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Mechanical properties of a zircon matrix 
composite reinforced with silicon carbide 
whiskers and filaments 

R. N. SINGH 
GE Corporate Research and Development, Schenectady, New York 12301, USA 

The influence of a silicon carbide whisker reinforcement on room temperature mechanical 
properties of a monolithic zircon ceramic and zircon composites uniaxially reinforced with 
silicon carbide monofilaments was studied in a flexure mode. The strength of a monolithic 
zircon was increased by the addition of whisker reinforcement, but the composite failure was 
still brittle in nature. In contrast, zircon composites reinforced with SiC whiskers and filaments 
showed toughened composite-like behaviour and produced higher first matrix cracking 
strength and toughness than the composites reinforced with only SiC filaments. In addition, 
the whisker reinforcement had insignificant influence on the ultimate strength of filament- 
reinforced composites. These results were related to changes in measured fibre-matrix 
interfacial properties, which indicated that composites with high first matrix cracking strength 
and toughness can be designed and fabricated via independently tailoring the matrix and the 
fibre-matrix interfacial properties. 

1. I n t r o d u c t i o n  
Ceramic matrix composites with thermochemical and 
thermomechanical stability at high temperatures are 
needed in a variety of structural applications. Selec- 
tion of composite constituent materials useful for 
some of these applications requires reinforcing fibre 
and matrix materials with internal stability against 
chemical reaction and adequate mechanical properties 
at elevated temperatures. A zircon (ZrSiO4) matrix 
composite uniaxially reinforced with silicon carbide 
monofilaments (AVCO SCS 6) was developed to have 
attractive composite characteristics [1]. For example, 
as-fabricated composites have shown toughened-com- 
posite behaviour with strengths and toughness at 
25 ~ significantly higher than the monolithic zircon 
[1]. In addition, internal thermal stability of the com- 
posite constituents up to 1350~ was demonstrated 
by annealing samples between 25 and 1430 ~ for up 
to 100 h and then by measuring mechanical properties 
at 25 ~ [2]. In a recent study, elevated temperature 
mechanical properties of zircon-SiC composites were 
measured between 25 and 1477~ [3]. The results 
indicated that composites reinforced with as-supplied 
and BN-coated SiC filaments were stronger and 
tougher than the monolithic zircon at test temper- 
atures between 25 and 1477 ~ However, an increas- 
ing amount of the plastic deformation was seen in 
monolithic and composite specimens at temperatures 
beyond about 1300 ~ 

One way to reduce the plastic deformation at eleva- 
ted temperatures in zircon-SiC composites is via whis- 
ker reinforcement of the zircon matrix phase. The 
whisker reinforcement is expected to increase the 

strength of the monolithic zircon and to provide 
resistance to creep via reduction in grain boundary 
sliding. Another advantage of the whisker reinforce- 
ment may be in enhancing the first matrix cracking 
strength, which can sometimes be used as a design 
stress. Therefore, the objective of this investigation 
was to study the influence of whisker reinforcement on 
room temperature mechanical properties of a mono- 
lithic zircon ceramic and zircon composites uniaxially 
reinforced with SiC monofilaments. In order to ac- 
complish this goal, composite samples containing SiC 
whiskers and filaments were fabricated, and their 
mechanical properties were characterized for a num- 
ber of composite parameters, such as the first matrix 
cracking stress and strain, the ultimate composite 
strength, the modulus, and the toughness. The 
fibre-matrix interfacial properties were also measured 
and related to the observed mechanical behaviour. 
These results on whisker- and filament-reinforced 
composites were compared with similar results ob- 
tained on a monolithic zircon and zircon-SiC com- 
posites. 

