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Abstract

Complex-shaped Al2O3/Ni nanocomposites with preserved multifunctional magnetic properties are successfully fabricated by a
gelcasting process. Based on an investigation of the effects of suspension composition on the drying, debinding, and reduction-

pressureless sintering processes, a stable Al2O3/NiO binary oxide aqueous suspension with optimal monomer, dispersant, and solid
composition is defined. Wet gelcast bodies produced using this suspension system shrink by 4.72% during humidity-controlled
drying, with a bending strength of the fully dried green body of 3.84�0.84 MPa. The interconnected void structure of the debound
green body provides hydrogen reduction of dispersed NiO without metamorphosis or shrinkage. Al2O3/Ni nanocomposites with

complex shapes are successfully produced by pressureless sintering, and exhibit appropriate strength (586�50 MPa) after 21.5%
shrinkage. Dispersed Ni particles exhibit typical ferromagnetic behavior in the Al2O3 matrix. This study confirms that gelcasting is a
viable process for fabricating industrially applicable Al2O3/Ni nanocomposites with balanced mechanical and magnetic properties.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Much attention has been focused on the development
of ceramic nanocomposites with nano-sized metal dis-
persion because such materials offer outstanding
mechanical and multifunctional properties. The
authors’ group has already reported the synthesis of
distinct and unusual ceramic/metal nanocomposite
materials by hydrogen reduction and sintering from
ceramic/metal oxide mixtures prepared by powder
metallurgy or solution chemical routes.1�4 As an exam-
ple, Al2O3/metal nanocomposites fabricated by hydro-
gen reduction followed by hot pressing of Al2O3/metal
oxide powder mixtures exhibit both high fracture
strength and peculiar functional properties due to the
dispersion of nano-sized metal particles.5�9 However,
these kinds of materials have previously been developed
by reductive hot-pressing, and are difficult to machine
as a consequence of the improved mechanical proper-
ties. The high machining costs for these materials
therefore preclude widespread industrial application.
Near-net shaping has the potential to overcome these
problems while maintaining the multi-functionality of
the material. In near-net shaped materials, the suspen-
sion properties play a substantial role in determining the
final properties of the specimen and the range of appli-
cations. Gelcasting is a novel process for the fabrication
of complex-shaped ceramic green bodies from highly
solid-loaded monomer-based aqueous suspensions. In
this process, the monomer in the suspension is poly-
merized during casting. Well-dried and debound green
bodies can then be densified by pressureless sintering.
According to previous research, the use of a stable sus-
pension and control of specific process conditions (dry-
ing, debinding, sintering) important aspects of this
technique.10�13 However, the mechanical properties of
cast and pressureless-sintered products are often poorer
than those produced by conventional sintering pro-
cesses. Combination of an optimized nanocomposite
material system and gelcasting process therefore repre-
sents a potentially useful method for producing strong,
multifunctional specimens in industrially applicable
shapes.
In the present study, the optimum suspension condi-

tions and process route for the fabrication of complex-
shaped Al2O3/Ni nanocomposites are investigated. Ni
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was selected as the dispersant in this study because of
the potential magnetic functionality such a dispersion
would offer as a ferromagnetic metal.7,8

The potential application of nanocomposites as novel
structural or functional engineering materials depends
heavily on the consolidation of powders into bulk
materials. Numerous authors have shown that pressure-
assisted sintering, such as hot-press sintering, is ade-
quate for both reaching full density and preventing
grain growth.14 Pressureless sintering was necessarily
used in the present investigation because of the lack of
suitable pressure-assisted pressing processes for complex
shapes, which are the target of this study. The relation-
ship between the final specimen properties and the pre-
paration conditions is investigated through systematic
fabrication of gelcast Al2O3/Ni nanocomposite under
various conditions of suspension synthesis, drying,15,16

