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Abstract

A study has been carried out on the processing of
silicon carbide platelet-reinforced yttria-stabilised
zirconia ceramics, using slip casting techniques
followed by cold isostatic pressing and pressureless
sintering. Optimisation of the process variables, in
particular the stability and homogeneity of the
composite slurry and mould configuration, enabled
samples with good platelet alignment and densities
>96% of theoretical to be produced routinely after
pressureless  sintering. The pore formation and
desintering phenomena in the presence of platelets
are explained in relation to the microscopy and
dilatometry results. The decreases in the room-
temperature fracture toughness and flexural strength
with increasing platelet content are attributed to
the reduction in transformation hardening and the
increase in porosity.

1 Introduction

Recent studies on SiC whisker-reinforced yttria-
stabilised tetragonal zirconia ceramics (Y-TZP)
have shown considerable improvements in fracture
toughness since the stress-induced martensitic
transformation toughening in the matrix is cou-
pled with whisker toughening, which is achieved
by the combination of mechanisms, including
crack pinning,' crack deflection,? crack bridging,
and pull-out.*® The fracture toughness of SiC
whisker-3Y-TZP composite can be increased up
to about 12 MPa m'”? at the expense of a decrease
in strength to about 670 MPa.® Whisker reinforce-
ment leads to improvements in strength at high
temperatures where the positive modulus load
transfer reduces the effective stress at the crack
tip.® The high-temperature toughness of the com-
posite is expected to be governed by whisker
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toughening mechanisms, since transformation
toughening becomes less effective with increased
temperature, and does not operate above a critical
temperature (=700°C for Y-TZP).

Whiskers, however, due to their geometry, are a
severe health hazard when inhaled.” Furthermore,
the formation of a whisker network in the ceramic
matrix introduces constraints on the sintering,
leading to a considerable reduction of sintered
density.® ! The densification to closed porosity in
these composites often requires the application of
pressure and a much higher sintering temperature
than that for the monolithic material. One way
to overcome these problems is the use of silicon
carbide platelets (SiC,), which are thought to offer
similar mechanical property improvements to
those of whisker-reinforced TZPs with minimal
associated health hazard and at a reduced cost.
The comparable effects of SiC platelets to whiskers
in improving toughness have been demonstrated
in SiC platelet-reinforced alumina!' and mullite."

For SiC platelets distributed randomly in a
ceramic matrix at a concentration over 10 vol.%,
the geometrical arrangement of platelets has been
found to inhibit densification to full density under
pressureless sintering conditions.”? Hence the
overall strength is expected to be reduced by the
platelets, which act as Griffith flaws. When the
platelets are oriented parallel to the tensile stress
axis, the defect size is effectively reduced to the
thickness of the platelets and the constraints on
sintering are eased, due to a better sinter shrinkage
being achieved in the matrix material between the
parallel planes of platelets. Thus, the reduction of
strength with platelet content can be minimised by
the optimisation of composite processing condi-
tions to yield denser materials through control of
the platelet orientation.

The study reported here is concerned with the
slip casting, cold isostatic pressing and sintering of
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SiC,-3mol%Y-TZP composites and the resultant
mechanical properties microstructural characteris-
tics, such as preferred orientation of platelets,
porosity and grain boundary and SiC/matrix inter-
face structure. The change in strength and fracture
toughness with the platelet content is related to
the observed microstructural features.

2 Experimental

2.1 Materials and processing

The matrix material used for the production of
SiC,-3Y-TZP composites in this study was the
commercially available tetragonal zirconia powder
with 3 mol% Y,0; content (TZ-3YS, Tosoh
Corporation, Japan), designed for slip casting
operations. TZ-3Y powder of the same composi-
tion and particle size as those of TZ-3YS powder,
but with a smaller primary crystallite size (25 nm)
and a larger specific surface area (15-4 m?%g), was
used for the preliminary tests on slurry prepara-
tion and slip casting operations. The properties of
both powders are listed in Table 1. The silicon
carbide platelets (SiC,) were of 99-9% pure stoichio-
metric a-phase (Third Millennium Technologies
Inc., USA, -400 mesh grade) with 10 um average
diameter and 0-5-3 wm thickness.