2. Experimental procedure 
A zircon powder (zircon Flour, coarse-grained No. 
51698) obtained from Remet Corporation, Chadwick, 
New York, was used in the matrix preparation. X-ray 
diffraction (XRD) analysis of the as-supplied powder 
showed tetragonal zircon as the major phase. This 
powder was milled for 36 h to increase the surface area 
to about 4 m 2 g-1, which increased the powder re- 
activity for sintering/hot-pressing, A silicon carbide 
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whisker, Tateho SCW-1, obtained from Tateho 
Chemical Industries Company in Japan was used as a 
discontinuous reinforcement of the zircon matrix. The 
crystal structure of this whisker was a cubic beta- 
silicon carbide. Typical whisker diameter ranged be- 
tween 0.3 and 0.8 l~m and length ranged between 20 
and 50 ~tm. The bulk density of this whisker was 
between 0.1 and 0.2 g cm-3. The silicon carbide whis- 
ker was used in the as-supplied condition without any 
other classification treatments. Silicon carbide mono- 
filaments (AVCO SCS-6) were used as a continuous 
reinforcement in the zircon matrix. These filaments are 
made by a chemical vapour deposition technique in 
which about 50 p~m thick silicon carbide is deposited 
on a 37 ~tm diameter carbon core, followed by depos- 
itions of about 3 ~tm thick carbon and carbon-silicon 
layers that result in an overall filament diameter of 
142 ~tm [4]. An elastic modulus of 400 GPa, strength 
of 3.4 GPa, and a failure strain between 0.8 and 1.0% 
are typical mechanical properties of these filaments at 
room temperature. 

The fabrication of silicon carbide whisker and fila- 
ment reinforced composites was done by uniaxially 
aligning as-supplied SiC filaments, and then incorpor- 
ating the zircon matrix containing SiC whiskers 
around each of the filaments. The incorporation of 
SiC whiskers into the zircon matrix was accomplished 
by mechanical mixing of zircon powder and whiskers 
without the use of a milling media. This produced a 
fairly uniform distribution of whiskers in zircon pow- 
der and retained the integrity of the whiskers as shown 
by a high-aspect ratio (length-to-diameter) of whiskers 
in a sample of zircon composite in the green state 
(Fig. 1). The final consolidation of composites was 
done by hot-pressing between 1580 and 1610 ~ in a 
flowing nitrogen atmosphere. These procedures re- 
sulted in fully dense composites with an insignificant 
porosity (< 1%). The composite samples with 20% 
(by volume) whisker loading (in zircon matrix) and 
25% (by volume) filament loading (zircon matrix and 
SiC whiskers) were fabricated. The matrix phase con- 
taining zircon and SiC whiskers was fine grained with 
an average grain size of about 3 ~m. The X-ray diffrac- 
tion analysis of the fully consolidated composites 
showed zircon as the major matrix phase. A small 

amount of the free zirconia phase was also detected by 
the X-ray diffraction analysis of the as-fabricated com- 
posites. 

Mechanical properties of whisker and filament re- 
inforced composites were determined from load- 
deflection data obtained in a 3-point flexure mode. 
The uniaxially reinforced composite samples, having 
typical dimensions of 3.2 cm length, 0.8 cm width and 
0.15 cm thickness, were individually hot-pressed and 
ground to a finish of 60 t~m. The 3-point flexure tests 
were performed with lower support pins 2.54 cm apart 
which resulted in a span-to-thickness ratio of about 
17. All the tests were performed in a universal testing 
machine at a crosshead rate of 0.0127 cm min- ~. The 
stress was calculated from the load, which was meas- 
ured by a load cell, and the strain was calculated either 
from the crosshead displacement or measured using a 
resistive strain gauge attached to the middle of the 
specimen. The Young's modulus was calculated from 
the slope of the linear portion of the stress-strain 
curve. The work-of-fracture (WOF) was obtained by 
dividing the area under the load-deflection curve by 
the cross-sectional area of the sample. Cross-sections 
of failed composites were examined by a scanning 
electron microscope (SEM) to determine the fracture 
morphology and the extent of fibre pullout. The mode 
of failure (tensile versus shear) in 3-point flexure tests 
was determined by visual observation of samples dur- 
ing the test. Generally, four samples of each type were 
tested under similar conditions to establish average 
mechanical properties. 

