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A strong effort has been devoted recently toward processing of
metal–ceramic composites with tailored microstructure by col-
loidal methods. The aim of this work is to optimize the rheo-
logical behavior of concentrated Al2O3–nickel (Ni) aqueous
suspensions and further slip casting in order to obtain dense
green composites. Compositions with Ni relative contents rang-
ing from 5 to 75 vol% were prepared from suspensions with high
solids loadings (50 vol%) by adjusting the colloidal stability of
each component in terms of pH, mobility, dissolution conditions,
and influence of polyelectrolytes. The rheological properties
were measured under controlled rate and controlled stress con-
ditions at different basic pH conditions and contents of poly-
electrolyte. Better rheological conditions of the mixtures were
found for pH 10 and 1.0 wt% polyelectrolyte. Minimum vis-
cosity was obtained for suspensions containing 15 vol% of Ni.
The analysis of flow curves demonstrates that the suspensions
form a structure at very low shear, hindering sedimentation.
Homogeneous slip cast bodies with green densities up to 70% of
theoretical and up to 75 vol% Ni were sintered in Ar to achieve
dense biphasic composites.

I. Introduction

NICKEL (Ni) and Ni-matrix composites have received in-
creased attention because of their potential as either func-

tional or structural applications, such as electrodes for fuel cells
and thermal barrier coatings, respectively.1,2

From a structural point of view, the introduction of a ductile
phase into a brittle ceramic matrix is a suitable mechanism for
reinforcing the mechanical response of the matrix. A variety of
ceramic–metal composites have been studied, with the alumi-
num oxide (Al2O3)–Ni system being one of the most extensively
studied.3–5 In this sense, several variables have been related to
the reinforcement, including composition,6 inclusion shape 7 and
size,8 and sintering conditions.9 The inclusion of a ductile phase
into a rigid alumina matrix improves the mechanical behavior
through crack deflection, microcrack toughening, crack bridg-
ing, and crack blunting.

To achieve an efficient reinforcement, a high level of disper-
sion of the secondary phase into the matrix is required, in ad-
dition to achieving a high relative density. For this reason,
pressure-sintering techniques have been preferred for the man-
ufacture of Al2O3–Ni composites. However, some effort has
been made for manufacturing these materials by pressureless
sintering using powder forming routes, such as extrusion, die
pressing, or injection molding.9,10 Also, tape casting and lami-
nation have been used to reinforce alumina matrices by inter-
calating metal and ceramic layers.11 The control in the

processing and sintering conditions opens the possibility of de-
signing graded structures.12

The colloidal approach has been well demonstrated to be a
useful way to obtain dense ceramics with high microstructural
uniformity, reliability, and complexity.13–16 Colloidal forming
methods have been also used for metals and cermets,17,18 but a
deep characterization of the suspensions is much less frequent
because of the high density of the metal powders and their com-
plex surface behavior in water.

The shape forming of non-aqueous Ni suspensions has been
reported elsewhere,19,20 but the characterization of the rheolog-
ical properties has not received due attention. Tseng21–23 studied
the rheological behavior of non-aqueous Ni suspensions dis-
persed with polymeric surfactants. These suspensions exhibited
a shear-thinning behavior that suggested the formation of a
flocculated structure that broke down on shearing. The aggre-
gation state was characterized by a fractal dimension (Df), which
is estimated from the measured values of the yield stress.23,24

Previous work has demonstrated that Ni powders can be
processed by colloidal forming methods in water if the surface
properties are carefully controlled.25,26 The maximum stability
of Ni powders (with a mean size of 2.5 mm) in water was found
for suspensions dispersed with an acrylic-based polyelectrolyte
and basic pH (B10), where the particle surfaces become NiO
enriched and surface dissolution is prevented. The rheological
behavior of concentrated suspensions of this Ni has also been
studied. Suspensions with solids loadings up to 40 vol% were
prepared, and green densities of 53% of the theoretical were
obtained.