debinding, and reduction-sintering.17,18
2. Experimental procedures

2.1. Preparation of suspension

The solution chemical route was selected to obtain
the Al2O3/NiO mixture powder.4 High-purity
Ni(NO3)2.6H2O (nickel nitrate, 99.9%, Wako Pure
Chem. Ind. Ltd., Japan) was used as the source material
for Ni dispersion. Weighted nitrate powders, corre-
sponding to 5 vol.% of nickel in the final composite,
were initially dissolved in ethyl alcohol at 60 �C. Subse-
quently, a-Al2O3 (TM-DAR, 0.16 mm, 99.99% Taimei
Chem. Co., Japan) powder was mixed with the nitrate
solution and ball-milled for 24 h. The dried mixture was
calcined at 400 �C in air to obtain a homogeneous
Al2O3/NiO powder. The final Al2O3/nano-sized NiO
mixture was wetted and dry ball-milled for 24 h.
In this aqueous gelcasting processing, methacrylamide

(MAM, 98%, Sigma Chem. Co., USA) was used as the
main monomer, and N,N’-methylenebisacrylamide
(MBAM, 99%, Sigma Chem. Co., USA) was used as
the cross-linker for making the organic solution. The
premixed aqueous solution contained 1–8 wt.% total
organic chemicals, and the mass ratio of MAM to
MBAM was set at 5:1. To prepare 48.5–51.5 vol.% solid
loading of suspensions, the weighted monomers were
dissolved in deionized water for 24 h. For highly solid-
loaded suspensions, poly-acrylic acid (SN Dispersant
5468, Sannopco Co. Japan) was added to the monomer
solution as a dispersant for the Al2O3/NiO mixture, and
dissolved over 1 h. The Al2O3/NiO mixture was then
added to this solution and dispersed under stirring for
24 h.
The specific surface area of the Al2O3/NiO mixture

was measured by the Brunauer-Emmett-Teller (BET)
model19 (Autosorb-1, Quantachrome Co.) through
nitrogen adsorption. Rheological measurements were
performed on a rotational stress-controlled rheometer
(BM, Tokimec Inc. Tokyo, Japan) in the shear rate
range of 1.74–17.4 s�1 at room temperature. The rela-
tionship between the rheological behavior, solid loading
and quantities of monomer and dispersant were esti-
mated, and the optimal suspension conditions were
selected based on this relationship.

2.2. Characterizations of related processes

Drying was carried out in a relative humidity (RH)
controlled chamber for de-molded specimens under
conditions of 90% RH and 30 �C. For investigation of
the drying behavior under these conditions, the weight
loss and one-dimensional shrinkage of a rectangular
specimen were measured. The debinding condition in air
was determined by thermogravimetric and differential
thermal analysis (TG-DTA) up to 500 �C. The fully
dried and debound green body was reduced under
hydrogen flow at 700 �C for 1 h, followed by continuous
sintering at 1500 �C for 4 h under Ar.
The surface morphologies of the reduced green body

and sintered specimen were observed by transmission
electron microscopy (TEM; 200 kV, H-8100, Hitachi,
Japan) and field-emission scanning electron microscopy
(FE-SEM; S-5000, Hitachi, Japan). Magnetization
curves of the nanocomposites were measured using a
SQUID magnetometer at 27 �C.
3. Results and discussion