Fibre-matrix interracial properties have a strong 
influence on the mechanical behaviour of ceramic 
matrix composites [-5-7]. A modified indentation 
technique was used to measure the fibre-matrix inter- 
facial shear strength as described by Brun and Singh 
[8]. In this technique, a thin slice (1 mm thick) was cut 
perpendicular to the filament axis and polished in 
such a way as to produce a small amount of filament 
relief. This thin slice was then placed on a resilient 
substrate, and the filaments were individually loaded 
by the indenter until the first evidence of filament 
movement was observed. The first evidence of filament 
motion was detected by a sudden load drop in the 
load-deflection curve, which was generated by 

Figure 1 SEM fractographs showing the distribution of SiC whiskers in a zircon matrix powder in the green condition. 
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measuring the load by a load-cell when pushing on 
the filament at a constant displacement rate of 
0.0508 mm rain-  1 [9]. The interfacial shear stress was 
calculated from the load required to initiate filament 
motion and the circumferential area of the filament in 
contact with the matrix. Then, the sample was turned 
over and measurements were repeated on already 
pushed filaments. The load to move the filaments for 
the second time was invariably lower than that for the 
first push, which made it possible to separate bonding 
and frictional components  of the interracial shear 
stress. Typically, 10 to 15 filaments were pushed in 
each sample to obtain an average value of the inter- 
facial shear strength. Generally, interfacial shear stress 
and mechanical properties were measured on the same 
sample to establish a direct correlation between inter- 
facial properties and mechanical behaviour. 

3. Results and discussion 
3.1. Physical Properties 
A summary of physical characteristics of zircon com- 
posites reinforced with either silicon carbide whiskers 
or silicon carbide whiskers and filaments is given in 
Table I. It contains data on composite density and 
volume fractions of whisker and filament reinforce- 

ments. An average density of 3.92 g cm-3  is obtained 
for composite specimens containing zircon and 20% 
silicon carbide whiskers, and an average density of 
3.75 g cm-3  was measured for composites reinforced 
with 20% whiskers and 25% silicon carbide filaments. 
An examination of a polished cross-section of fully 
consolidated composites revealed no evidence of por- 
osity (Fig. 2), which is consistent with the average 
composite density of 3.75 g c m -  3 for samples contain- 
ing SiC whiskers and filaments because a theoretical 
composite density of 3.7 g cm-3  is calculated for this 
composite using an experimentally observed matrix 
phase density of 3.92 g cm-3  (zircon and whisker) and 
a filament loading of 25%. All of these densities are 
lower than the calculated theoretical density of 
4 .16gcm -3 for a zircon composite with 20% SiC 
whiskers and a theoretical density of 3.92 g cm-3  for 
the composite containing 25% SiC filaments in a ma- 
trix comprised of zircon with 20% SiC whiskers. 
These lower densities may have resulted from the 
presence of another phase or phases in the fully con- 
solidated composite. A reasonable possibility is the 
presence of silica and free zirconia phases because of 
the partial decomposition of the zircon phase as a 
result of the high processing temperature of 1600 ~ A 
zircon ceramic is expected to decompose to silica and 

TABLE 1 Physical characteristics of whisker- and filament-reinforced zircon-SiC composites 

Sample No. Reinforcement Fibre content (vol %) Density 
(g cm - 3) 

Whisker Filament 

! SiC whiskers 20 0 4.03 
2 SiC whiskers 20 0 3.88 
3 SiC whiskers 20 0 3.85 
4 SiC whiskers 20 0 3.93 
I-A SiC whiskers and filaments 20" 25 b 3.80 
2-A SiC whiskers and filaments 20 25 3.75 
3-A SiC whiskers and filaments 20 25 3.74 
4-A SiC whiskers and filaments 20 25 3.7/ 

a Whiskers are 20 vol % of the zircon matrix phase. 
b Filaments are 25 vol % of the matrix phase (zircon and SiC whiskers). 

