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Abstract

The rheological behaviour of aqueous suspensions of
alumina platelet±hydroxyapatite mixtures for slip
casting was investigated. The stabilisation of the
suspensions requires the use of a dispersing agent
and the breakdown of powder agglomerates. The
addition of alumina platelets to the HAP powder
does not modify signi®cantly the behaviour of the
suspensions which remains always quasi-Newtonian.
Nevertheless, this behaviour becomes shear-thinning
at low shear rates for high alumina contents when
platelets of small size are used. The viscosity increa-
ses at low shear rates with the increase of small pla-
telets content. These modi®cations are assumed to
result from orientation phenomena of alumina disks
under shear stress in the direction of ¯owing. The
disk-shaped morphology of alumina is detrimental to
the preparation of high density green composites.
Suspensions containing between 50 and 70wt% of
powder are castable but the best rearrangement of
solid particles during the casting process is reached
for suspensions containing 65wt% of powder.
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1 Introduction

Hydroxyapatite Ca10(PO4)6(OH)2±HAP, due to its
excellent biocompatibility with the surrounding
bone tissues, constitutes a ceramic material of
interest for orthopaedic applications.1±4 But,
dense polycrystalline HAP exhibits a great brittle-
ness with a low fracture toughness (about 1MPa
m1/2).5±7 The incorporation of a ceramic second
phase in a ceramic matrix is a way to improve the

mechanical properties.8 We have demonstrated in a
previous paper that the introduction of alumina
platelets in HAP matrices enhances the mechanical
reliability by increasing the fracture toughness,
though platelet agglomerates remained in these
composites.9 The mechanical characteristics of
brittle ceramic materials are critically limited by
the largest ¯aws.10 Therefore, it is all the more
important to avoid the initial agglomerates and to
prevent or reduce the formation of microstructural
defects during the elaboration process.
The use of slip casting of colloidal suspensions is

known to be a way of forming green ceramic bod-
ies with optimal properties. Slip casting is also
considered as a potential method to improve the
dispersion of a second phase within ceramic matri-
ces.11,12 The homogenisation, dispersion and stabi-
lity of solid particles in the liquid are of primary
importance in the processing of high-performance
ceramics produced by this conventional consolida-
tion method and the microstructure of the green
piece will greatly depends on the rheological prop-
erties of the suspension.13 Whereas the in¯uence of
the particle size distribution of the powder on the
rheological behaviour is well known, the e�ects of
powder mixtures with di�erent particle shapes are
not clearly understood, yet. Only few studies con-
cerning the e�ect of whisker morphology on the
rheological behaviour of composite suspensions
have been published.14 On these bases, our work
consisted in the elaboration of composite materials
by slip casting of stable slurries with the aim of
achieving a homogeneous distribution of alumina
platelets within the HAP matrix. In a ®rst paper
devoted to the elaboration of composites, we have
demonstrated that a high fracture toughness can be
reached with KIc values of 2.9MPam1/2 for a
20 vol% Al2O3-HAP material compared with
0.75MPam1/2 for the monolithic HAP matrix.15

This result was obtained only using an appro-
priated slurry composition which was found to be
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composed of 65wt% of powder and 3.1wt% of
dispersant on a dry weight powder basis.
Starting from these results, the present study is

concerned with the in¯uence of the size and volume
fraction of alumina platelets on the rheological
behaviour of HAP based suspensions and with
some correlations between characteristics of the
slurries such as composition and viscosity and the
density of the green body.

2 Experimental Procedure

2.1 Composite preparation
A commercially available hydroxyapatite powder
(Bioland, France) was used for the preparation of
composite materials. This HAP was calcined at
750�C and has a stoichiometric atomic ratio Ca/P
=1.667. Its speci®c surface area, measured by the
BET method (Surface analyser, Micromeritics
ASAP-2010) on powder outgased at 350�C, is
21.2�0.2 m2 gÿ1. SEM micrograph (Fig. 1) shows
that the as received HAP powder was formed of
agglomerates which were constituted of elementary
grains of about 50±100 nm. The agglomerate size
distribution of the as received powder was deter-
mined using a Laser granulometer (Cilas 715) and
is given in Fig. 2 This distribution can be divided in
two domains of particle size, the ®rst one is below
20�m and the second between 20 and 100�m,
each one of them represents about 50wt% of the
powder.
Alumina platelets (Elf Atochem, France) were

