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The processing of silicon nitride reinforced with carbon fibre was studied. The problems 
of physical and chemical incompatibility between carbon fibre and the silicon nitride 
matrix were solved by addition of a small amount of zirconia to the matrix and by low- 
temperature hot-pressing. The composite material possesses a much higher toughness than 
hot-pressed silicon nitride. Its work of fracture increased from 19.3 J m -2 for 
unreinforced Si3N4, to 4770J m-2; its fracture toughness, Kic, increased from 3.7 MN 
m -3/2 for unreinforced material, to 15.6 MN m -3/2. The strength remains about the same 
as unreinforced Si3N4 and the thermal expansion coefficient is only 2.51 x 10-6~ -1 
(RT to 1000 ~ C). It is anticipated that this composite may be promising because of its 
mechanical and good thermal shock-resistance properties. 

1. Introduction 
Ceramic materials with many attractive properties, 
e.g. good high-temperature mechanical strength, 
high resistance to creep, resistance to oxidation 
and chemical attack etc., have attracted attention. 
However, they have a drawback - brittleness - 
which is a great worry to users. Improving the 
toughness of ceramics and glasses has long con- 
cerned material scientists and engineers. The 
approach of fibre reinforcement has obtained 
some delightful results. In the early sixties, several 
W or Mo filament-reinforced oxides [1-5]  were 
developed in which the filaments were found to 
have the ability to impede crack propagation and 
thus enhance thermal shock and impact resistances 
of the materials. When carbon fibre became avail- 
able in large quantities, it was frequently used for 
reinforcement. Crivelli-Visconti and Cooper [6] 
used carbon fibre-reinforced silica and obtained 
a composite sample with increased strength and 
work of fracture by wide margins. The work on 
carbon or graphite fibre-reinforced lithium 
aluminosilicate glass or borosilicate glass [7-10,  
[11] indicated that there exists a series of promis- 
ing materials which not only have higher strength 
but also higher work of fracture and fracture 
toughness, and hence possess excellent anti- 

thermal and mechanical impact behaviour. SiC 
fibre-reinforced glassy matrix composites have 
been shown to be able to retain their strength up 
to 1000~ C [12]. 

For SiaN 4 matrix, Lindley and Godfrey [13] 
used SiC fibre with a W core as a reinforcement 
material and obtained a composite whose work of 
fracture could be up to 9 0 0 J m  -2 with some 
increase in strength. Brennan and co-worker [14, 
15] used W or Mo filament, and especially Ta 
filament, to reinforce Si3N4, and obtained a com- 
posite with a higher impact strength, which is 10 
times better even at 1300 ~ C. 

This paper introduces a new composite - car- 
bon fibre-reinforced Si3N 4. In our preliminary 
work, it appeared that the fibre and matrix were 
incompatible with each other both physically and 
chemically. Various means were tried to solve 
these difficulties. It was found that an addition of 
zirconia to Si3N 4 helped to alleviate the thermal 
expansion mismatch between carbon fibre and 
Si3N 4 matrix; while by low-temperature hot- 
pressing, the chemical reaction between carbon 
fibre and Si3N4, could be avoided. Carbon fibre- 
reinforced SiaN4 composite with attractive proper- 
ties can thus be fabricated. 
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Figure 1 Carbon fibre embedded in Si3N4, (a) 1600 ~ C; (b) 1650 ~ C. X 200. 

2. Experimental details 
2.1. Materials 
Si3N 4 powder was prepared by nitriding silicon 
powder, over 99.5% pure, finally at 1450 ~ C, and 
by milling it for 48 h with WC balls and distilled 
water in a nylon cylinder. It was then dried. The 
Si3N 4 powder had a specific surface area of  4.31 
m2g -1 measured by N2 absorption. The average 
grain size of  this powder was 3.2 #m measured by 
particle size analysis apparatus*. This Si3N4 pow- 
der contained about 92% t~-phase. Carbon fibre, 
made by Shanghai Carbon Factory or Liou-yuen 
Factory of Petroleum Chemical Engineering from 
PAN precursor, was used which has a tensile 
strength ~> 1800MNm -2 and an elastic modulus 
~> 180 GNm -2. 