Figure 2 Optical micrographs showing (a) the uniform distribution of SiC filaments in a matrix containing zircon and SiC whiskers, and (b) a 
fully dense matrix. 
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zirconia at such a high processing temperature [10]. 
In order to confirm this possibility, the X-ray diffrac- 
tion analysis was performed on as-fabricated com- 
posites. The results indicated that composites contain- 
ing SiC whiskers and fabricated at about 1600 ~ had 
more free zirconia phase as compared to composite 
samples without the SiC whiskers but fabricated at a 
lower temperature of 1560 ~ 

An optical micrograph showing the cross-section 
normal to the filaments of a fully consolidated com- 
posite is shown in Fig. 2. It shows uniform distribution 
of filaments in a fully dense matrix containing zircon 
and SiC whiskers, and filaments are completely sur- 
rounded by the matrix phase. Cross-sections of a 
number of composites were examined in this way, and 
none of the samples showed filament-to-filament con- 
tact that can be deleterious to the composite proper- 
ties. Sample-to-sample variation in density is small, 
which is indicative of excellent process reproducibility. 

3.2. Mechanical  and interfacial properties 
The load-deflection behaviours for zircon composites 
reinforced with either silicon carbide whiskers or sili- 
con carbide whiskers and filaments are given in Fig. 3. 
The results for composites reinforced with whiskers 
show an initial elastic region followed by a cata- 
strophic failure that is typical of brittle monolithic 
ceramics. In contrast, the composites reinforced with 
silicon carbide whiskers and filaments show an initial 
elastic regime up to the point of first matrix cracking 
followed by an extended regime showing toughened 
composite-like behaviour. Clear evidence of first ma- 
trix cracking is shown by a sudden load drop at the 
end of the initial elastic region. Beyond this sudden 
load drop, the composites show an increasing load- 
carrying capacity because most of the continuous 
filaments are still intact and can support additional 
loads. A maximum load-carrying capacity is shown by 
composite samples followed by a gradual drop in load 
as more and more of the intact filaments fail and 
pullout from the matrix phase. The load-deflection 

test for each of these filament-reinforced composite 
samples shown in Fig. 3 was intentionally stopped 
because the sample had contacted the bottom of the 
test fixture as a result of the significant amount of 
displacement. 

The load-deflection curves for a monolithic zircon 
and zircon composite reinforced with SiC monofila- 
ments are shown in Fig. 4 for comparison with the 
above results obtained for whisker-reinforced com- 
posites. The result for a monolithic zircon is similar to 
that for samples of whisker-reinforced zircon, i.e., an 
essentially brittle failure at the end of the initial elastic 
regime. A zircon composite reinforced with SiC mono- 
filaments shows all the essential features of a tough- 
ened composite-like behaviour, but unlike the behavi- 
our of composites reinforced with SiC whiskers and 
filaments (Fig. 3), this sample shows a sudden load 
drop after reaching the point of maximum in load- 
carrying capacity (see Fig. 4). The reason for this 
difference in load-deflection behaviours between com- 
posites reinforced with SiC filaments and composites 
reinforced with SiC whiskers and filaments is related 
to differences in the fibre-matrix interfacial properties, 
as discussed later. 

A summary of mechanical properties of zircon com- 
posites reinforced with either SiC whiskers or with SiC 
whiskers and filaments is given in Table II. Com- 
posites reinforced with whiskers show ultimate 
strengths between 320 and 353 MPa, elastic modulus 
values between 131 and 174 GPa, and WOF values 
between 1.1 and 1.29 kJ m -2. In contrast, composites 
reinforced with SiC whiskers and filaments show 
much higher mechanical properties. For example, crit- 
ical matrix cracking strengths ranged between 405 and 
475 MPa, ultimate composite strengths varied be- 
tween 629 and 665 MPa, elastic modulus varied 
between 168 and 192 MPa, and WOF values ranged 
between 31 and 44 kJ m- 2. The ultimate strengths of 
filament- and whisker-containing composites are 
higher by a factor of two over the composites contain- 
ing only SiC whisker-reinforcement. Similarly, the 
WOF values for whisker- and filament-containing 
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Figure 4 Load-deflection behaviours for a ( . . . .  ) monolithic zircon and (--) zircon composite reinforced with as-supplied SiC monofilaments. 