One of us has studied previously the rheological behavior of
aqueous suspensions of the same alumina powder used herein.27

Better dispersion was achieved for the polyelectrolyte type and
content we have used now. However, these suspensions had a
natural pH by 9, at which Ni exhibits a large viscosity and thix-
otropy. As the Ni particles form a strong structure and govern
the rheology, suspensions of alumina must be prepared at the
optimum pH for Ni in order to avoid undesired pH variations.
Hence, the rheology of alumina is studied for the different solids
loadings at pH 9 (natural pH), 10, and 11.

This work deals with the preparation of concentrated sus-
pensions of Al2O3–Ni mixtures, and the study and optimization
of their rheological behavior. The stability of the suspensions of
the pure components and the mixtures was studied considering
the x potential values and the effect of dispersing agents, pH
modification, and solids loading on the rheology. Rheological
models were used to predict the maximum packing fraction of
the suspensions. The suspensions were slip cast on plaster molds
to obtain green bodies with relative densities up to 70% of the
theoretical.

II. Experimental Procedure

The following powders were studied: a commercial Ni powder
(INCO T-110, Mississauga, ON, Canada) with a mean particle
size of 2.5 mm, a surface area of 1 m2/g and a density of 8.813 g/
cm3, and a high-purity a-Al2O3 (CONDEA HPA05, Tucson,
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AZ) with a mean particle size of 0.35 mm, a surface area of 9.5
m2/g, and a density of 3.98 g/cm3.

According to previous studies,25,26 concentrated aqueous sus-
pensions of Ni powders were prepared with a polyelectrolyte at
basic pH in order to prevent dissolution and to promote the
development of NiO-enriched species at the surface. An acrylic-
based polyelectrolyte (Duramax D-3005, Rohm & Haas, Phila-
delphia, PA, Mw B2 400) was used as a dispersant at a con-
centration of 1 wt% on a dry-solids basis. pH adjustments were
made by adding tetramethylammonium hydroxide (TMAH) up
to pH values of 9, 10, and 11. Ni suspensions with volume frac-
tion of solids (f) ranging from 0.15 to 0.40 (60–85.2 wt%, re-
spectively) were prepared.

Alumina aqueous suspensions were prepared to volume frac-
tion of solids ranging from 0.37 to 0.55 (70–87 wt%) by dispers-
ing with 0.8 wt% (on a dry-solids basis) of the same deflocculant
used for Ni powders. In order to avoid undesired variations of
pH in the mixtures, rheological studies for alumina suspensions
were performed at pH values of 9, 10, and 11, as well. As in the
previous case, pH adjustments were made by adding TMAH.

Suspensions of mixtures of Ni and Al2O3 were prepared al-
ways to a total volume fraction of solids of 0.5. Mixtures were
prepared to relative ratios of Ni of 5, 10, 15, 25, 50, and 75 vol%,
thus covering both Al2O3-rich and Ni-rich regions. These mix-
tures were dispersed with 1.0 wt% polyelectrolyte and pH 10.

All suspensions were prepared in deionized water using an
ultrasound probe (IKA 400S, IKA, Staufen, Germany) for 1
min and maintained for 24 h under mechanical stirring.

To characterize the stability of suspensions dispersed with a
polyelectrolyte at basic pH, x potential measurements were per-
formed on diluted suspensions using the microelectrophoresis
technique (Zeta-meter 3.01, Zetameter, Staunton, VA). The
ionic strength was fixed with 10�3M KCl.

Rheological characterization was carried out using a rheo-
meter RS50 (Haake, Karlsruhe, Germany) with a double-cone/
plate sensor configuration (DC60/21, Haake) that requires a
sample volume of 5 mL. Temperature was maintained constant
at 2570.51C. The flow behavior was measured by two different
testing modes: controlled shear (CR) and controlled stress (CS).
To obtain the high shear flow behavior CR experiments were
carried out using a measuring program in three stages: first, a
linear increase of shear rate; a plateau at the maximum shear
rate for 1 min; and decrease to zero. The characterization at the
low shear rate region was performed through CS experiments.
In these measurements, shear stress is linearly increased until
viscous flow occurs. For simplicity in the flow curves only the
up-ramps have been plotted. The rheological behavior of the
slurries was fit to regression models having two and four pa-
rameters. Slips were prepared at different solids loadings and the
variation of viscosity versus volume fraction of solids was used
to predict the maximum packing fraction (fm) before the sus-
pension behaved as a solid. To do so, the behavior at extreme
shear regions must be well differentiated. For this purpose, the
curves were fitted to the Cross model: Eq. (1)