Figure 1 shows the processing route used for
the preparation of the green structures of 3Y-TZP
containing 10 and 20 vol.% SiC,,. Prior to process-
ing in the composite, the SiC platelets were sub-
jected to acid (0-2M HNO; solution) and base
(0-1 5M NH,OH solution) washes for 24 h in order
to remove leachable impurities and to enhance the
dispensability of platelets in water. Each wash was
followed by the repeated dispersion of platelets in
deionised water and filtering until the suspensions
reached a constant pH. The platelets were then
rinsed in ethanol, which was found to minimise
agglomeration on drying and the subsequent pro-
cesses in aqueous solution.

Stable composite slurries of SiC, and 3Y-TZP
powder were prepared by mixing the constituents
in proportion in deionised water at pH 3 using a

Table 1. Properties of TZ-3Y and TZ-3YS powders

TZ-3Y TZ-3YS

Composition, wt%

Y0, 513 5-06

Al, 0, <0-005 <0-005

Sio, <0-002 <0-002

Fe,0, 0-004 0-002

Na,O 0-022 0-005
Particle size, um 03 03
Crystallite size, nm 251 36
Specific surface area, m%/g 154 63

SiC platelets
acid wash, rinse, base wash, rinse | 3Y-TZP Powder |
l Water +
Ethanol rinsing. filtering drvi nitric acid
Adjustment of solids to 75wt%
Water +
nitric acid

Mixing by planetary attrition milling, solid content
readjusted to 75wt%, pH adjusted to 3

l

Ultrasonic homogenisation
at 300W for 30min , pH control

LVacuum and pH contrﬂ
|

‘ Slip casting, dryingJ
|
l Cold isostatic pressing I

l
| Sintering at 1500°C J

Fig. 1. Processing chart of SiC platelet-3Y-TZP ceramic
composites.

planetary attrition mill with an agate container
and ball. The pH was adjusted during mixing by
the addition of dilute HNO; solution. The solid
loading of the resultant slurries was always main-
tained at 75 wt%. Subsequent tests showed that
the slurries were stable at pH 3 after planetary
milling for 30 min, suggesting that sufficiently high
electrostatic repulsive forces were generated to
avoid flocculation. The agglomerates that were
present in the as-received 3Y-TZP powder could
not be broken up by the planetary milling. Ultra-
sonic dispersion was employed at 300W for 30 min
for complete deagglomeration and homogeneous
dispersion of the slurries after planetary milling.
The entrapped gas in the slurry was removed
under vacuum. pH 3 was maintained throughout
above procedures. The final composite slurries
showed very good stability and slip-casting prop-
erties.

For slip casting, samples with 0, 10 and 20
vol.% SiC platelet contents were formed into bars
(48 mm X 12 mm X 10 mm) such that the SiC
platelets, which orientate parallel to the mould
surfaces during casting, would be parallel to the
tensile stress axis of the four-point bend tests
employed in the present work. Sample geometry
and plaster mould configuration are shown
schematically in Fig. 2. The slip-cast bars were
dried at 40°C for 24 h, followed by heating at
120°C for 4 h and cold isostatic pressing at a
pressure of 175 MPa. The green density was deter-
mined from the measured weight and volume of
samples. Sintering behaviour of samples was
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Slip casting direction

Cross-section
Non-porous support

Fig. 2. Schematic configuration of a plaster mould and a
sample on slip casting.

characterised by dilatometry on heating up to
1500°C at a heating rate of 4°C/min. Samples
prepared for microstructural examination and
mechanical testing were sintered at 1500°C for 3 h
in flowing Ar atmosphere in a high-temperature
graphite resistance furnace lined with impervious
alumina tube to permit the control of supplied
atmosphere. Heating and cooling rates of 3°C/min
and 4°C/min respectively, were employed for the
sintering of all samples. The sintered density and
the percentage open porosity was measured by the
Archimedes water-displacement technique.'*