TABLE II A summary of mechanical property data for zircon composites reinforced with SiC whiskers and filaments 

Sample  Reinforcement First matrix Properties at maximum Elastic WOF 
No. cracking load modulus (kJ m- z) 

(GPa) 
Stress Strain Stress Strain 
(MPa) (%) (MPa) (%) 

l SiC whiskers 347 0.244 347 0,244 142 1.29 
2 SiC whiskers 320 0.252 320 0,252 131 1.21 
3 SiC whiskers 347 0.207 347 0.207 168 1.14 
4 SiC whiskers 353 0.202 353 0.202 174 1.10 
I-A SiC whiskers and filaments 474 0.256 638 1.64 168 33 
2-A SiC whiskers and filaments 434 0.246 657 1.50 176 31 
3-A SiC whiskers and filaments 405 0.206 a 629 0.90 197 44 
4-A SiC whiskers and filaments 450 0.235 a 665 1.05 192 32 

"Measured by a strain gauge attached at the centre of lower support pins. 

T A B L E I I I Influence of whisker addition on mechanical and interfacial properties of a monolithic zircon and zircon matrix composites 
reinforced with SiC filaments 

Composite constituents Average mechanical properties Average interfacial shear stress 

Matrix Whisker Filament crc, ~u E WOF First push Second push 
(MPa) (MPa) (GPa) (kJ m- 2) (MPa) (MPa) 

Zircon a - - 281 4- 88 281 +_ 88 195 + 23 1.2 +__ 0.1 - - 

Z i r c o n  SiC - 342 _ 15 342 + 15 154 4- 21 1.2 + 0.1 - - 
Zircon" - SiC 287 _ 28 700 _ 56 244 4- 6 18 _ 4.2 39 4- 4 16 4- 4 
Zircon SiC SiC 441 4- 29 647 + 17 183 _+ 14 35 + 6 4.4 4- 1.8 1.6 _+ 0.8 

a Data from [1]. 

composi tes  are higher by a factor of  30 in compar i son  

to samples reinforced with whiskers alone. This signi- 

ficant improvemen t  in strength and toughness  (WOF)  

of monol i th ic  zircon occurs because of  the reinforce- 

ment  by cont inuous  filaments. 

Table  I I I  shows a compar i son  of mechanical  prop-  

erties of whisker-reinforced composi tes  of  this study 

with those per formed earlier I t ]  on a monol i th ic  

zircon and z i rcon matr ix  compos i te  reinforced with 

SiC filaments to study the influence of  whisker- 

re inforcement  on mechanica l  properties.  The  incorp-  

ora t ion  of  20% whiskers into a zircon matr ix  in- 

creased its average strength from 281 to 342 MPa .  The  

elastic modulus  was decreased from a value of  195 for 

a monol i th ic  zircon to a value of 154 G P a  for the 

zircon composi te  conta in ing 20% whiskers. In con- 

trast, the W O F  value remained at 1.2 kJ m - 2 .  Incorp-  

ora t ion  of  SiC filaments into a zircon matr ix  resulted 

in an average first matr ix  cracking strength of 

287 MPa ,  an average ul t imate  strength of  700 MPa ,  

an average elastic modulus  of  244 MPa ,  and an aver- 

age W O F  of 1 8 k J m  -2.  The  first matr ix  cracking 

strength in these composi tes  is similar to the strength 

of  monol i th ic  zircon, but all of the o ther  propert ies  are 

enhanced as a result of  the re inforcement  by SiC 

filaments. The  results for composi tes  reinforced with 
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SiC whiskers and filaments produced an average first 
matrix cracking strength of 441 MPa, which is higher 
than the first matrix cracking strength of 287 MPa for 
composites reinforced with SiC filaments. The ulti- 
mate strength of whisker- and filament-reinforced 
composites is 647 MPa, which is similar (700 MPa) to 
samples reinforced with SiC filaments alone. An aver- 
age modulus of 183 GPa for whisker- and filament- 
reinforced composite is higher than that for the 
whisker-reinforced zircon composite, but smaller than 
the average value of 244 GPa for composite samples 
reinforced with SiC filaments. The average WOF 
value of 35 kJ m-z for specimens containing SiC whis- 
kers and filaments is twice that of composites re- 
inforced with SiC filaments alone. These results can be 
explained on the basis of discussions given below. 