Z0 � Z
Z� Z1

¼ k _gð Þm (1)

where Z0 is the extrapolation of the viscosity to the zero shear
rate and is referred to as zero shear viscosity, ZN is the limit
viscosity, which refers to that extrapolated to infinite shear rate,
_g is the shear rate, k is a constant with dimensions of time, and
m is a dimensionless constant. In this work, Z0 was obtained by
extrapolating to zero shear the values measured in CS mode,
while CR curves were used to obtain ZN values. The variation
of the limit viscosity (ZN) as a function of volume fraction of
particle was studied considering the Krieger–Dougherty model
in order to predict the maximum solids loading to which the
slips maintain stable Eq. (2):

Z ¼ Zs 1� f=fmð Þ� Z½ �fm (2)

which allows the calculation of the maximum packing fraction,
considered as the volume fraction of solids where the viscosity
tends to infinity. In this equation, Zs is the viscosity of the dis-
persing medium and [Z] is the intrinsic viscosity, which has a
value of 2.5 for spherical particles and increases as sphericity
decreases. Then the modified Krieger–Dougherty model can be
used in which the exponent [Z].fm is replaced by a coefficient n.

Suspensions of pure Ni, pure Al2O3, and their mixtures were
slip cast on plaster of Paris molds to obtain disks and plates. As-
cast samples were dried in air for 24 h. Green densities were
determined by the Archimedes method in mercury.

Samples were sintered at 14501C for 2 h with heating and
cooling rates of 51C �min�1 under a flowing atmosphere of Ar-
gon with 1 vol% of oxygen. This atmosphere has been used to
force the formation of NiAl2O4 spinel on the outside surfaces of
the samples that helps in further polishing processes28,29. Sample
surfaces were ground to remove the outer oxidation shell before
density measurements. Sintered densities were determined by the
Archimedes method in water. Scanning electron microscopy
(SEM, Carl Zeiss, DSM-950, Germany) observations were
made on fractured green samples as well as polished sintered
ones. Chemical etching was performed by dipping the polished
samples into a 50/50 solution of acetic acid/nitric acid for 5 s.

III. Results and Discussion

(1) Rheological Behavior of Monophase Suspensions

The complex surface behavior of Ni powders in water has been
reported elsewhere.13 Under acidic conditions, Ni21 species pre-
vail. The isoelectric point was found to occur at pH 3.5–4, but
the x potential showed a constant value at pH ranging from 4 to
9, which was assigned to the existence of NiO(OH) species.
Powders treated under basic conditions (pH 49) led to NiO-
enriched surfaces.

The surface behavior of Al2O3 aqueous slurries has been
widely reported in the literature, the isoelectric point occurring
at pH5 9, although the adsorption of an acrylic polyelectrolyte
causes the isoelectric point to shift toward lower pH.

Figure 1 shows the variation of x potential with polyelectrolyte
content for suspensions of either Ni or Al2O3 prepared at their
natural pH (pH 8.5 and 9, respectively, without any pH adjust-
ment). Maximum values of x potential of �40 and �60 mV are
reached for Ni and Al2O3, respectively, thus demonstrating the
high stability of both powders under these dispersing conditions.

The rheological behavior of Ni slips with a volume fraction of
solids of 0.35 is shown in Fig. 2, where the CR flow curves of
slips prepared at the different pHs are plotted. A minimum of
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Fig. 1. x potential values of aluminum oxide and nickel powders in
water with different amounts of dispersant at their natural pH (B9).
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viscosity is reached for suspensions prepared at pH 10. This can
be explained considering that pH 9 is very close to the equilib-
rium pH and there is still a considerable amount of hydroxy-
lated species. At pH 11, the concentration of base necessary to
reach this high pH is very large and the increased concentration
of counter ions in the liquid medium leads to a double-layer
thinning effect. Figure 2 also plots the CR flow curves of Al2O3

suspensions prepared to a similar volume fraction of particles
(0.37) and the same pH values considered for Ni suspensions.
The minimum viscosity is reached at the natural pH, while the
addition of TMAH to increase the pH has a deleterious effect on
viscosity. However, the viscosity of Ni suspensions is much
higher than that of alumina suspensions, so the composite rheo-
logy should be governed by Ni. The increase in viscosity of alu-
mina when pH changes from 9 to 10 is negligible as compared
with the variation of Ni viscosity when the pH is changed. Sim-
ilar observations were obtained for the slips prepared with other
solids loadings. Accordingly, the homogeneity of the mixtures
will be improved if pH 10 is maintained for the optimum dis-
persant content.