3.1. Characteristics of stable suspension

As a solution chemical route, a Al2O3/nano-sized NiO
powder was successfully synthesized. BET measurement
revealed a specific surface area of 12.08 m2/g. In the
gelcasting process, it is important maintain good flow
properties of the highly solid-loaded suspension. It is
not possible to synthesis a stable suspension simply by
controlling pH alone, and the addition of a polymeric
dispersant is necessary to stabilized the monomer solu-
tion. To determine the most appropriate amount of
dispersant, leading to the best dispersion state, a 5 wt.%
monomer suspension with solid loading of 50 vol.%
Al2O3/NiO was prepared with different amounts of dis-
persant (Fig. 1). The results of these tests confirmed that
the concentration of dispersant strongly influences the
rheological behavior of the suspension. Below 1 wt.%
dispersant, the viscosity exceeds the available measure-
ment range (dotted line), but decreased rapidly with
increasing dispersant content up to 1.75 wt.% at pH 7.5
in the Al2O3/NiO suspension. Further addition resulted
in increased viscosity due to saturation of the particle
surfaces with adsorbed PAA, which eliminates the
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dependence of the suspension rheology on the PAA
concentration. Negative electrostatic surface charge of
both oxides was achieved at the present pH (�7.5), in
accordance with the isoelectric points of a-Al2O3 and
NiO of pH 8–9 and 10–11, respectively.11 This electro-
static force, and the addition of PAA to increase steric
repulsion, prevented phase segregation.
Fig. 2 shows the change in viscosity with solid loading

of the Al2O3/NiO mixture for a monomer solution con-
taining 1.75 wt.% PAA and 5 wt.% monomer. The
viscosity increased slightly with solid loading up to
50 vol.%, and further addition to 51.5 vol.% resulted in
a rapid increase in viscosity. The viscosity decreased
with increasing shear rate from 1.74 to 17.4 s�1. From
the analysis at a given quantity of dispersant (Fig. 1)
and solid concentration (Fig. 2), 1.75 wt.% PAA and 50
vol.% solid concentration were selected for further
investigation of the Al2O3/NiO mixture suspension.
Fig. 3 shows the variation in viscosity (shear rate

3.48 s�1) with total monomer content. The suspension
contained 1.75 wt.% PAA and 50 vol.% Al2O3/NiO
(solid loading). The viscosity decreased with increasing
total monomer concentration up to 5 wt.%, and further
addition resulted in an increase in viscosity. The mono-
mer concentration range of 5–8 wt.% affords relatively
low castable viscosities. From these results it is under-
stood that the rheological behavior of inorganic sus-
pensions also depend strongly on the monomer content.
Following this investigation, monomer contents of 5
and 8 wt.% were chosen for subsequent processes.
The concentrations of monomer, dispersant, and solid

are therefore confirmed to strongly influence the rheo-
logical behavior of the Al2O3/NiO suspension, and a
suspension of 1.75 wt.% PAA, 50 vol.% solid, and 5–8
wt.% monomer can be selected as an optimized con-
dition for the binary colloidal Al2O3/NiO mixture
system.

3.2. Characteristics of specific processes

3.2.1. Humid drying
Prior to casting in the rectangular (64�43�12 mm)

and complex-shaped molds, ammonium persulfate
was tested as the initiator and N,N,N0,N0- tetra-
methylethylenediamine was examined as the catalyst.
The wet body was dried in a humidity-controlled cham-
ber because drying without humidity results in cracking
due to non-uniform shrinkage. The drying weight-loss
curves for specimens prepared with 5 and 8 wt.%
monomer content are shown in Fig. 4 as plots of the
fractional weight-loss (X) vs. time (t), where X is defined
as the ratio of the instant weight loss, �m, to the
theoretical final weight loss, m0, i.e. X=�m/m0. Both X
vs. t plots exhibit a slight deviation from a linear rela-
tion at over 0.6X, and weight losses can be seen to con-
tinue for up to 140 h. The weight loss rate of the 8 wt.%
monomer suspension is higher than that of the 5 wt.%
suspension.
Fig. 2. Rheological behaviors of 5 wt.% monomer and 1.75 wt.%

dispersant concentrated suspension with different solid loading (shear

rate: 1.74–17.4 s�1).
Fig. 1. Rheological behaviors of 5 wt.% monomer concentrated and