monocrystals of corundum phase (�-Al2O3) showing

a hexagonal or disk-shaped morphology. Two dif-
ferent grades of platelets were used, their main
characteristics are listed in Table 1. T'0 alumina
was in the form of platelet agglomerates with a size
which could reach 300�m. Platelets of a larger size
(grade T2) were less agglomerated.
As the initial powders were strongly agglomer-

ated, the elaboration of a homogeneous mixture
required the use of grinding. To this end, compo-
site mixtures containing up to 50 vol% of alumina
platelets were homogenised in demineralized water
containing ammonium polymethacrylate as de¯oc-
culant, and planetary ball milled with alumina balls
in an alumina container. The choice of ammonium
polymethacrylate as dispersing agent was derived
from literature data on the aqueous dispersion and
stabilisation of HAP and alumina powders.16,17

Green compacts of composite materials (�=
30mm, h=12mm) were produced by slip casting
of the slurries in plaster moulds and were dried at
40�C for 24 h.

2.2 Characterisation
The rheological behaviour of Al2O3±HAP suspen-
sions was investigated at a constant temperature of
25�C using a coaxial cylinder viscometer (Haake
Rotovisco RV 20). The viscosity of the slurries was
determined at constant shear rates of either 10 or
350 sÿ1 applied for 2min. The lowest value of
10 sÿ1 was chosen to have an estimation of the
viscosity of the suspensions during their casting.
The highest value of 350 sÿ1 was used to overcome
upsetting phenomena linked to the morphology of
alumina platelet particles which lead to di�erent
behaviours depending on their volume ratio in the
suspension and on their size. These modi®cations
of the ¯ow were more particularly encountered at
low shear rate, as it will be seen hereafter. The
values of the viscosity were measured with a rela-
tive accuracy of at least 5%. The rheologicalFig. 1. SEM micrograph of the as received HAP powder.

Fig. 2. Particle size distribution of the as received HAP
powder.
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behaviour was obtained from the measurement of
shear stress and viscosity versus applied shear rate.
The shear rate was linearly increased up to 450 sÿ1

in 2min and then decreased down to 0 sÿ1 for the
same duration.
The compaction ratio of cast green composites

was calculated from geometrical measurements.
Theoretical densities of Al2O3±HAP composites
were calculated from a mixture rule of the starting
powders (HAP and Al2O3 theoretical densities
were assumed to be 3.156 and 3.98, respectively).
Scanning electron microscopy (SEM±Philips

XL30) was used for microstructural observations.
More details concerning the elaboration of com-
posite materials and characterisation methods are
described elsewhere.15

The di�erent compositions will be de®ned as
follows:

1. For composite compositions, the alumina
and/or HAP volume contents are expressed
on the total volume of dry powders (HAP+
Al2O3) basis,

2. For suspension compositions, the powder
(HAP+Al2O3) loading (wt%) is expressed on
the total weight of dry powders plus water. It
must be cared that the volume content of alu-
mina, which will be often mentioned to dif-
ferentiate the suspensions, will remain always
referred to the composite composition.

3 Results and Discussion

3.1 Viscosity of composite suspensions

3.1.1 E�ect of ball milling time
Figures 3 and 4 give the viscosity, determined at a
constant shear rate of 10 sÿ1, versus ball milling
time of suspensions containing 65wt% of powder
(HAP+Al2O3) and 3.1wt% of dispersant, for
composite compositions containing T'0 and T2
platelets, respectively. Whatever the suspension,
the plots showed two di�erent stages. An impor-
tant drop in the measured values of the viscosity
was observed during the ®rst 3 h of milling. Then,
for a longer duration, the viscosity remained
almost constant.
In the ®rst step of homogenisation, the decrease

of viscosity is directly associated to the progressive
reduction of powder agglomerates which is

achieved by ball milling. As indicated in another
work,18 a part of the water is initially included
inside agglomerate pores. The progressive break-
down of agglomerates releases this immobilised
liquid which enhances ¯ow. The plots show that
the partial substitution of HAP powder by alumina
platelets does not modify signi®cantly this phe-
nomenon, since these powders were also agglom-
erated. However, the viscosity reaches lower values
when alumina platelets of large size were used (T2
grade). This last result can be explained by the less
agglomerated state of T2 platelets which facilitates
the dispersion.
During this phase of mixing, an important

reduction of HAP grain size is achieved, as shown

Table 1. Main characteristics of alumina platelets (* supplier data)

