders which were equivalent
to 12.5 wt.% Al(NO3)3.9H2O were dispersed in 0.02 M
Al(NO3)3.9H2O solution by sonication Poly-ethylene
glycol (PEG, molecular weight 1500) (2 wt.%, equivalent
to NiO weight) solution was used as dispersant to pre-
vent NiO powders agglomerating. Next, 1 M NH3.H2O
solution under vigorous stirring was added dropwise to
the homogeneous slurry obtained above. To ensure
complete reaction, an excess of NH3.H2O was used and
the pH value of the mixed solution was adjusted to 9
during precipitation. The resulting precipitates were fil-
tered and thoroughly washed three times with distilled
water. Finally, the precipitates were dried at 70 �C for
24 h. The as-dried precipitates were calcined in air at
700 and 900 �C for 2 h at a heating rate of 5 �C/min and
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the samples were calcined at 900 �C and reduced at
700 �C for 4 h in a hydrogen atmosphere at a heating
rate of 5 �C/min.
The thermal decomposition behavior of as-pre-

cipitated composite powders was studied by thermo-
gravimetric analysis (TGA) and differential thermal
analysis (DTA) on a Netzsch-STA 429 thermal analysis
device. TGA–DTA determination was carried out in air
in an Al2O3 crucible at a heating rate of 10

�C/min from
room temperature to 1200 �C. X-ray diffraction (XRD)
patterns were obtained at a scanning rate of 4�/min with
2� range from 20 to 70� using a fully automated dif-
fractometer (Riaku RAX-10, Japan) with CuKa (0.15406
nm) radiation. A transmission electron microscope
(TEM) (model JEM-200CX, Jeol, Tokyo, Japan) was
used for investigating the particle size and the shape of
the composite powders. Auger energy spectra (AES)
(Microlab 310F, VG Scientific Ltd, USA) were used to
investigate the state of the surface of the particles.

3. Results and discussion

The DTA and TGA curves of the as-dried composite
powders shown in Fig. 1 had three exothermic peaks
and one endothermic peak. From the DTA curve, it can be
seen that the endothermic peak at about 140 �Cwas due to
hydration and the exothermic peak at 290 �Cwas assigned
to PEG burnout, which coincided with the abrupt weight
losses over the temperature range from 50 to 400 �C on the
TGA curve. The weak exothermic peaks at 895 and
1100 �Cwere associated with the amorphous Al(OH)3!g-
Al2O3, g-Al2O3!a-Al2O3 transformations, respectively,
which was proved by the XRD results shown in Fig. 2.
The composite powders dried at 70 �C for 24 h, cal-

cined at 700, 900 and 1200 �C for 2 h in air and reduced

at 700 �C for 4 h in hydrogen were identified by XRD,
as shown in Fig. 2. The XRD pattern of the dried pow-
ders showed the obtained Al(OH)3 was an amorphous
phase because no new peaks appeared except for those of
the NiO particles. When calcined at 900 and 1200 �C, the
XRD appeared at diffraction peaks of g-Al2O3 and a-
Al2O3, which was in agreement with the DTA analysis.
The broad g-Al2O3 peaks and amorphous background
suggested the existence of fine crystalline, meantime the
NiO peaks of the calcined powders were sharper than
those of the uncalcined powders, indicating the agglom-
eration and growth of NiO nanoparticles. The XRD pat-
tern of the calcined powders reduced at 700 �C in
hydrogen showed NiO particles were converted to Ni
particles. Generally, the temperature of the amorphous
Al(OH)3!g-Al2O3 and g-Al2O3!a-Al2O3 phase trans-
formations was at 500–800 and 1150–1250 �C, respec-
tively [13]. However, in this study, the temperature of the
amorphous Al(OH)3!g-Al2O3 is near 900 �C, which
shows NiO nanoparticles can retard amorphous!g

Fig. 1. The DTA and TG curves of the dried composite powders.

Fig. 2. XRD patterns of the composite powders: (a) dried; (b) calcined

at 700 �C; (c) calcined at 900 �C; (d) calcined at 1200 �C; (e) reduced at

700 �C (after the dried composite powders were calcined at 900 �C).