Figure 3 shows the flow curves measured in CR mode for the
Ni suspensions prepared at different volume fraction of solids
and a constant pH of 10. As expected, the rheological behavior
becomes more complex as solids loading increases, the flow be-
havior changing from nearly Newtonian for lower concentra-
tions to very shear thinning for the more concentrated
suspensions. This suggests the formation of some structure in

the low shear region and some time dependency is observed in
the flow curves. The flow curves obtained for the same suspen-
sions measured at CS conditions are shown in Fig. 4.

Similarly, Figs. 5 and 6 plots the flow curves of alumina sus-
pensions prepared at pH 10 and different volume fractions of
solids, measured at CR and CS conditions, respectively. The less
concentrated suspension (f5 0.37) has a very low viscosity and
a slight shear thickening behavior. When solids loading increas-
es, the suspension shows a shear thinning behavior. Alumina
suspensions with low viscosity can be prepared to solids loadings
up to 55 vol%, while very high viscosities are obtained for Ni
above a volume fraction of 0.40.

From these flow curves, the extrapolated values of viscosity
were plotted against the volume fraction of particles. It was ob-
served that Z0 values were several orders of magnitude higher
than the corresponding ZN values. That is, there are strong dif-
ferences between the flow behavior at very low shear rates and
very high shear rates. Suspensions behave as shear thinning flu-
ids, with a strong structure that must be broken for the flow to
occur. This very shear thinning behavior leads to very large er-
rors in Z0, so that fitting to the Krieger–Dougherty model to
predict the maximum packing fraction was performed only for
ZN values obtained from the CR curves. Figure 7 shows the
variation of the limit viscosity (ZN) as a function of volume
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Fig. 2. Flow curves of nickel and aluminum oxide suspensions with
volume fractions of 0.35 and 0.37, respectively, measured in controlled
shear mode at pH 9, 10, and 11. Only up-curves are shown.
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Fig. 3. Flow curves of nickel suspensions with different volume frac-
tions measured in controlled shear mode (1 wt% polyelectrolyte and pH
10).
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Fig. 4. Flow curves of nickel suspensions with different volume frac-
tions measured in controlled stress mode (1 wt% polyelectrolyte and pH
10). Only up-curves are shown.
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Fig. 5. Flow curves of aluminum oxide suspensions with different vol-
ume fractions measured in controlled shear mode (0.8 wt% polyelectro-
lyte and pH 10). Only up-curves are shown.
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fraction of particles for Ni and alumina suspensions prepared at
pH 9, 10, and 11.

Table I reports the values of n and fm for Ni and Al2O3 sus-
pensions prepared at pH values of 9, 10, and 11 obtained by
fitting the experimental data to the Krieger–Dougherty model
Eq. (2). For monodisperse particles, the theoretical packing
fraction is 0.72, and the values obtained here are not so far
from the theoretical limit. A maximum packing fraction of 0.60

is obtained for Ni at pH 10, but it decreases to 0.50 at pH 11 and
to 0.42 at pH 9. The maximum packing fraction for alumina was
very high (40.60) at any pH, with a maximum of 0.74 for pH 9.
The fm value decreases as pH increases, as a consequence of the
higher viscosity.