2.2 Specimen preparation and mechanical testing
Test pieces, containing 0, 10 and 20 vol.% SiC
platelets sintered to >96% of theoretical density,
were ground to produce flexural bend test specimens
(38 mm X 3 mm X 3 mm) and single-edge notch
beam specimens, SENB, (38 mm X 6 mm X 3 mm
where W = 2B = 6mm) using diamond grinding
wheels at 60 mm/s. For both types of specimens,
the prospective tensile surfaces were kept parallel
to the plane at which the platelets were aligned
during slip casting so that the crack propagation
direction was always perpendicular to the plane of
the platelet alignment. The tensile surfaces of all
flexure bars were polished through to 1 um diamond
lapping and the edges were bevelled. A straight
notch, having a root radius of 80-100 um, was
introduced to each SENB specimen using a 0-15 mm
thick SiC slitting disc of a sharp end profile. The
relative notch depth (/W) was in the range 0-1 to
0-12.

A four-point bend test fixture, with an inner
span of 15 mm and an outer span of 20 mm, and
a servo hydraulic testing machine were employed
for the evaluation of fracture strength and tough-
ness. The displacement during tests was monitored
by the use of two transducers, situated at the mid-
span and the outer span of each specimen. Thus,
any displacement associated with the test rig was
eliminated from the actual displacement of the
specimen by recording the differential output from
the transducers using a signal conditioning unit.

At least five specimens were tested for each com-
position at a cross-head speed of 0-5 mm/min to
determine the room-temperature strength and
toughness. From the results of four-point bend
tests, flexural strength, o, was calculated using
the equation:

3 P(s— L)

BW 2

where P is the applied load, s the inner span, L
the outer span, B the specimen breadth and W the
specimen width. The fracture toughness, K., was
determined by:

(1)

6 P(s— L) Yo'

Ic= B a 2
where the geometric factor, Y, is given by:"”
Y = 1:99 — 247/ W) + 1297l WY

= 23:-17(a/W)* + 24-8(a/ W)* 3)

2.3 Microstructural investigations

Phase identification after sintering was performed
by X-ray diffraction using CuK, radiation. The
extent of the phase transformation from tetragonal
to monoclinic structure in the matrix phase,
induced by fracture toughness testing, was deter-
mined from the integrated X-ray intensity of
diffraction lines, /., (hk!), of the monoclinic and
tetragonal phases, using the following equations:'®

B I (111) + I_(111)
™1 + (111 + I(111)

where X, is the integrated intensity ratio for
monoclinic phase, which yields the volume fraction

v, = __}EL (5)
1+ (P - DX,
where P = 1-311 for tetragonal-monoclinic mix-
tures.

The microstructures of sintered bars and the
features on fracture surfaces after mechanical tests
were characterised by scanning electron micros-
copy (SEM). The orientation distribution of plate-
lets at different sections of slip-cast and sintered
samples was determined using an optical image
analysis system. For each section, at least five
SEM pictures, corresponding to over 2000
platelets, were analysed.

4

3 Results and Discussion

3.1 Consolidation of SiC,-reinforced zirconia
structures

Slip casting followed by cold isostatic pressing is a
suitable method for the production of composites
where a uniform distribution and preferred orien-
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tation of reinforcing agents, such as platelets, are
required. High green densities, no damage to the
platelets during processing, and the ease and inex-
pensive production of composite components are
the additional advantages of the slip-casting pro-
cess. However, the production of electrostatically
stabilised homogeneous composite slips for the
best slip casting properties depends on the simul-
taneous adjustment of a number of variables.

