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Abstract: Thermal shock resistance of hot-pressed SiCw/Si,N, (w = whisker) 
composites was investigated by thermal shock resistance parameters and water 
quenching test. The results showed that the thermal shock resistance to fracture 
initiation and crack-stable repropagation deteriorated with increasing SiCw con- 
tent in spite of the improvement of fracture toughness, K,,. This could be 
attributed to the great decrease of strength, o. and the considerable increase of 
Young’s modulus, E, and thermal expansion coefficient. (Y, resulting from the 
addition of SIC whiskers. The curves of the residual strength, a,, after water 
quenching versus thermal shock temperature difference, AT, e.g. CT,-AT, showed 
good relationships with the calculated thermal stress fracture resistance parame- 
ter, R, and thermal stress crack stability parameter, R,,. The crack propagation 
of SIC whisker reinforced Si,N, occurred primarily in a quasi-static manner, 
and it could be mainly attributable to SIC whiskers’ pulling-out and bridging 
toughening effects. 

1 INTRODUCTION 

Silicon nitride ceramics as one of the most promis- 
ing high-temperature structural materials have been 
under active development for demanding elevated 
temperature applications.“’ Unfortunately, like 
most other kinds of ceramics they also have a 
tendency toward catastrophic failure especially 
upon severe thermal shocking, which remains a 
major obstacle to their more widespread utilization. 

To evaluate the thermal stress crack initiation 
and propagation behaviour of ceramics, three 
thermal shock resistance parameters are usually 
used. The first one is the thermal stress fracture 
resistance parameter, R, expressed by:5-7 

R= a(l- ~)/(a E) (1) 

where (T is the tensile strength of the material, v is 
Poisson’s ratio, (Y is the thermal expansion coeffi- 
cient, and E is the Young’s modulus. R represents 
the critical temperature difference, AT,, for ther- 
mal stress crack initiation. 

The second parameter is the thermal stress dam- 
age resistance parameter, RI”, represented by?’ 
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R’” =E yfl[d(l-v)] = (K,c/a)2/(1L~) (2) 

where yf is the fracture surface energy and ICI, is 
the fracture toughness. R’” decides the resistance 
to catastrophic crack propagation of ceramics 
under a critical temperature difference, AT,. 

The third is the thermal stress crack stability 
parameter, R,,, which indicates the resistance to 
crack repropagation after a critical temperature 
difference, AT,. R,, is represented by:’ 

R,, = [yfl(a ‘E)]= (3) 

From the above three equations, it can be clearly 
seen that the thermal shock resistance of ceramics 
is decided by many factors, such as strength, o, 
Young’s modulus, E, fracture surface energy, y,., 
fracture toughness, K,,, and thermal expansion 
coefficient, (Y. Therefore, in developing high thermal 
shock resistance composites, all the above factors 
should be taken into consideration synthetically. 

In order to avoid or mitigate catastrophic fail- 
ure of monolithic silicon nitride, it is believed that 
additional improvements in strength and fracture 
toughness are needed,4 and this can be achieved 
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by making composites through introduction of 
fibres, particulates and whiskers. Previous studies’,’ 
on SiCw/Si,N, showed that room and elevated 
temperature strength and fracture toughness of 
the composites really could be raised simultane- 
ously. However, not enough attention was paid to 
other parameters, such as Young’s modulus, E, 
and thermal expansion coefficient, (Y, which are at 
least as important as strength, a, and fracture 
toughness, K,,, especially for applications under 
severe thermal shocking. 

Hence, in the present work, the influence of SIC 
whiskers on microstructure, flexural strength, a, 
Young’s modulus, E, fracture toughness, K,,, and 
thermal expansion coefficient, (Y, of SiCw/Si,N, com- 
posites was studied; thereafter the influence of Sic 
whiskers on thermal shock resistance parameters 
including R, R”’ and R,, was investigated. The rela- 
tionships between the thermal shock resistance 
parameters and the curves of residual strength ver- 
sus thermal shock temperature difference are dis- 
cussed. 