(2) Rheological Behavior of Al2O3–Ni Mixtures

Once the dispersing conditions and the rheological behavior of
pure Ni and pure Al2O3 suspensions were optimized, mixtures
with concentrations of Ni ranging from 5 to 75 vol% were stud-
ied. Figure 8 shows the CR flow curves of all mixtures prepared
to a volume fraction of solids of 0.50 at pH 10. For simplicity,
only the up-curves have been plotted, but all mixtures exhibited
a significant thixotropic cycle, which suggests the existence of a
network structure that breaks on shearing. The addition of small
concentrations of Ni (5 and 10 vol%) increases the viscosity as
compared with that of pure alumina suspension. However, the
addition of higher contents of Ni (15 and 25 vol%) leads to
lower viscosity. This can be explained in terms of bimodality
considering that Ni particles have an average size six times larger
than that of alumina, thus allowing better packing of particles.30

Suspensions with higher relative contents of Ni ( � 50%) show
a much higher viscosity with a very shear thinning behavior, the
rheology being controlled by the major phase.

When the extended flow curves of these suspensions are fitted
to the Cross model, new extrapolated viscosities are obtained for
shear rates close to zero and infinity. Table 2 summarizes the
viscosity of the Al2O3–Ni suspensions with f5 0.50 and pH 10
measured at a shear rate of 100/s, the extrapolated values at zero
and infinite shear rate and the thixotropy measured from con-
trolled rate flow curves. The minimum viscosity is obtained for
the suspension with 15 vol% Ni but it is more thixotropic than
suspensions with a lower content of Ni. The large thixotropy
and the strong differences in viscosity between the zero shear
and the high shear regions suggest that a strong structure is
formed at rest, especially when the Ni content increases.

The formation of a strong structure at rest or under low shear
conditions can be visualized in Fig. 9, which plots the log–log
curves of viscosity as a function of shear rate for two suspen-
sions with different Ni contents. These curves were obtained by
measuring under controlled stress conditions. In both cases, the
viscosity decreases as shear rate increases until a given value
where there is a range with a smaller rate of viscosity increase.
After this region, the viscosity decreases again as the shear rate
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Fig. 6. Flow curves of aluminum oxide suspensions with different vol-
ume fractions measured in controlled stress mode (0.8 wt% polyelec-
trolyte and pH 10). Only up-curves are shown.
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Table I. Parameters of Modified Krieger–Dougherty Fitting
for Nickel (Ni) and Aluminum Oxide (Al2O3) at pH 9, 10,

and 11

pH

Ni Al2O3

n fm n fm

9 2.3 0.42 3 0.74
10 4.5 0.60 3 0.70
11 4.0 0.50 1.9 0.60
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Fig. 8. Flow curves of aluminum oxide (Al2O3)—nickel (Ni) suspen-
sions with different relative ratios of Ni measured in controlled shear
mode (volume fraction of 0.5, 1 wt% polyelectrolyte, and pH 10). Only
up-curves are shown.
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increases. This region suggests that particles rearrange when
some stress is introduced and that structure is broken before the
particles start to flow. In the figure, the dotted lines correspond
to fitting according to the Cross model. Considering the disrup-
tion of measured values in the CS curve, where no possible fit-
ting can be obtained for the entire shear rate range, such that
both shear zones were fitted independently. In this way, viscosity
values could be extrapolated to zero and infinity for each sus-
pension. The corresponding values of Z0 and ZN have been
plotted as a function of the Ni content, as can be seen in Fig. 10.
The values of Z0 were very low up to Ni contents of 15 vol%.
Afterward, the viscosity grew exponentially with Ni content. In
the case of ZN, there is no clear tendency, the viscosity remain-
ing roughly constant and independent of Ni content. This sug-
gests that on shearing the suspensions easily flow easily and a
high dispersion is achieved.

(3) Slip Casting Al2O3–Ni Composites

Al2O3–Ni suspensions with f5 0.50 and pH 10 were slip cast on
plaster molds. Cast bodies were dried for 24 h under room con-
ditions. The relative green densities of the samples are shown in
Fig. 11. The relative green density of pure alumina cast pieces
was 62% of the theoretical, and the relative density of mixtures
increased for increasing concentration of Ni up to a maximum
value of 72% of the theoretical for the mixture with 50 vol%Ni.
This increment in the density is due to the bimodality of the
powders used that allow a better packing of the particles during
the consolidation of the green body.10,31 However, the experi-
mental data of mixtures with Ni contents higher than 50 vol%
gave lower densities than expected. This is due to the high vis-
cosity of concentrated suspensions (50 vol% solids) with Ni
particles as the major phase. The large particle size of Ni pow-
ders and the high density of Ni make it difficult to prepare
highly concentrated suspensions. Nevertheless, the mixtures pre-
pared with 75 vol% Ni led to a relative density of the green
bodies of 60% of TD, which is reasonably high.