50 vol.% solid loaded suspension with different amount of dispersant

(shear rate: 1.74–17.4 s�1).
Fig. 3. Rheological behaviors of 1.75 wt.% dispersant concentrated

and 50 vol.% solid loaded suspension with different amount of

monomer (shear rate: 3.84 s�1).
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Fig. 5 shows the one-dimensional shrinkage curves for
the wet bodies prepared with 5 and 8 wt.% monomer
contents. Here, shrinkage is defined as the ratio of the
measured length to the initial length (64 mm) of the
rectangular specimen. Active shrinkage occurred in the
initial 40 h. The maximum shrinkage reached 4.06 and
4.72% for the 5 and 8 wt.% monomer specimens,
respectively. The bending strength of the green body
was as high as 3.84�0.84 MPa.
The physical mechanism of drying can be classified

into three stages in gelcasting.15 In the initial stage
(constant rate period), the water is evaporated at a
constant rate via capillary force to the surface of the
green body. The green body thus shrinks at the rate of
water evaporation. The gel matrix imparts a compres-
sive stress, and particles become orientated. The initial
linear drying range in the present study, the first 5 h,
was confirmed as such a constant-rate drying period.
The transition between the intermediate stage (falling
rate period) and the final stage (polymer diffusion per-
iod) appears to occur at around 40 h, considering the
relationships for weight loss (Fig. 4) and shrinkage
(Fig. 5).

3.2.2. Debinding
The fully dried green bodies were debound to remove

organic gel, as monitored by TG-DTA. Fig. 6 shows the
debinding profile in air at 5 �C/min for the sample pre-
pared with 5 wt.% monomer content. The fractional
weight loss (�) of the dried body is defined as the ratio
of the instant weigh loss, �m, to the final weigh loss, mf,
i.e. � = �m/mf. Residual water boiled near 100

�C, and
organic gel was liberated between 250 and 500 �C.
Thermal analysis revealed a debinding temperature of
400 �C. After debinding, the 8 wt.% monomer specimen
had maintained a good shape, whereas the 5 wt.%
monomer specimen exhibited fine micro-cracks in the
center.
It is not clear in which process these micro-cracks

originated, as the cracks may have been present but no
visible after drying process, or may have been generated
during the debinding process. However, it is believed
that the monomer is not distributed homogeneously in
the Al2O3/NiO green body at this lower concentration.
This effect would result in an inhomogeneous stress
distribution due to gas pressure (water vapor or
organic compounds). Therefore, green bodies prepared
with 8 wt.% monomer content were selected for final
reduction and pressureless sintering.

3.2.3. Reduction and pressureless sintering
Gas-solid reaction of NiO reduction in the Al2O3/NiO

debound body can proceed in this system because of the
open internal structure. The reduction behavior in similar
Fig. 5. The one-dimensional percent shrinkage behaviors of 5 and

8 wt.% monomer concentrated wet bodies (1.75 wt.% PAA, 50 vol.%

solid loading) under the humidity control drying.
Fig. 4. The drying rates of 5 and 8 wt.% monomer concentrated wet

bodies (1.75 wt.% PAA, 50 vol.% solid loading) as plots of the frac-

tional weight loss (X) to time (t).
Fig. 6. The debinding profiles of 5 wt.% monomer concentrated

green body (1.75 wt.% PAA, 50 vol.% solid loading) as a result of

TG-DTA.
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systems has already been investigated through a systematic
study of the specific processes.17,18 Complete reduction of
NiO to Ni metal in the Al2O3/NiO green body was
achieved by reduction at 700 �C with hydrogen gas (dew
point �75 �C). The morphological characteristics of the
Al2O3/5vol.%Ni reduced specimen observed by TEM
are shown in Fig. 7. Fine spherical nickel particles of 20–
30 nm appear as precipitates within the Al2O3 matrix,
mainly at the surface of Al2O3. No shrinkage behavior
was observed under these reduction conditions.
Al2O3/5vol.%Ni nanocomposites of various shapes

were successfully fabricated by pressureless sintering.
Fig. 8 shows the various complex shapes fabricated by
this process (a), and the change in volume of the nut-
shaped specimen from molding, to drying and finally
sintering (b). The total shrinkage of the nut-shaped
specimen was 21.45%. The final density of the speci-
mens was 99.27% of the theoretical value, and the
three-point bending strength of the rectangular speci-
men was 586.94�50 MPa. Although the differences in
methods and conditions for mechanical testing make it
difficult to set up an appropriate comparison, the pre-
sent pressureless sintering result is very close to results
reported for pressure-assisted sintering of pure Al2O3
(605 MPa).14