The casting characteristics are influenced primarily
by the morphology, surface quality and dimensional
characteristics of the starting powders. Other
parameters, such as pH value, viscosity, homo-
geneity and solid concentration, are of particular
importance to maintain the maximum colloidal
stability of slurries. A commonly employed means
of obtaining a well-dispersed suspension is to im-
part a repulsive surface charge on particles by pH
adjustment. In the present case, the optimisation
of the slurry variables is complicated by the pres-
ence of SiC platelets that are of different composi-
tion, size, geometry and surface quality from the
matrix material. Uniform distribution and electro-
static stabilisation of both phases in the composite
slurry were achieved by the acid/base surface
treatment of SiC platelets, planetary mixing of the
constituents in aqueous media, adjustment of solid
loading, and high power ultrasonic dispersion, in
sequence, accompanied by continuous pH adjust-
ment (Fig. 1).

As observed for SiC whisker-reinforced ceramic
composites,® the suspension stability of SiC plate-
lets was the major factor in determining a pH that
would provide codispersion of zirconia particles
and platelets in dense slurries. The zeta potential,
measured on dilute suspensions of platelets over a
pH range of 2 to 9, showed that the moderate to
high levels of surface charge necessary for the
electrostatic stabilisation of the slurry occur at
pH < 3. This is in agreement with the previous
electrophoresis mobility and viscosity measure-
ments of SiC whisker suspensions.'”'® It was
further reported that the modification of whisker
surface chemistry, by either surface oxidation or
acid and base washing of whiskers, enhances the
electrostatic stabilisation of the suspensions. Since
the presence of free SiO, at the oxidised surfaces
of SiC platelets is not desired for the zirconia
matrix, the acid/base washing technique was
adopted in the present processing.

Concerning the zirconia matrix phase, the recent
work of Nikumbh er al.'® on slip casting slurries
of TZ-3YS powder has shown that the slips with
<75 wt% solid content at pH < 4 gives minimum
viscosity with Newtonian flow behaviour in which
the electrostatic repulsive forces at particles are
large and the viscosity remains constant with the

change in shear rate. They also observed that the
viscosity of the slurry increases drastically when
the solid loading (solid/liquid ratio) exceeds 75 wt%
(=35 vol.%) ZrO,. In the present work, the pre-
liminary slip-casting tests on slurries of TZ-3Y

-and TZ-3YS powders, each containing 20 vol.%

SiC platelets, revealed that stable slurries of low
viscosity and with good flow behaviour can be
formed at pH 3 providing solid loadings of
<50 wt% for TZ-3Y powder and <75 wt% for TZ-
3YS powder are used. The chemical composition
and the particle size of both powders were the
same and the higher solid content achieved in the
slurries of TZ-3YS powder was attributed to its
lower specific surface area and a higher crystallite
size than those for TZ-3Y powder (Table 1). Also,
slip casting times for SiC,-TZ-3Y composite
slurries to form 10 mm thick samples were as
short as 1 h compared to 3 h required when TZ-
3Y powder was used. Therefore, all samples for
mechanical tests were prepared using TZ-3YS
powder.

Although the mechanical mixing and the adjust-
ment of pH and solid content were successful
in forming stable slurries, there were always soft
agglomerates of particles and platelets, inherited
from the original materials. Complete deagglomer-
ation of composite slurries were achieved using an
ultrasonic probe at 300W output power for 30 min.
The agitation caused by ultrasonic waves also
served to increase the homogeneity of the slurry.
Other workers have found similar results for the
ultrasonic dispersion of SiC whisker—Al,O; com-
posites without the use of deflocculants.®?

The achievement of a high green density and a
strong preferred orientation of platelets was the
main advantage of slip casting over other process-
ing techniques. As shown in Fig. 3, the slip casting
bar samples without SiC platelets yielded a rela-
tive green density of 55%, but this increased to
60% with increasing platelet content. The increase
in green density is due to substitution of the
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Fig. 3. The change in the relative density of green compacts
with SiC platelet content before and are sintering at 1500°C
for 3 h.
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matrix and its porosity by fully dense SiC
platelets. A further increase of the green density
by around 2% was achieved by cold isostatic
pressing.