There is a clear evidence of the enhancement in 
strength of monolithic zircon as a result of the whisker 
reinforcement. This whisker-induced strengthening is 
also carried over into enhanced first matrix cracking 
strength in samples reinforced with SiC monofila- 
ments. Therefore, whisker reinforcement of a ceramic 
matrix can be used to enhance ceramic matrix 
strength and thereby first matrix cracking strength of 
continuous filament-reinforced composites. It is not 
clear if this enhancement in matrix strength is a result 
of the reduced flaw size, the increased failure strain, 
and/or changes in the elastic modulus of samples. An 
average failure strain of 0.15% was measured for the 
monolithic zircon in an earlier study [1]. Zircon 
composites reinforced with SiC whiskers of this study 
resulted in an average failure strain of 0.226% (see 
Table II), which is much higher than the value for a 
monolithic zircon. The modulus of zircon Whisker 
composite is lower than the modulus of a monolithic 
zircon, which suggests that the enhancement in 
strength of whisker-reinforced zircon is the result of 
increased strain to failure. The increased strain to 
failure may have come about as a result of the reduced 
flaw size in whisker-reinforced zircon, The ultimate 
strength of whisker- and filament-reinforced com- 
posites was similar to the strength of the composite 
reinforced with filaments alone. This behaviour indi- 
cates that the ultimate strength of continuous filament- 
reinforced composite depends on properties of contin- 
uous reinforcing filaments rather than on the ultimate 
mechanical properties of the matrix phase. Such beha- 
viour is not unreasonable because at the point of 
ultimate strength, the matrix phase is cracked and 
cannot support much of the imposed load or deflec- 
tion. 

The whisker-reinforced zircon produced lower 
modulus values than the samples of a monolithic 
zircon, which is an unexpected result because silicon 
carbide whiskers have much higher modulus than the 
zircon. One possible explanation of this behaviour is 
the decomposition of zircon phase into free zirconia 
and silica because of high hot-pressing temperature of 
1610 ~ used in the preparation of whisker-reinforced 
composites. The X-ray analysis of fully consolidated 
composites has confirmed the presence of free zir- 
conia. The whisker- and filament-reinforced com- 
posites produced higher modulus than the samples 
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reinforced with whisker alone, which is consistent with 
the high modulus of AVCO SCS-6 monofilaments. 
Therefore, the results from this study suggest that 
changes in matrix characteristics can be used to alter 
composite modulus. In this context, the changes in 
matrix properties can be achieved either via addition 
of other materials into the matrix phase in most cases 
or via changes in processing conditions in some speci- 
fic systems. 

The WOF increased by a factor of two because of 
incorporation of silicon carbide whiskers into the 
filament-reinforced zircon composites. Some of the 
factors that could have caused this are [113, a decrease 
in fibre-matrix interracial shear strength, an increase 
in filament strength, and an increase in filament dia- 
meter. The last two possibilities can easily be ruled out 
because the filament diameter was not changed and 
there was no possibility of an increase in filament 
strength because similar filaments were used in this 
study as well as those in an earlier study [13. There- 
fore, a decrease in interracial shear strength must have 
resulted in enhanced WOF for whisker- and filament- 
reinforced zircon composites. In order to substantiate 
this, fibre-matrix interracial shear stress was measured 
in whisker- and filament-reinforced composites. 
Table III summarizes these results. 