166 G.-J. Li et al. / Ceramics International 28 (2002) 165–169



phase transformation. The DTA and XRD results also
show the effect of NiO nanoparticles on g!a phase
transformation is small, which is in agreement with the
result of Okada [14]. An amount of research [15–19] has
focused on the effect of metal oxide seeds on g-Al2O3!a-
Al2O3 phase transformation and has demonstrated that
the increase or decrease of the g!a conversion tempera-
ture was due to the increase or reduction of the activation
energy barrier. According to previous research, the
increase of amorphous!g transformation temperature
possibly resulted from increase of the activation energy
barrier involved in the thermally activated nucleation
process.
The TEM and HREM images of the dried composite

powders are shown in Fig. 3. The TEM image indicated
the NiO particles (dark field) were uniformly dispersed in
the amorphous Al(OH)3. From the corresponding
HREM image, it was evident that the amorphous
Al(OH)3 coated the surface of the NiO nanoparticles. This
is a typical coated structure. The core particles are NiO
particles and the shell layers are Al(OH)3. The above
results suggested the nuclei of Al(OH)3 in the solution
grew on the surfaces of NiO core particles instead of
forming discrete precipitates in the presence of NiO
nanoparticles. The NiO surface acted as heterogeneous
nucleation sites.
The NiO nanoparticles dispersed in g-Al2O3 were

completely reduced to Ni at 700 �C for 4 h in an
hydrogen atmosphere after the composite powders were
calcined at 900 �C by XRD analysis (Fig. 2e). Accord-
ing to Scherrer’s equation (particle is spherical):

D ¼ 0:89l=Bcos �ð Þ

where D is the average particle size, B is the full-width at
half-height of the peak, l is the wavelength of X-ray and
� is the diffraction angle of the peak. The average par-
ticle size of NiO is about 31 nm; its TEM is shown in
Fig. 4. As observed from TEM, the size of nanocrystal-
line Ni was 25–35 nm because of the agglomeration and
growth of NiO particles during calcinations, which
coincided with XRD results. g-Al2O3 is a porous struc-
ture whose porous walls consist of a lot of single Al2O3
particles [20]. Such a structure may allow gas to flow
freely, which is favorable to reducing NiO by hydrogen.
So in this study, g-Al2O3–Ni composite powders were
prepared. However, the porosity of g-Al2O3 allowed the

Fig. 4. TEM micrograph of the composite powders reduced at 700 �C

(after the dried composite powders were calcined at 900 �C).

Fig. 3. TEM and HREM images of the dried composite powders.
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growth of NiO during calcinations according to TEM
observation (Fig. 4) and XRD analysis (Fig. 2c).
AES analysis was conducted on the composite powders

dried and reduced after being calcined 900 �C, respec-
tively. A blank experiment was carried out on as-received
NiO powders, which was used for contrast. Their AES
spectra are shown in Fig. 5. As is known, AES can provide
the information about compositions of several layers of
atoms (about 1 nm) on the surface of materials, so it is
suitable to investigate the status of the surface of the
particles. In the blank sample, only two kinds of ele-
ment were detected by the AES technique (Fig. 5a).
Kinetic energy at 490 and 510 eV indicated the element
O auger peak, Ni peaks were near 706, 776 and 842 eV; the
former two were weak peaks. However, the AES spectrum
of the dried composite powders (Fig. 5b) showed element
C, O and Al auger peaks were tested and no Ni auger
peaks appeared. Kinetic energy of C auger peak corre-
sponding to the organic dispersant was at 273 eV and that
of Al peaks was at 1327 and 1376 eV. A reasonable infer-
ence was that the amorphous Al(OH)3 was precipitated on
the surfaces of NiO particles. From the spectrum of the
reduced composite powders (Fig. 5c), it was observed that
the C peak disappeared for the elimination of organic dis-
persant, but the Ni peaks had not appeared yet except for
the O andAl auger peaks, indicatingNi nanoparticles were
uniformly dispersed in g-Al2O3.

4. Conclusion

g-Al2O3–Ni nanocomposite powders were successfully
prepared by the heterogeneous precipitation method

using NiO, Al(NO3)3.9H2O and NH3.H2O as the start-
ing materials. In the presence of the NiO nanoparticles,
the NiO surface acted as heterogeneous nucleation sites,
so the nuclei of the amorphous Al(OH)3 in slurry grew
on the surface of NiO core particles. The amorphous
phase were crystallized to g-Al2O3 at 900 �C for 2 h in air,
NiO nanoparticles in nanocomposite powders were then
completely reduced to Ni at 700 �C for 4 h in an hydrogen
atmosphere. TEM observation and AES analysis showed
Ni nanoparticles were uniformly dispersed in the g-Al2O3
matrix. In addition, NiO nanoparticles can retard the
amorphous Al(OH)3!g-Al2O3 transformation, but the
effect on g-Al2O3!a-Al2O3 transformation is small.
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