2.2. Experimental procedure 
SiaN4 powder was mixed with additives for 2 h in 
a nylon cylinder with WC balls in water medium, 
the slurry containing about 40% water. Then a tow 
of carbon fibre was released through a rolling 
apparatus and was guided to pass through a SiaN4 
slurry bath and wound onto a square board in an 
aligned arrangement. After drying, the samples 
were cut into 60 mm • 60 mm squares, and put in 
graphite moulds coated with BN paint. Finally, 
they were sintered by hot-pressing in a furnace 
with a graphite heating element. Samples were cut 
into 3 mm x 5 mm x 50 mm bars for three-point 
bending strength measurement, 4 m m x 4 m m x  
45 mm bars with a triangular gap in the centre for 
the measurement of work of fracture, and 2.5 mm 
x 5 mm x 30 mm bars with a half slot at the central 
position for fracture toughness, KIc, measure- 

ments. These samples were also used for micro- 
structure and other physical property studies after 
mechanical property measurements. 

3. Approach to solve the incompatibility 
problem between carbon fibre and 
silicon nitride 

In our earlier work [16], we found that there are 
severe reactions at high temperature between car- 
bon fibre and Si3N4. The attack is obvious at 
1650 ~ C where a reaction layer appears around the 
carbon fibre (see Fig. 1). As is known, the hot- 
pressing of Si3N4 usually requires a temperature of 
1750 ~ C and above, with additives such as MgO or 
Y203 and A1203. It is obvious, therefore, that car- 
bon fibre will be damaged by hot-pressing at such 
temperatures and will lose its ability to reinforce. 
On the other hand, the thermal expansion coef- 
ficient of carbon fibre is reported to be 0.67 • 
10  -6~ C from RT to 900 ~ C in the axial direction 
[17]. However, the thermal expansion coefficient 
of SMZ-SiaN4 is 4.62 x 10  -6~  C (RT to 1000 ~ C) 
measured in our laboratory. The thermal expan- 
sion mismatch will certainly result in a large tensile 
stress along the length of the fibre. Rough calcu- 
lation shows that the tensile stress build up 
(~ 400 MNm -2) will surpass the strength of the 
matrix and transverse cracks do appear in the 
matrix perpendicular to the fibres (see Fig. 2) after 
hot-pressing at various temperatures. With certain 
sintering additives, which will be described later, 
SiaN4 has been found to be sintered to a consider- 
able extent at and above 1400 ~ C. It is not surpris- 
ing, therefore, that at and above 1400 ~ C, large 
cracks perpendicular to the fibre occur together 

*Micromeritics Instrument Corporation Product, USA. 
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Figure 2 C fibre-Si3N 4 composite hot-pressed at various temperatures, showing the appearance of cracks in the Si3N 4 
matrix (a) 135 ~ C; (b) 1400 ~ C; (c) 1450 ~ C; (d) 1550 ~ C. X 313. 

with an increase in Si3N4 densification. However, 
at 1350 ~ C, sintering of Si3N4 has not yet occurred 
to complete densification. Thus stress relaxation in 
the matrix is easily realized without crack initi- 
ation. It is pertinent, therefore, to tackle these two 
incompatibility problems, both physical and 
chemical, before any sound carbon fibre-Si3N4 
composite can be fabricated. 

3.1. Hot-pressing silicon nitride at low 
temperatures 

In order to avoid the chemical reaction of carbon 
fibre with Si3N4, the most realistic approach is 
probably to lower the sintering temperature during 
the fabrication process. As mentioned above, the 
hot-pressing temperature of Si3N4 is usually about 
1750 ~ C. The thermal treatment temperature of 
the composite should now be lowered to below 
1550 ~ C. This was realized through the introduc- 
tion of new additive systems of lower fusion tem- 
perature. Two such systems were found to be 
effective. One set of additives was found in the 

LiF-MgO-SiO2 system by which Si3N 4 can be 
hot-pressed to 99% theoretical density at 1450 ~ C 
and 25 MNm -2 pressure [18]. Its sintering mech- 
anism was found to be controlled by liquid-phase 
diffusion through grain boundaries [19]. The 
SiaN 4 sample containing 5% additives of L i F -  
MgO-SiO2 system is referred to as SML-5. Another 
set of additives is from the AI203-MgO-SiO 2 sys- 
tem with which Si3N 4 can be hot-pressed to 99% 
densification at 1550 ~ C. The mechanical proper- 
ties, fracture behaviour and sintering mechanism 
of such samples were studied [20, 21]. 

With carbon fibre in SML-5 Si3N4 matrix hot- 
pressed at 1450 to 1500~ and 25 MNm -2 pres- 
sure, composite samples with undamaged carbon 
fibres can be fabricated. 