2 SPECIMEN PREPARATION AND 
EXPERIMENTAL PROCEDURE 

SiCw/Si,N, composites with different volume per- 
centages of SiCw including 0, 10, 20 and 30% 
were prepared by hot-pressing. High-purity sinter- 
ing aids: 2 wt% A&O, + 3 wt% Y,O, were added. 
The characteristics of the starting S&N, powder 
are a&N,, fraction: 94.5%, average grain size: 
0.5-0.6 pm. SIC whiskers supplied from Tokai 
Company of Japan are 1.0-l .4 pm in diameter and 
20-30 pm in length, with P-Sic phase structure. 
After the matrix powder, sintering aids, and SiCw 
were blended, the mixture was milled using ZrO, 
balls in plastic bottle filled with alcohol for 24 h 
and then dried in air. Green bodies were prepared 
by pressing under 200 MPa pressure in air, then 
hot-pressed at 1800°C in N2 atmosphere under 
25 MPa for 1 h. The sintered bodies were cut into 
3 mm X 4 mm X 40 mm flexural bars. The surfaces 
especially the tensile ones were finely ground along 
the longitudinal direction, and the edges were bev- 
elled. The tensile surface in three-point bending 
test was normal to the hot-pressing direction. 

Densities of specimens were measured by 
Archimedes’ method and their relative densities 
were calculated. The phase analysis of the com- 
posites was conducted using an X-ray diffractome- 
ter with CuK, ray, and the ratio of the residual 
a-Si3N, content to the overall S&N, was calcu- 
lated based on the relationship between composi- 
tion and X-ray diffraction intensity ratio (Iau02j + 

t1 a(210)+IP(lol)+IP(210)).‘o The bending 
strength at room temperature was determined in a 
three-point bending test with a span length of 30 
mm, and a crosshead speed of 0.5 mm/min. Load- 
strain curves were recorded by attaching strain 
gauges to the tensile surfaces of specimens, so that 
Young’s modulus could be calculated. The tough- 
ness was measured by SENB test with a span 
length of 16 mm and a crosshead speed of 0.05 
mm/min using specimens with notches of 2 mm in 
depth, 0.25 mm in width in the middle of them. 
Four to six bars for each sample were tested to cal- 
culate strength, Young’s modulus and toughness. 
Thermal expansion coefficient only along the 
direction vertical to the hot-pressing direction was 
measured. 

To evaluate the thermal shock resistance of the 
composites, three thermal shock resistance param- 
eters, R, R’” and Rst, were calculated and a water 
quenching test was conducted. Sets of five or six 
specimens were held at a predetermined tempera- 
ture for 10 min in an Al,O, tube which was then 
tilted to drop the specimens into a container of 
room-temperature water. The furnace temperature 
was controlled to Hf2”C. The residual strengths 
of the shocked specimens were measured under 
the same conditions as those of the unshocked 
ones. Microstructure of the composites and frac- 
ture morphology after thermal shock were 
observed on an S-570 type SEM. 

3 RESULTS AND DISCUSSION 

3.1 Microstructure 

The relative density and residual a-S&N, content of 
the composites are shown in Fig. 1, which illustrates 
that the relative density decreases gradually with 
increasing SiCw content, and the residual a-S&N4 
content increases markedly with increasing SiCw 
content. That is to say, not only the densification 
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Fig. 1. Relative density and residual a-S&N, content of 
SiCw/Si,N, composites as a function of Sic whisker content. 
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Fig. 2. Microstructures of SiCwiSi,N, composites: (a) 0 VOW 
SiCw. (b) 10 vol%t SiCw. (c) 20 VOW SiCw, (d) 30 VOW 
SiCw. (Polished surfaces were etched in molten NaOH at 

350°C. (a),(b) for 80 s and (c).(d) for 50 s.) 

3.2 Mechanical properties 

The bending strength, Young’s modulus and frac- 
ture toughness of the composites are demon- 
strated in Fig. 3. As shown, the bending strength 
of the composites decreases drastically with 
increasing SiCw content. This might be mainly 
attributed to two points. One is that the reinforce- 
ment by SiCw of the matrix is offset by the 
decreasing density. The other is that the self-rein- 
forcement of elongated P-S&N, grains is impaired 
not only by their decreasing content but also by 
their worse developed smaller P-S&N, bars with 
increasing SiCw content. 