3.2 Sintering characteristics

The plots of relative linear shrinkage, dL/L,, and
linear shrinkage rate, d(dL/L,)/dT, as a function
of temperature for a slip-cast 3Y-TZP sample and
a composite containing 20 vol.% SiC, are shown
in Figs 4 (a) and (b), respectively. The dependency
of the sinter shrinkage on platelet orientation was
not studied in the present work and the plots for
the composite sample in Fig. 4 are for data ob-
tained in a direction perpendicular to the plane in
which the basal plane of platelets are preferen-
tially oriented. It follows that dL/L, at a given
temperature is the relative shrinkage of the matrix
regions between the basal planes of platelets.

As shown in Fig. 4 (a), the shrinkage of both
samples starts at around 900°C and the sintering
curves are identical up to 1200°C, at which point
the platelets starts inhibiting the sintering of the
composite. The shrinkage of the composite up to
1200°C 1s referred to as the first stage sintering.
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Fig. 4. (a) The relative linear shrinkage and (b) the linear

shrinkage rate of 3Y-TZP and 20 vol.% SiC, reinforced

3Y-TZP compacts on non-isothermal sintering at a heating
rate of 4°C/min.

This is followed by a period of negligible shrink-
age until the second stage sintering commences at
around 1250°C. The two stages of sintering are
revealed by the presence of two successive peaks
on the sintering rate plot for the composite (Fig.
4(b)) as the sintering rate approaches zero at the
plateau region of the shrinkage plot and then
starts increasing at =1250°C reaching a maximum
at =1400°C. In contrast, the sintering rate plot for
the monolithic material shows a single peak with a
maximum at =1400°C.

Under isothermal conditions, the sintering tem-
perature was chosen as 1500°C in order to enhance
the density of the matrix, particularly in the pres-
ence of platelets. Sintering at 1500°C for 3 h
yielded relative densities that depended on the
SiC, content but were >96% (Fig. 3). The rela-
tive densities obtained in the present study were
superior to those of similar composites produced
by other processing techniques, e.g. 91% and 94%
for 20 vol.% Al O; platelet-reinforced 12Ce-TZP
and 3Y-TZP composites, respectively, each pres-
sureless sintered at 1500°C.2! X-Ray diffraction
analysis of sintered samples revealed only the
presence of SiC phase and tetragonal zirconia
with no detectable monoclinic phase.

As shown in Fig. 3, the sintered density reduced
while the green density increased with SiC, con-
tent. Near theoretical density (6070 kg/mf) was
easily achieved on sintering the monolithic material.
However, densification in the platelet-reinforced
zirconia systems depended on the flow and sinter-
ing of the matrix between platelets. An increase
in platelet content resulted in partial inter-platelet
bridging that hindered particle rearrangement in the
matrix and thus lead to the formation of elongated
crack-like pores at the platelets, as exemplified by
the micrograph in Fig. 5. The number of pores
increased in the regions where the platelets were

Fig. 5. An SEM micrograph from the cross-section of a

20 vol.% SiC platelet reinforced 3Y-TZP composite, revealing

crack-like voids and porosity associated with platelets as
shown by arrows.
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bridged or the density of platelets was relatively
high. The crack-like pores are unlikely to be re-
duced by increasing the sintering temperature but
could probably be closed by applying pressure
during sintering.