Fig. 9 shows the fracture surface of the sintered
Al2O3/5vol.%Ni nanocomposite, which has a relatively
fine Al2O3 matrix and fine nickel particles. These
microstructural and mechanical properties strongly
suggest that dispersion of nano-sized Ni can contribute
to the strengthening of Al2O3 through inhibition of
grain growth20 and grain boundary strengthening
(Al2O3–Al2O3 and/or Al2O3–Ni).

21 The advantage of the
gelcasting process is that it allows for homogeneous den-
sity distribution and matrix grain size in complex-shaped
specimens.10�12

Fig. 10 shows a magnetic hysteresis loop for sintered
Al2O3/5vol.%Ni nanocomposites. Dispersed Ni in gel-
cast Al2O3/5vol.%Ni nanocomposites produced ferro-
magnetism in the final specimen, with a saturation
magnetization of 50.9 emu/g. The coercive force, 3.3 kA/
m, is approximately two orders of magnitude larger
than that of pure Ni (70 A/m), and is only slightly lower
Fig. 7. The TEM morphology of hydrogen reduced Al2O3/5vol.%Ni

nanocomposite.
Fig. 8. Gelcasted final Al2O3/5 vol.%Ni nanocomposites; (a) various

models of complex shaped specimens (nuts, cylinder, partitions of

gear), and (b) volume changes at the related suspension casting, humid

drying and reduction-sintering process.
Fig. 9. The fracture surface of gelcasted Al2O3/5 vol.%/Ni nano-

composites.
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than that of hot-pressed specimens4 (4.4 kA/m, 1450 �C,
1 h) and pulse-current sintered specimens22 (4.0 kA/m,
1450 �C, 5 min). Fine ferromagnetic Ni particles are
known to exhibit high magnetic coercive force as a
result of the characteristic magnetic domain struc-
ture.23,24 As the particle size of a magnetic material
decreases, the magnetic structure changes from multi-
domain to single-domain through reduction of the total
energy of the system. Although the Ni particle size in
the present Al2O3/5vol.%Ni nanocomposite system is
considered to be larger than that in pressure-assisted
sintered specimens,4,22 the coercive force enhancement
in the present case is expected to be due to this size
effect.
4. Conclusions

Gelcast Al2O3/Ni nanocomposites without degraded
mechanical or functional magnetic properties were suc-
cessfully fabricated. The gelcasting process conditions
were optimized based on investigation of the basic pro-
cesses involved, including the suspension parameters,
drying behavior, debinding conditions, and reduction-
sintering process. It was confirmed that the concentra-
tions of monomer, dispersant, and solid strongly influ-
ence the rheological behavior of the Al2O3/NiO
suspension. The optimal suspension conditions for the
preparation of binary oxide green bodies of various
shapes were found as follows: 1.75 wt.% dispersant,
50 vol.% solid, and 8 wt.% monomer. The wet body
shrank by 4.72% upon drying in a humidity-controlled
chamber, and the bending strength of the final dried
body was about 3.84 MPa. Good Al2O3/Ni nanocompo-
sites of various shapes and with ferromagnetic properties
were successfully synthesized by hydrogen reduction of
the debound body and continuous pressureless sintering.
The density of the final specimens was 99.27% of the
theoretical density, with 21.45% shrinkage and bending
strength of 586 MPa after sintering. These results demon-
strate that gelcasting is a viable technique for the synthesis
of Al2O3/Ni nanocomposites in various complex shapes
with high strength and magnetic functionality.
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