By contrast, the Young’s modulus of the com- 
posites increases from 210 GPa for those without 
SiCw to 250 GPa for that with 20 vol% SiCw, and 
then decreases substantially at higher SiCw con- 
tents. It can be concluded that when the density 
decrement of the composite is small, the consider- 
ably high Young’s modulus (400-700 GPa) of 
SiCw compared with that (200-310 GPa) of S&N, 
can compensate for the decrease of Young’s mod- 
ulus resulting from the decreasing density. How- 
ever, when the density decreases beyond a critical 
point, its influence will have precedance over that 
of the reinforcement by SIC whiskers. 

of the composites but also the cu+ transforma- 
tion of S&N, is retarded by the addition of SiCw. 

Figure 2 shows the microstructures observed by 
SEM. The elongated p&N, grains of the composites 
can be clearly seen; additionally, with increasing 
SiCw content, the equiaxial residual a-S&N, 
grains are more easily discerned, and the porosity 
of the composites is increasing. All of these are con- 
sistent with the density and cu-S&N, content testing 
results. Comparing Figs 2(a) and 2(b), it can also be 
seen that the worse developed P-S&N, grains in 
SiCw/ S&N, are smaller than that of the monolithic 
Si,N,. 

The change of fracture toughness of the com- 
posites with SiCw content is roughly similar to 
that of Young’s modulus. When SiCw content 
attains 10 vol%, it has the best toughening effects. 

3.3 Thermal expansion coefficient 

SiCw has a higher thermal conductivity than 
S&N,; from the point of view of lowering the tem- 
perature gradient of the composite, it will be 
beneficial to the thermal shock resistance to intro- 
duce SiCw to monolithic Si,N,. However, SiCw 
has a larger thermal expansion coefficient, so it 
will inevitably raise the thermal expansion coeffi- 
cient of the composite, which is much more 
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Fig. 3. Mechanical properties of SiCw/Si,N, composites as a Fig. 4. Thermal expansion coefficient of SiCw/Si,N, composites 
function of SIC whisker content. as a function of SiC whisker content. 
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important than thermal conductivity’s influence 
especially for the composites to be used under a 
severe thermal shock environment. Thermal 
expansion coefficient testing results are illustrated 
in Fig. 4. The thermal expansion coefficient of the 
composites shows a strongly increasing tendency 
with increasing SiCw content, and this is unfortu- 
nately harmful to their thermal shock resistance. 

3.4 Thermal shock resistance 

The calculated thermal shock resistance parame- 
ters are presented in Table 1 showing that with 
increasing SiCw content, the thermal stress dam- 
age resistance parameter, R”, greatly increases. In 
contrast, the thermal stress fracture resistance 
parameter, R, and the thermal stress crack stabil- 
ity parameter, RSt, diminish substantially. The 
results above indicate that the thermal shock resis- 
tance to catastrophic crack propagation might be 
improved with increasing SiCw content, but the 
resistance to crack repropagation especially to 
fracture initiation deteriorated dramatically. 

The curves of the residual strength, a,, versus 
water-quenching temperature difference, AT, are 
given in Fig. 5. As shown, for the monolithic 
Si,N4, a, remains constant up to AT = 1200°C. By 
contrast, for SiCw/Si,N, composites, cr, drops 
when AT reaches 1000°C or less. So the first point 
which could be drawn from the figure is that the 
critical temperature difference, AT,, for strength 
degradation decreases with increasing SiCw con- 
tent, which is consistent with the change of 
parameter R shown in Table 1. However, AT, val- 
ues shown in the curves were much higher than 
the calculated R values shown in Table 1. This 
can be explained as follows. Firstly, the thermal 
expansion coefficients used in the calculation of R 
are the values normal to the hot-pressing direc- 
tion, and they might be much larger than their 
actual effective values because of the anisotropic 
thermal expansion coefficient of the hot-pressed 
composites. Secondly, the water-quenching speed 
may play a role. Insufficiently rapid quenching 
and the limit of water cooling rate could make the 
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actual temperature difference the specimens expe- 
rienced lower than the recorded temperature diff- 
erence. Nevertheless, neither of the two factors 
influenced the changing tendency of AT, with 
increasing SiCw content. 

The second point that could be drawn from 
Fig. 5 is that the decrement of strength increases 
with increasing SiCw content for APAT,, and 
such a tendency could be more clearly seen from 
residual strength rate values (for AT=12OO”C) 
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Fig. 5. Thermal shock behaviour of SiCw/Si,N, composites: 
(a) 0 ~01% SiCw, (b) 10 ~01% SiCw, (c) 20 ~01% SiCw, (d) 

30 ~01% SiCw. 