3.2. Zirconia-phase transformation for 
stress relaxation 

The use of ZrO2 to toughen ceramics has produced 
encouraging effects [22-24] in which stress- 

induced ZrO2 martensitic-phase transformation is 
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Figure 3 Sections of carbon fibre/Si3N 4 composites, paral- 
lel to the fibre direction. ZrO 2 content in Si3N 4 matrix: 
(a) 1% (SMZ-1); (b) 5% (SMZ-5); (c) 10% (SMZ-10). 
x 188. 

one of  the principle mechanisms. The difference in 
thermal expansion coefficients between carbon 
fibre and Si3N4 will produce a tensile stress in the 
matr ix during cooling after the composite is hot- 
pressed at high temperatures. With ZrO2 particles 
incorporated in the Si3N4 matrix,  this tensile stress 

will cause the ZrO2 particles to transform and is 
thus also a process of  energy absorption. As a 
result, it may decrease or disperse the tensile stress 
in the Si3N4 matr ix and may avoid the occurrence 
of  macro-cracks. 

The experimental results verify that by the 
addition of  small amounts of  ZrO2 to Si3N4 (serial 

no. SMZ) reinforced with carbon fibre, a composite 
material can be fabricated without  cracks develop- 
ing in the matrix.  

Fig. 3 shows photomicrographs of  such sections 
parallel to the fibre direction, in which various 
amounts of  Zr02 were added to the Si3N4 matrix. 
It may be seen that cracks perpendicular to the 
fibres have disappeared, even with 1 wt% ZrO2 
addit ion,  but  according to results discussed below, 
it is appropriate to have a 5 wt % Zr02 addition. 
X-ray diffraction shows that all ZrO2 particles are 
monoclinic. 

T A B L E I The properties of C fibre/Si 3 N 4 composite 

SMZ-Si 3 N 4 C fibre/SMZ-Si 3 N 4 

Bulk density (gcm -3) 3.44 2.7 
Fibre content (vol %) 30 
Bendingstrength(MNm -2) 473 -+ 30 454 -+ 42 
Young'smodulus(GNm -2) 247 -+ 16 188 -+ 18 
Work of fracture (Jrn -2) 19.3 -+ 0.2 4770 -+ 770 
Fracture toughness Kte 

(MNm -3'2) 3.7 +- 0.7 15.6 + 1.2 
Thermal expansion coefficient, 

(RTto 1000 ~ C) (X 10 -~~ C -a) 4.62 2.51 
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Figure 4 A micrograph of fractured C fibre/SiaN 4 com- 
posite sample, X 8.8. i 

4. Properties of carbon fibre/Si3 N4 
composite 

Table I shows the properties of  a carbon fibre- 
reinforced Si3N4 composite.  For  comparison, the 
propert ies of  SiaN 4 with the same additives and 
ZrO2 (SMZ-Si3N4)  are also given in the same table. 
All samples were made by  hot-pressing at 1450 ~ C, 
25 MN m -2 pressure and held for 1 h. It can be seen 

that  there is no increase in strength of  the com- 
posite. This may be a t t r ibuted to the fact that  the 
Young's modulus of  SiaN4 is larger than that  of  
the carbon fibre used ( 1 8 0 G N m - 2 ) .  It is also in 
accordance with Fitzer 's  analysis [25]. However, it 

may be noted that  the work of  fracture of  the 
composite is about  200 times higher than that  of  
the reinforced Si3N 4. Its fracture toughness is also 
upgraded three times and its thermal expansion 
coefficient is considerably lower. Therefore, it  
should be a good material  with high thermal shock 
and mechanical shock resistance. 

Fig. 4 shows a micrograph of  fractured C fibre/ 
Si3N 4 composite sample. It is typical  of  a fibre- 
reinforced brit t le material showing delamination 
and fibre pull-out which is entirely different from 
a brit t le ceramic material. The scanning electron 
micrograph of  a fracture surface is shown in Fig. 5. 
It can be seen that  the pull-out of  fibres is obvious. 
The significant contr ibut ion of  the work of  pulling 
of  the fibres to enhance the work of  fracture and 
fracture toughness o f  the composite is as expected 

5. Conclusions 
The addi t ion of  a small amount  of  ZrO2 to silicon 
nitride and low-temperature hot-pressing, enables 
the problems of  physical and chemical incom- 
patibilities between carbon fibre and silicon nitride 
matr ix to be overcome, and a sound carbon fibre- 
reinforced silicon nitride composite with a much 
higher fracture toughness was fabricated. Its work 

Figure 5 Fracture surface of C fibre/Si3N 4 composite by 
SEM. 

of  fracture is higher than unreinforced silicon 
nitride by two orders of magnitude; its fracture 
toughness increases three-fold and its strength gen- 
erally retains the original level. The thermal expan- 
sion coefficient of  the composite is also consider- 
ably lower. It is anticipated that  the composite is a 
promising material with a potential  for high ther- 
mal and mechanical shock resistance. 
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