An average interfacial shear strength of 4.4 MPa 
was obtained for the first push and an average value of 
1.6 MPa was measured for the second push in com- 
posites reinforced with SiC whiskers and filaments. In 
contrast, zircon composites reinforced with SiC fila- 
ments produced an average value of 39 MPa for the 
first push and a value of 16 MPa for the second push. 
The interfacial shear strengths for whisker- and 
filament-reinforced composites are approximately 
lower by a factor of 10 in comparison to composites 
reinforced with filaments alone. The reason for lowered 
interracial shear strengths in whisker- and filament- 
reinforced composites will be the subject of another 
study [12]. However, these observations are con- 
sistent with an increased WOF for whisker-reinforced 
composites of this study. These behaviours point to 
the fact that composites with high first matrix crac- 
king strength and high toughness or WOF can be 
designed by proper tailoring of the matrix strength 

�9 and the fibre-matrix interfacial shear strength. 
The cross-sections of failed composites were exam- 

ined in an SEM to determine the fibre pullout and the 
location of fibre-matrix interfacial sliding. Fig. 5a 
shows fibre pullout in a composite sample containing 
SiC whiskers and filaments, and Fig. 5b shows the 
location of the fibre-matrix interracial sliding to be 
between the two carbon coatings on AVCO SCS-6 
monofilament. This happens because the outer of the 
two carbon coatings is strongly attached to the zircon 
matrix containing SiC whiskers. A similar behaviour 
for the location of interfacial sliding was also observed 
in composites reinforced with SiC monofila- 
merits [13]. 

3.3. Comparison with model predictions 
The dependence of a number of composite properties, 
such as the critical stress for first matrix cracking, 



Figure 5 SEM fractographs showing (a) fibre pullout, and (b) fibre-matrix interfacial sliding in a composite reinforced with SiC whiskers and 
filaments. 

WOF, elastic modulus, and ultimate composite 
strength, on composite parameters, was assessed by 
comparing the predictions of micromechanics models 
with the experimentally observed results. Let us first 
consider the dependence of critical stress O'er for first 
matrix cracking on composite parameters as given 
below and as suggested by Aveston, Cooper and Kelly 
(ACK) [14] 

~cr = E[6V2f Ef/VmEmE]l/3[T~[m/aEm] 1/3 (1) 

where E, Era, and Ef are moduli of the composite, 
matrix, and fibre, Vm and Vf are the matrix and fibre 
volume fractions, x is the interfacial shear strength, ?m 
is the matrix surface energy, and a is the fibre radius. 
In this model the fibre-matrix interfacial shear stress is 
assumed to be caused by friction, which is the case for 
zircon composites of this investigation [15]. A critical 
stress for first matrix cracking of 89 MPa is calculated 
for zircon composites reinforced with SiC whiskers 
and filaments of this study, which is much lower than 
the experimentally observed value of 441 MPa (see 
Table III). The values of composite parameters that 
were used for this calculation were: E = 183 GPa, 
Ef = 400 GPa, E m ----- 154 GPa, Vf = 0.25, Vm = 0.75, 

= 4.4 MPa, ~m = 0.04 kJ m-2, and a = 70 gm. This 
discrepancy between the experimental result and the 
calculated value of the first matrix cracking stress can 
be rationalized on the basis of matrix cracking strain. 
The experimentally observed matrix cracking strain 
for zircon-SiC whisker composite is 0.226%, which is 
much higher than the matrix cracking strain of 
0.048% (crcr/E) as calculated from the ACK model. 
This suggests that in this class of ceramic composites 
reinforced with SiC monofilaments, the critical matrix 
cracking stress cannot be enhanced via changes in 
the interracial properties because interracial shear 
strengths higher than the 540 MPa will be needed to 
make a significant contribution. Such a high value of 
the interracial shear stress will most likely result in a 
brittle composite because of a significant reduction in 
fibre pullout. 

The work of pullout (Wp), which is a measure of 
composite toughness or WOF, depends on fibre dia- 
meter (a), interracial shear stress (z), characteristic fibre 

strength (C~o), and Weibull parameter (m) as given by 
Sutcu [11]. 