Previous work on the effect of inclusions on
densification??** has already demonstrated that
the underlying phenomenon for the interruption
of sintering in the presence of rigid particles is the
development of localised strains in the porous
matrix. The type and magnitude of the matrix
strains change with the location in the matrix,
inter-platelet distance and the geometrical arrange-
ment, volume fraction and size of platelets in the
surrounding volume.”?* Therefore the densifica-
tion of the matrix is heterogeneous. A region
under localised compressive stress densifies first,
producing non-deformable networks where the
porosity tends towards zero.”>” These highly
dense regions are expected to constrain the shrink-
age of the adjacent porous matrix by inducing
hydrostatic tensile stresses, which finally leads to
desintering and the formation of local porosity.
Hence the overall sintering rate is reduced with
increasing ratio of the hydrostatic tensile stress to
the compressive sintering stress of the matrix,
a.h/Em.25,26

In view of these observations, it is considered
that the two-stage sintering process in the 20 vol.%
SiC,-3Y-TZP composite can be explained in terms
of the development of compressive and tensile
stresses in the matrix. That is, the first stage of
sintering in the composite sample (Fig. 4) is
attributed to the free sintering of the matrix until
heterogeneous densification and the compressive
and tensile stresses develop in the matrix. This is
evident from the sinter shrinkage plots for the
monolithic and the composite samples being iden-
tical at temperatures up to 1200°C. The following
reduction in the sintering rate is related to a rapid
densification at locations between closely spaced
SiC platelets while relatively high porosity is re-
tained in the remaining matrix.

The onset of the increase in shrinkage at the
second stage of sintering may be explained by the
thermal activation at temperatures >1250°C being
large enough for the growth of highly dense net-
works at the expense of the pore growth in the
adjacent porous matrix. The porous regions under
the hydrostatic tensile stresses go through desin-
tering and the formation of crack-like voids at the
SiC platelet-matrix interface. This can occur pro-
vided the hydrostatic tensile stresses are large
enough to induce the break up of grain bridges
linking polycrystalline clusters in porous regions.

To summarise, high sintered densities were
achieved in these composites by slip casting and

&

Fig. 6. Schematic of three dimensional array of platelets in a

slip-cast sample, showing the edge lines of platelets observed

in the ABFG and BCEF planes, in tilted positions at angles,

6, with the slip casting plane (ABCD). The BCEF plane is

perpendicular to the mould face (ABCD) and the ABFG
plane is the cross-section of a bar sample.

pressureless sintering, although the formation of
some voids on sintering was unavoidable. It may
be that the pressureless-sintered density can be
further increased to a level, possibly close to
theoretical density, by the use of SiC platelets with
relatively small thickness, provided that slip-cast-
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Fig. 7. The orientation distribution of SiC platelets in relation
to the slip-casting plane (the mould surface) observed in the

ABFG planes of bar samples (Fig. 6), containing (a) 10 vol.%
and (b) 20 vol.% SiC platelets.
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ing results in a very strong preferred orientation
of platelets.

3.3 Orientation distribution of platelets after
sintering

The effect of slip casting on the orientation distri-
butions of SiC platelets was studied by determin-
ing the frequency of platelets (%), oriented with
their basal planes at a given angle, 6, to the
porous mould face (ABCD in Fig. 6) which is
referred to as the slip-casting plane. Figures 7(a)
and (b) show the plots of platelet frequency as a
function of 6, taken from the sections (BCEF in
Fig. 6) perpendicular to the slip-casting plane, for
composite samples containing 10 and 20 vol.%

Fig. 8. SEM micrographs exemplifying the platelet orienta-
tion distribution in the BCEF planes (Fig. 6) over an area
near to the porous mould face in bar samples, containing
(a) 10 vol.% and (b) 20 vol.% SiC platelets. Arrows are
perpendicular to the porous mould face.

SiC,, respectively. Both plots show that 6 for the
majority of platelets is within A6 = *30°. The
corresponding SEM micrographs, shown in Figs
8(a) and (b), exemplify the platelet distribution
and orientation presented in the frequency-angle
plots; it is clear from these micrographs that there
is a strong preferred orientation with the basal
platelet planes, mostly in close alignment with the
slip-casting plane.