Grade (ref.) Diameter* � (mm) Average thickness* h (mm) Aspect ratio* �/h Speci®c surface area Ss (m2gÿ1)

T'0 3±7 0.6 5±12 0.83�0.04
T2 10±15 1.0 10±15 0.48�0.02

Fig. 3. Viscosity of composite suspensions (65wt% of pow-
der) containing T'0 platelets versus ball milling time ( _
 �

10 sÿ1).

Fig. 4. Viscosity of composite suspensions (65wt% of pow-
der) containing T2 platelets versus ball milling time ( _
 �

10 sÿ1).
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in Fig. 5 which represents the grain size distribu-
tion of HAP after 5 h of milling. In comparison
with the initial grain size distribution, the largest
agglomerates have disappeared. The remaining
agglomerates do not exceed a size of 30�m and
70wt% of the powder has a particle size below
5�m. This simultaneous breakdown of HAP ele-
mentary particles and agglomerates leads to an
increase of the speci®c surface area of the HAP
powder from 21m2 gÿ1 up to 26.2�0�3 m2 gÿ1. No
quantitative measurement of changes in speci®c
surface area or size of alumina platelets was per-
formed but microstructural observations of cast
composites (Fig. 6) showed no evidence for the
presence of more broken platelets in cast compacts

than in the initial alumina powders. These obser-
vations indicated that the breakdown of alumina
agglomerates was achieved during milling without
fracturing the individualised platelets. Finally, the
ball milling process mainly leads to a deagglo-
meration of hard HAP agglomerates and to a
grinding of HAP particles with a dispersion of
alumina platelets in the HAP slurry.
After about 3 h of milling the viscosity of the

slurries remains constant. The composite suspen-
sions are stable with values of viscosity ranging
from 50 to 200MPa s which are compatible with
the slip casting process.

3.1.2 In¯uence of dispersant content
The amount of dispersant required to obtain the
best state of dispersion and a good stability of a
slurry is usually assumed to correspond to the
minimum of the viscosity of the suspension,
though it does not necessary corresponds to the
quantity really adsorbed at the solid particle sur-
face. Figure 7 gives the viscosity, determined at a
shear rate of 350 sÿ1, versus dispersant concentra-
tion for single suspensions of alumina platelets and
HAP powder ball milled during 5 h. The amount of
added dispersant has been normalised with regard
to the speci®c surface area of each powder.
For the HAP powder, the minimum value of the

viscosity is reached for an added amount of dis-
persant close to 2mg mÿ2, which is in agreement
with other studies.16,19 Due to the low variations of
the measured viscosities around the minimum
value, a standard deviation of 0.3mg mÿ2 was
considered acceptable. In a similar way, an e�ec-
tive dispersion of alumina platelets may be
obtained with 1.3�0�4mg mÿ2 of dispersant. Con-
sidering the speci®c surface area of HAP and
alumina powders (i.e. 26m2 gÿ1 and between
0.5m2 gÿ1 and 1m2 gÿ1, respectively) the average

Fig. 5. Grain size distribution of the HAP powder after 5 h of
ball milling.

Fig. 6. SEM micrograph of a cast sample (composite con-
taining 40 vol% of Al2O3 T'0).

Fig. 7. Viscosity of alumina and HAP suspensions versus
normalised dispersant content ( _
 � 350 sÿ1).
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amounts of dispersant leading to the best disper-
sion of alumina and HAP suspensions are of about
0.1wt% and 4.5wt%, respectively. On the assess-
ment that the dispersion of composite slurries
might be deduced from a single mixture rule of the
data determined on the HAP and alumina suspen-
sions, the amount of dispersant required to be
incorporated in the composite slurries would be
given by the following equation:

wt% Dispersant �
 
2�0�3

dHAP

dcomposite
�SsHAP �vol%HAP

� 1�3�0�4 � dAl2O3

dComposite
�SsAl2O3

�vol%Al2O3

!
� 10ÿ3

�1�

where dHAP, dAl2O3
and dcomposite are the theoretical

densities of the subscript compounds.
This equation is also based on the hypothesis