Wp = (~14)Vf[a ~"-3)1~"+ ') Cyo {2m/(m+ 1))]/{m - 1)/(~ + 1) 
(2) 

This dependence of work of pullout on interfacial 
shear stress is for composite failure via single crack, 
which suggests that composite toughness should in- 
crease with a decrease in interfacial shear stress. This 
type of dependence is indeed qualitatively shown by 
zircon composites of this study because a decrease in 
interracial shear stress from 39 to 4.4 MPa increased 
the WOF by a factor of two as given in Table III. The 
calculated enhancement in WOF based on Equation 2 
should be by a factor of about 6, which is much higher 
than the experimentally observed results. 

A rule of mixture was used to calculate the com- 
posite modulus of 215 GPa for samples reinforced 
with SiC whiskers and filaments. This calculated value 
is higher than the average value of 183 GPa observed 
for whisker- and filament-reinforced composites. In 
this calculation, an experimentally observed matrix 
modulus of 154 GPa, a fibre modulus of 400 GPa, and 
a filament content of 25% were used. A much better 
agreement between the calculated modulus and the 
experimentally observed modulus was observed in an 
.earlier study for zircon composites reinforced with SiC 
filaments alone [1]. It is not clear if the poor agree- 
ment between the calculated and the experimentally 
observed values for whisker-reinforced composites is a 
result of the presence of different amounts of the free 
zirconia and silica phases in the matrix or a result of 
very low values of the interfacial shear stress. 

An ultimate strength of 647 MPa for the whisker- 
reinforced composite, i.e., the strength at the point of 
maximum load, is much lower than the calculated 
strength of 840 MPa. The calculated strength was 
obtained by multiplying the as-supplied filament 
strength of 3.36 GPa by the volume fraction 0.25 of 
the filament because at the point of maximum load the 
matrix is cracked and as a consequence all the load is 
carried by the crack-bridging filaments. An explana- 
tion of lower composite strength is that the filament 
strength in the consolidated composite is lower than 
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the as-supplied strength because of the processing- 
induced damage in filament properties. 

4. Conclusions 
1. Fully dense zircon composites reinforced with 

20% SiC whiskers and 25% SiC monofilaments were 
fabricated. 

2. The strength of a monolithic zircon was in- 
creased from 281 to 342 MPa by the addition of SiC 
whiskers. The whisker reinforcement also increased 
the critical stress for first matrix cracking in SiC 
monofilament-reinforced composites. An average crit- 
ical stress for first matrix cracking of 441 MPa was 
obtained in composites reinforced with SiC whiskers 
and filaments. In comparison, composites reinforced 
with monofilaments alone produced an average ma- 
trix cracking strength of 287 MPa. 

3. The ultimate strength of composites remained 
unaffected (between 647 and 700 MPa) as a result of 
the incorporation of SiC whiskers, which suggested 
that the ultimate composite strength is controlled by 
the properties of continuous SiC monofilaments. 

4. An average WOF value of 35 kJm -2 was ob- 
tained for composites reinforced with SiC whiskers 
and filaments, which is much higher than an average 
WOF value of 16kJm -2 in composites reinforced 
with SiC filaments alone. This behaviour was found to 
be as a result of a lower fibre-matrix interfacial shear 
strength in whisker and filament reinforced com- 
posites. 

5. Lower fibre-matrix interfacial shear strengths of 
4.4 MPa for the first push and 1.6 MPa for the second 
push were measured in composites reinforced with SiC 
whiskers and filaments. In contrast, composites re- 
inforced with only SiC filaments produced much 
higher interfacial shear strengths of 39 MPa for the 
first push and 16 MPa for the second push. 

6. The results from this study suggested that whis- 
ker-reinforcement of the zircon matrix phase can be 
used to increase first matrix cracking strength in this 
class of composites reinforced with SiC monofila- 
ments. At the same time, composites with enhanced 
toughness can also be produced via tailored interfacial 
properties. 
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