The platelet alignment was attributed to the
flow of water towards the porous mould surface,
which is believed to tilt and rotate the platelets
until they reach the interface of consolidation.
However, the orientation distribution of platelets,
although good, was not ideal as evident from the
frequency-angle plots in Figs 6(a) and (b) and the
corresponding micrographs (Figs 8(a) and (b))
which show some platelets in tilted positions with
their basal planes at arbitrary angles to the slip-
casting plane. The misorientation of platelets may
be associated with variations in their geometry; as
shown in Fig. 9, some of the as-received platelets
have a low aspect ratio and some are very small
and irregularly shaped, resembling particulate. It
was concluded that the orientation distribution of
platelets is most likely to be improved by control
of the SiC, reinforcement, particularly the aspect
ratio which should be large (>10), than by further
optimisation of the processing conditions.

Figure 10 shows the frequency versus angle
plot, obtained from averaging the data from a
number of areas across the complete cross-section
(ABFG in Fig. 6) of a composite bar containing
20 vol.% SiC,. The cross-sectional orientation
profile of platelets is complicated with the pres-
ence of small peaks at a tilt angle of ~25° to the
slip-casting plane, superimposed on the main pre-
ferred orientation peaks. The small peaks were

Fig. 9. SEM micrograph of as-received SiC platelets used in
the production of composites.
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Fig. 10. The orientation distribution of SiC platelets in rela-
tion to the slip casting plane (the mould surface) observed in

the ABFG planes (the cross-section in Fig. 6) of bar samples
with 10 vol.% SiC platelet content.

associated with a V-shaped orientation distribu-
tion band of the platelets in the central regions of
the cross-section (0-5 mm in thickness) between
the porous faces of the mould (Fig. 11), whereas
the rest of the cross-section has the same preferred
orientation of platelets as that observed near to
the porous face of the mould in section BCEF
(Figs 7(b) and 8(b)).

It is known?? that the capillary force of the
mould, which forms the suction pressure to re-
move water from the slurry, becomes less effective
with increasing thickness of the consolidated
layer. This results in a highly reduced rate of
water flow due to the pressure drop across the
consolidated layer. Therefore, the central region
of the cast between the faces of the mould is
consolidated at a gradually reducing rate and the
water flow rate is not high enough to induce a
strong preferred orientation of platelets; this is
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Fig. 11. SEM micrograph revealing V shaped orientation

distribution of SiC platelets at the central regions of the

cross-section (the ABFG plane in Fig. 6) of a composite bar,

containing 20 vol.% SiC platelets. Arrows are perpendicular
to the porous mould faces.

partially because the SiC platelets increase the
flow path of the water, as observed previously in
slip casting whisker-reinforced ceramics.!®?” Thus,
the platelets are tilted under gravitational forces
away from the preferred orientation, leaving them
in a V-shaped configuration in central regions of
the cast.

3.4 Influence of platelet content on mechanical
properties

During strength and toughness testing, all com-
posites exhibited a linear increase in stress with
deflection; there was no evidence of non-linearity
prior to catastrophic failure. The graphs of flexural
strength and fracture toughness as a function of
platelet content (Fig. 12 (a)) show that both these
properties degrade with the platelet content. At 20
vol.% SiC, content, the composite exhibits a flex-
ure strength of 440 MPa and a fracture toughness
of 6:4 MPa m'? Thus the mechanical properties
follow the same trend with SiC content as the
sintered density (Fig. 3), which suggests that the
crack-like pores, formed preferentially at some of
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Fig. 12. (a) Flexural strength and fracture toughness of SiC,-
3Y-TZP composites as a function of volume fraction of SiC
platelets and (b) the monoclinic zirconia content, determined
by X-ray diffractometry at the fracture surfaces of SENB
specimens, as a function of SiC platelet content.
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the platelet-matrix interfaces, act as Griffith flaws
on testing.