that there is no preferred adsorption of the dis-
persant on the alumina or HAP powder. Accord-
ing to this expression, a wide range of dispersant
content may achieve an e�cient dispersion of
composite suspensions. For instance, a 20 vol%
Al2O3±HAP composite composition would require
between about 2.8 and 4wt% of dispersant. To
validate this last hypothesis, suspensions contain-
ing 65wt% of powder (composite composition:
20 vol% Al2O3±80 vol% HAP) with varying dis-
persant contents were prepared. The minimum
value of viscosity (35MPa s) is obtained for an
addition of 3wt% of dispersant (Fig. 8). A good
agreement was found between the experimental
measurements and the domain of viscosity de®ned
by the calculated values of dispersant addition [eqn
(1)]. Nevertheless, this result does not necessarily

mean that there is no preferred adsorption of the
dispersant on one of the two powders, because, due
to their respective speci®c surface area and weight
ratio, the contribution of alumina to the calculated
amount of dispersant is much smaller than the
contribution resulting from the HAP.
The mixture rule given in eqn (1) is also based on

the hypothesis that a change of the powder
(HAP+Al2O3) loading in the slurry would not
modify the value of the concentration of dispersant
required to minimise the viscosity of the suspen-
sion. This means that the optimal concentration of
dispersant must remain constant for any powder
content. But, from a theoretical point of view, the
stability of a suspension depends on the total
interparticle energy which results from the combi-
nation of di�erent types of interactions (Van Der
Walls, electrostatic, steric).13,20 As the interparticle
energy depends on the interparticle distance, the
solid content in the suspension will in¯uence the
dispersion, independently on the concentration of
dispersant. This means that eqn (1) can be satis-
factory used for similar powder concentrations in
the composite suspensions than in the single
phased suspensions.

3.1.3 In¯uence of powder content
In respect to the latest comment, it appears impor-
tant to investigate the simultaneous in¯uence of
powder and dispersant concentrations on the visc-
osity of composite slurries. The individual and
combined e�ects of dispersant and powder con-
tents have been evaluated using a two-variable
experimental design.15 HAP based composite sus-
pensions (containing 20 vol% of alumina platelets
T'0), mixed during 5 h, were used in this experi-
ment. The total powder content ranged from 50 to
70wt% and the dispersant content varied from 3 to
5wt%. The minimum value of the viscosity, mea-
sured at the shear rate of 350 sÿ1, was 25MPa s at
50wt% of powder and the maximum value was
70MPa s at 70wt% of powder. The experimental
design allowed computation of the following
empirical expression of the viscosity of suspensions
in function of the powder (P) and dispersant (D)
concentrations given in a system of reduced [-1,
+1] coordinates:

��MPa s� � exp
ÿ
3�43� 0�52P� 0�24P2 � 0D

ÿ 0�1D2 � 0P:D� P;D
��ÿ �2�

with:

P� wt% of powderÿ 60

10

� �
;

D� wt% of dispersantÿ 4��
Fig. 8. Viscosity versus dispersant content for a composite
(HAP-20 vol% Al2O3 T'0) slurry containing 65wt% of pow-

der ( _
 � 350 sÿ1�:
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In this expression "(P,D) is the standard deviation
(equal to 0.09). More details concerning the con-
struction and the statistical treatment of this
experimental design can be found elsewhere.15

It must be noted that eqn (2) is only a statisti-
cally accurate mathematical expression which
represents the experimental values of viscosity
inside the investigated domain. Though this math-
ematical model should not be considered as a phe-
nomenological equation, it is in good agreement
with the known theoretical approaches concerning
the e�ect of powder concentration on the viscosity
of a suspension. Indeed, it is generally accepted
that the viscosity depends on the volume fraction
of particles in accordance with exponential rela-
tionships or power laws.21 The computed equation
shows the predominant e�ect of powder content on
the viscosity of the suspensions. The empirical
coe�cients associated to the dispersant content is
equal to zero at the ®rst order and is very low at
the second order (0.1D2 with D � [ÿ1, +1]). This
relation allows to validate the hypothesis of an
insigni®cant combined e�ect of powder and dis-
persant contents on the viscosity since no coe�-
cient associated to P.D appears in eqn (2). In this
respect, the mixture rule established to evaluate the
relative quantity of dispersant required to obtain
stable composite suspensions (eqn (1)) can be
satisfactory used for the elaboration HAP±Al2O3

suspensions containing between 50 and 70wt% of
powder (i.e. for slurries containing approximately a
total of 25±40 vol% of solid).
All the composite slurries containing up to