Figure 12 shows the microstructure of green Al2O3–Ni cast
bodies with Ni contents of 15 and 50 vol% obtained by SEM on
fracture surfaces. It can be seen that the metal and alumina
particles are uniformly co-dispersed.

Cast bodies were sintered in a flowing atmosphere of Ar with
1 vol% of O2 at 14501C/2 h in order to evaluate the micro-
structural uniformity and density. After sintering, samples had
an outer oxidized layer composed of spinel and oxides (depend-
ing on the relative composition) that was ground off before any
further measurement or treatment.28 Figure 13 shows the SEM
microstructure of polished sintered samples containing 10, 25,
50, and 75 vol%Ni. Pictures were obtained on polished surfaces
without either thermal or chemical etching. The Ni phase ap-
peared uniformly distributed into the alumina matrix and vice
versa, and no agglomerates or large defects are observed in any
of the samples obtained from the optimized suspensions. Figure
14 shows the SEMmicrostructure of sintered specimens with the
largest content of Ni (50 and 75 vol%), after chemical etching.
Uniform distribution of the minor ceramic phase can be also
clearly seen in the etched samples. The sintered densities were

Table II. Rheological Parameters of Aluminum Oxide (Al2O3)–Nickel (Ni) Suspensions with / 5 0.50 and pH 10

Parameter

Ni (vol%)

5 10 15 25 50

Z (100/s) (mPa � s) 140 167 34 160 900
Z0 (Pa � s) 322.1 313.7 36.2 1.4� 106 4.2� 106

ZN (mPa � s) 76.5 38.4 13.1 38.6 40.0
Thixotropy (Pa/s) 12320 8628 16990 55710 25100
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Fig. 9. Log–log plot for the aluminum oxide slurries with 15 vol% and
50 vol% of nickel. Only up-curves are shown. Lines indicate the fitting to
the Cross model for the low shear region (solid lines) or the high shear
region (dotted lines).
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4.1, 4.3, 4.6, 5.0, 6.0, and 7.0 for samples with increasing con-
tents of Ni from 5 to 75 vol%. Assuming that the sintered com-
pacts do not react to form new species, the relative densities
would be in the range of 97%–98% of the theoretical. The high

density and the microstructural uniformity demonstrate that the
slip casting process is suitable for manufacturing Al2O3–Ni
composites if the complex colloidal and rheological behaviors
are controlled.

Fig. 12. Micrographs showing the fracture surfaces of green samples with nickel (Ni) contents of 15 (a) and 50 (b) vol% (Gray phase is Ni).

Fig. 13. Scanning electron microscopic microstructure of sintered samples with nickel (Ni) contents of 10, 25, 50, and 75 vol% (a, b, c, and d,
respectively) (gray phase is Ni).
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IV. Conclusions

The control of the surface behavior of Ni powders in water has
allowed the preparation of concentrated suspensions of Al2O3–
Ni mixtures, the best dispersing conditions being achieved for
pH 10 with 1 wt% of an acrylic-based polyelectrolyte. The rheo-
logical behavior of mixtures with different relative contents of
Ni and a total volume fraction of solids of 0.50 is strongly af-
fected by the relative ratio of Ni and by its coarser particle size,
which leads to sedimentation. The minimum viscosity, however,
was found to occur for mixtures with 15 vol% Ni, which has
been associated with a better packing of particles as a conse-
quence of bimodality. Homogeneous pieces were obtained by
slip casting suspensions with f5 0.50, leading to a maximum
relative green density of 72% of TD for the mixture with 50
vol% Ni. The cast samples were sintered to 14501C/2 h in an Ar
atmosphere, leading to a high microstructural uniformity and
relative sintered densities above 97% of TD.
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Fig. 14. Scanning electron microscopic microstructure of chemically etched samples with nickel (Ni) contents of 50 (a) and 75 vol% (b) (dark phase is
Al2O3).
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