The reduced fracture toughness also suggests
that the transformation-toughening mechanism in
the matrix is hindered as the developing transfor-
mation zone at a crack tip is hampered by the in-
corporation of SiC platelets. Evidence for this
type of behaviour was obtained from the determi-
nation of the monoclinic ZrQ, content at fracture
surfaces of SENB samples by X-ray diffractome-
try. The results plotted in Fig. 12 (b) show that
the m-ZrO, content at fracture surfaces reduces
with SiC platelet content. The decreasing fraction
of transformed phase with increasing platelet con-
tent was attributed to a reduction in the transfor-
mation zone size due to platelets decreasing the
stress intensity at a crack tip. Hence, the reduction
in transformation toughening efficiency, together
with the crack-like pores acting as flaws, lowers
the strength and toughness with increasing platelet

(b)

Fig. 13. Fracture surface of 3Y-TZP containing 20 vol.% SiC

platelets, showing (a) the platelets ruptured on the fracture

plane and (b) the crack deflection at platelets as indicated by
arrows.

content. However, as the transformation toughen-
ing mechanism is unlikely to be significant in the
monolithic material as the test temperature is
raised, it is expected that the composite will exhibit
relatively better, and perhaps even superior, tough-
ness at elevated temperatures.

These explanations for the reduction in tough-
ness with increasing SiC content requires strong
interfacial bonding between the platelets and the
matrix.** SEM observations of fracture surfaces of
platelet containing specimens revealed that most
of the platelets on the fracture plane had ruptured
(Fig. 13 (a)), indicating that except where crack-
like pores were present, the interfacial bonding
was strong. As exemplified in Fig. 13 (b), the
change of the crack plane from one platelet to
another at the fracture surface suggests that there
is some contribution of the crack deflection mech-
anism to toughening. Other toughening mechan-
isms, such as debonding and puli-out of platelets
and crack bridging,>® were not commonly observed
due to strong interfacial bonding. Initial TEM
studies of the platelet-matrix interfaces indicate
the presence of amorphous films connected to
sizeable pockets of glass. This will be reported in a
future publication.

If the platelets are to contribute more effectively
to the toughness of the composite, it is essential to
eliminate porosity by applying an external pres-
sure on sintering and to reduce the interfacial
bond strength by additions of appropriate inter-
facial segregating species to the matrix, such as P,
Si and Ti.

4 Conclusions

(1) Stable slurries of silicon carbide platelets
(SiC,) and yttria-stabilised tetragonal zirco-
nia with good slip-casting properties have
been produced with up to 75 wt% solid
loading. Slurry processing at pH 3 by means
of planetary milling, high-power ultrasonic
dispersion and vacuum degassing resulted
in a homogeneously dispersed composite
slurry with minimal agglomeration.

(2) Slip casting of the composite slurries
yielded relative green densities of 60%. A
further increase in the green density of
about 2% was achieved by cold isostatic
pressing. Pressureless sintering at 1500°C
for 3 h resulted in relative densities which
fell with SiC,, content but were above 96%.

(3) There was a strong preferred orientation of
the platelets with their basal planes parallel
to the slip-casting plane, i.e. parallel to the
porous mould faces, through the section of
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the 48 mm X 12 mm X 10 mm bars. Over-
all misorientation of the platelets was attri-
buted to variations in platelet geometry;
the platelets with low aspect ratio and small
size cannot be aligned to the preferred
orientation by the force of water flow in
the slurry. The misorientation of platelets
in central regions of the cast was accounted
for by the reduction in suction pressure
across the consolidated cake and the gravi-
tational forces tilting the platelets. The
preferred orientation of platelets could be
further enhanced by using SiC platelets
with a larger aspect ratio.

(4) The room-temperature strength and tough-
ness were found to reduce with platelet
content. At 20 vol.% SiC, content, the
composite exhibited a flexure strength of
440 MPa and a fracture toughness of
6:4 MPa m'?> Analysis of fractography
results indicated that crack deflection pro-
cess may contribute to fracture toughness,
but the crack-like voids, formed preferen-
tially at the platelets, had an adversely
predominant effect on both strength and
toughness. The transformation toughening
reduced with increasing platelet content
and the toughening by debonding and
pull-out of platelets could not occur due to
strong interfacial bonding.
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