70wt% of solid presented viscosities compatible
with slip casting. Above this powder loading, the
viscosity becomes too high and the suspensions are
not suitable for slip casting. Figure 9 gives the
e�ect of the powder concentration in the slurry on
the relative density of cast samples in the case of a

20 vol% Al2O3±HAP composite. The arrangement
of particles in cast samples increased with increas-
ing powder content to reach a maximum value
close to 51% for a slurry containing about 65wt%
of powder. Then, the compaction decreased dras-
tically for higher powder contents. This behaviour
is likely exacerbated by the low compaction ability
associated to the disk-shaped morphology of alu-
mina platelets. A too high viscosity of the slurry is
detrimental for the rearrangement of solid parti-
cles during the formation of the green composite
compact.

3.2 Rheological behaviour of composite suspensions
This part of the study has been performed on sus-
pensions containing 65wt% of powders (Al2O3+
HAP). Typical plots of shear stress (�) versus shear
rate ( _
) after di�erent times of ball milling for a
composite composition containing 30 vol% of
Al2O3 T2 are given in Fig. 10, similar plots were
registered for the others composite compositions.
For a milling time shorter than 210min the slurries
exhibit a thixotropic hysteresis. This phenomenon
is associated to a shear-thinning behaviour of the
suspensions and indicates a ¯occulated state of
particles within the liquid. Thixotropy as well as
shear-thinning decrease with increasing milling
time. Thixotropy disappears after 3±4 h of mixing,
depending on the slurry composition, and can be
attributed to the presence of powder agglomerates.
Then, after 4 h of milling the behaviour of the
slurries becomes time-independent, corresponding
to a complete desagglomeration.
The plots of shear stress versus applied shear

rate of stable suspensions milled during 5 h are
given in Figs 11 and 12 for composite compositions
containing T'0 and T2 alumina platelets, respec-
tively. Whatever the composition studied, no yield
stress was detected (�0 = 0). The behaviour can be

Fig. 9. Relative densities of cast composites (HAP-20 vol%
Al2O3 T'0) versus initial powder content in the slurry.

Fig. 10. Rheological behaviour of a composite (HAP-30 vol%
Al2O3 T2) suspension (65wt% of powder) versus ball milling

time.
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divided in two distinct domains depending on the
shear rate.

1. At low shear rates ( _
� 100 sÿ1), the behaviour
of the slurries is more or less shear-thinning.
It can be described through the Ostwald's
power law:22

� � k� _
n

Table 2 summarises the ®tted values of the
shear rate exponent n for the di�erent sus-
pensions. For the majority of the investigated
suspensions the value of the shear rate expo-
nent n was close to 1 for _
� 450 sÿ1 (New-
tonian behaviour) except for the suspensions
of composite compositions containing 30 and
40 vol% of small platelets (T'0) for which a
value of n=0.45 (shear-thinning behaviour)
was calculated when _
� 100 sÿ1.

2. At high shear rates ( _
>100 sÿ1) the behaviour
becomes linear (i.e. Newtonian).

These results show that, at low shear rates, the
presence of alumina platelets can modify the beha-
viour of slurries or not, depending on their size
and/or on their volume content. The disk-shaped
alumina particles may be oriented by a su�cient
value of applied shear rate in the direction of
¯owing. And, it appears more di�cult to achieve
an orientation of small platelets (T'0) than of large
ones (T2). This could be explained by the lower
aspect ratio of T'0 platelets as well as its initial high
agglomerate state, compared with T2 platelets.
Figure 13 gives typical viscosity/shear rate plots

for di�erent composite suspensions (containing
65wt% of powder). As previously described, the
incorporation of small or large platelets leads to
two di�erent types of rheological behaviour. For
all the slurries containing T2 platelets, the viscosity
remains always quasi-constant with increasing
shear rate. On the opposite, the viscosity of sus-
pensions containing T'0 platelets decreases with
increasing shear rate to become quasi-constant at
high shear rates. These variations of viscosity
remain low for platelet contents below 30 vol% but
become important for larger alumina contents.
Considering the possible orientation of alumina

platelets in the direction of ¯owing under the e�ect
of shear stress, it could have been thought that the
incorporation of platelets would have induced
more signi®cant modi®cations of the rheological
behaviour. Nevertheless, the incorporation of pla-
telets of large size enhances the ¯ow whereas
smaller ones makes it more di�cult. Several expla-
nations may be taken into account for these
apparent controversial results:

1. When large platelets are used (grade T2)
increasing their volume content from 10 up to
50% of the powder contained in the suspen-
sion induces a slight lowering of the measured
viscosity from about 35MPa s at 10 vol% of
alumina down to 20MPa s at 50 vol%
(Fig. 13). For a given weight ratio of powder
in the suspension (®xed at 65wt% in this part
of the experiment) an increase of the alumina
content from 10 to 50 vol% in the composite
compositions, corresponds to a total decrease
of volume of solid contained in the suspension

Fig. 11. Rheological behaviour of composite suspensions
(65wt% of powder) containing T'0 platelets.

Fig. 12. Rheological behaviour of composite suspensions
(65wt% of powder) containing T2 platelets.

Table 2. Shear stress exponent of the Ostwald's law calculated
for 0� _
 � 450 sÿ1 on suspensions containing 65wt% of

powder and milled during 5 h

Al2O3 Grade T'0 T2

Al2O3 vol%
(in composite)

10 20 30 40 10 20 30 40

exponent n 0.9 0.9 0.45a 0.45a 0.9 0.95 1 1

a Values calculated for 0� _
 � 100 sÿ1:
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from 36.5 vol% to 34.3 vol%. This slight
decrease of powder volume concentration
may explain the decrease of viscosity. This can
also justify the slight decrease of the measured
shear stress as the alumina content in the sus-
pension was increased (Fig. 12).

2. When small platelets are used (T'0), an oppo-
site situation is observed. Increasing the
volume content of alumina leads to an
increase of the viscosity though the total
volume content of solid in the suspension also
decreases in this case. It could be considered
that the size of these platelets is too small to
allow an easy orientation in the ¯ow direction.
This would explain that an important shear
rate is required to induce a preferred orienta-
tion, and, then to decrease the viscosity of the
suspension.

Whereas the evolution of both the shear stress and
the viscosity with alumina content could be
explained in the case of the suspensions containing
large platelets, no satisfactory explanation was
found for the evolution of the shear stress in sus-
pensions containing small alumina platelets.

4 Conclusion

This study demonstrates that the homogenisation
of alumina platelets in a hydroxyapatite matrix
may be performed using slip casting of stabilised
composite slurries. The stabilisation of the suspen-
sion requires the reduction of powder agglomerates
and the action of a dispersant. For the casting
process, it is possible to predict the concentration
of dispersant required to the best dispersion of
composite suspensions in a wide range of powder
concentration (50±70wt%) from a single mixture
rule of data registered on a suspension of alumina
and on a suspension of HAP.

The disk morphology of alumina platelets has
minor e�ects on the rheological behaviour pro-
viding the incorporated volume ratio is not to
high. A quasi-Newtonian behaviour can be main-
tained in a wide range of composite compositions.
Only a great quantity of small platelets (from
30 vol%) can modify the ¯ow which becomes
shear-thinning.
Finally, in most of cases, the incorporation of

alumina platelets does not a�ect the viscosity of
suspensions to a signi®cant extent. Similar results
were found in another study on composite con-
taining 30 vol% of whiskers which concluded to a
probably too low fraction of added whiskers to
modify the viscosity of suspensions.14

Similarly to whisker-like particles, which are
known to present a poor packing ability,23 a pla-
telet morphology is also detrimental to obtain high
packing volume fractions of powders. From this
point of view, slip casting of stable suspensions is
an appropriate method since it allows the disper-
sion and a possible orientation of disk-shaped
particles which enhances the packing. The solid
concentration in the initial suspension was adjusted
to obtain an optimal rearrangement of particles
and high relative density of the green composite
materials after casting (d/dth = 51%).
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