Table 1. Thermal shock resistance parameters of SiCw/Si,N, ceramic composites and the residual strength rate when 
AT=lZOO”C 

SiCw content R=a,( 1 -V)l(~E) dV=(K,&,12/(1-v) R,,=(y&?R”* Residual strength rate 
(vol%) PC) (pm) (pm “2. “C) (AT= 1200°C) ur/cO 

0 942 (I - v) 88.4/(1 - v) 6261 95.4% 
10 555 (1 - v) 118.6/(1 -VI 6046 73.1% 
20 452 (I - v) 119.6/(1 - v) 4949 57.2% 
30 405 (I - VI 151.0/(1 - v) 4982 53.7% 

Flexural but not tensile strengths were used to calculate the parameters Rand d”. In the calculation of R,,, ‘yW was con- 
verted according to the Irwin equation: Klc2=2yE. 
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shown in Table 1. This is roughly consistent with 
the change of parameter R,, shown in Table 1. 

From the above two points, it can be seen that 
the a,.-AT curves of the composites had relatively 
good relationships with the calculated parameters 
R and R,,. According to the results, R’” might lose 
its significance though it increases with increasing 
SiCw content, which theoretically means the 
improvement of resistance to instantaneous crack 
propagation at critical temperature difference, 
AT,. This may be the result of the fact that the criti- 
cal cracks in the composites might be larger than 
their respective R’” values due to their low densities. 

Crack propagation in the SiCw/Si3N, compos- 
ites shown by the curves in Fig. 5 occurs primarily 
in a quasi-static manner. This could be attributed 
to two points. One may be connected with the rel- 
atively low density of the composites, which made 
the critical cracks in them large enough to become 
the original large cracks predicted by the unified 
theory of fracture initiation and crack propaga- 
tion.” While other studies’2.” on S&N,, showed 
that density has little influence on crack propaga- 
tion, it is said that unstable crack propagation had 
occurred for all grades of dense and reaction- 
bonded Si3N4, even for very low-strength materi- 
als. In contrast, some other kinds of ceramics such 
as porous SiC14 clearly show crack-stable propa- 
gation. So, the difference between them needs fur- 
ther research. The other and maybe the more 

Fig. 6. Fracture surfaces of thermally shocked SiCw/Si,N, 
composites (dT=12OO”C); (a) 0 VOW SiCw, (b) 10 vol% 

SiCw. (c) 20 vol% SiCw, (d) 30 ~01% SiCw. 
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important point is the toughening effects of SiCw. 
The fracture SEM photographs in Fig. 6 show SIC 
whiskers’ pulling-out and bridging traces, which 
proves that the existence of SiCw is beneficial to 
mitigating instantaneous crack propagation. From 
this point of view, it is beneficial to introduce 
SiCw into monolithic Si,N4, but this will be unfor- 
tunately at the expense of the decrease of critical 
temperature difference, AT,. 

The above results have some practical implica- 
tions in designing SiCw/Si,N, composites for ther- 
mal shock applications. When relatively mild 
thermal shock is involved, i.e. fracture initiation 
should be avoided, it is harmful to introduce SiCw 
to monolithic Si3N4, which will diminish the criti- 
cal temperature difference, AT,. In an application 
involving severe thermal shock, in which fracture 
cannot be avoided even in monolithic Si,N,, i.e. 
when the extent of catastrophic crack propagation 
should be minimized, it may be beneficial to intro- 
duce SiCw in appropriate amount to monolithic 
S&N,, at the same time lowering the density of the 
composites. 

4 CONCLUSIONS 

(1) 

(2) 

(31 

The thermal shock resistance to fracture initia- 
tion and stable crack propagation of SiCw/Si,N, 
composites deteriorated with increasing SiCw 
content. 
The curves of the residual strength, a,, after 
water quenching versus thermal shock temper- 
ature difference, AT, e.g. ai-AT, showed good 
relationships with the calculated thermal stress 
fracture resistance parameter, R, and thermal 
stress crack stability parameter, R,,. 

The crack propagation of SiCw-reinforced 
S&N, composites occurred primarily in a quasi- 
static manner as a result of pulling-out and 
bridging toughening effects of SIC whiskers 
and the relatively low density of the composites. 
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