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Strength, toughness and R-curve behaviour of 
SiC whisker-reinforced composite Si3N4 with 
reference to monolithic Si3N 4 
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The flexural strength and fracture toughness of 30vol % SiC whisker-reinforced Si3N 4 material 
were determined as a function of temperature from 25 to 1400~ in an air environment. It was 
found that both strength and toughness of the composite material were almost the same as 
those of the monolithic counterpart. The room-temperature strength was retained up to 
11 O0 ~ however, appreciable strength degradation started at 1200 ~ and reached a 
maximum at 1 400~ due to stable crack growth. In contrast, the fracture toughness of the 
two materials was independent of temperature with an average value of 5.66 MPa m 1/2. It was 
also observed that the composite material exhibited no rising R-curve behaviour at room 
temperature, as was the case for the monolithic material. These results indicate that SiC 
whisker addition to the Si3N 4 matrix did not provide any favourable effects on strength, 
toughness and R-curve behaviour. 

1. Introduction 
Ceramics have attracted particular interest for high- 
temperature structural applications in advanced heat 
engines and heat recovery systems. The major limita- 
tion for assuring the reliability of the ceramic mat- 
erials is their low fracture toughness. The composite 
approach, in which a low-modulus and low-strength 
matrix material is reinforced via the incorporation of 
strong and high-modulus SiC whiskers, has shown to 
be one of the alternatives to improve toughness and 
strength. Alumina composites reinforced with SiC 
whiskers have exhibited excellent mechanical proper- 
ties compared to their matrix base materials: tough- 
ness, strength, and fatigue and thermal shock 
resistance are substantially higher for the composite 
materials [1-6]. Major mechanisms responsible for 
these superior properties are believed to be crack 
deflection, whisker pull-out and/or whisker bridging 
[1, 7-103. 

On the other hand, the composite approach to 
SisN 4 via SiC whiskers has shown limited success, 
depending on the fabrication process. It has been 
demonstrated that the fracture toughness is increased 
significantly (20-30%) by the addition of 20-30 vol % 
SiC whiskers but that the corresponding strength is 
not significantly improved, or in some cases, is even 
worse than for the monolithic materials [10-14]. In 
addition, the resistance of the composite to impact/ 
erosion, creep and cyclic crack growth has also exhi- 
bited a varying degree of improvement or deteri- 
oration [15-20]. The increased processing complexity 
of composites may be the major cause of such prob- 
lems. 

The purpose of this study is to better understand the 
strength and toughness behaviour of 30vo1% SiC 
whisker-reinforced SisN 4 material. For this purpose, 
strength and toughness were measured as a function of 
temperature from 25 to 1400 ~ in air. The indentation 
strength was also examined at room temperature to 
determine R-curve behaviour. Similar monolithic 
Si3N 4 material was utilized to provide a baseline of 
comparison. 

2. Experimental procedure 
The materials used in this study were based on Garrett 
GN-10 composite and monolithic Si3N 4 (Garrett 
Ceramic Components, Allied Signal, Torrance, Cali- 
fornia). The material fabrication has been described 
elsewhere [14]. Briefly, Si3N 4 powder composition 
was slip-cast into 50mm diameter, 75 mm height 
billets, glass-encapsulated by the ASEA method (ABB 
Autoclave Systems, Columbus, Ohio) and hot-isosta- 
tically pressed to produce monolithic Si3N 4 material. 
Part of the same powder batch was blended with 
30vo1% SiC whiskers by ACMC (Advanced Com- 
posite Materials Corp., Greer, South Carolina) and 
processed with the same procedures as the monolithic. 
Densities of the composite and monolithic materials 
were 3.27 and 3.31 g cm -3,  respectively. 

The billets of both composite and monolithic ma- 
terials were cut to produce the flexure test specimens 
such that the prospective tensile surfaces of the speci- 
mens were normal to the hot pressing direction. As- 
received strength was determined from the flexure 
specimens (2.7 mm • 4 mm • 50 mm) with a four-point 
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bend fixture with 20/40 mm spans as a function of 
temperature from 25 to 1400 ~ in an air environment. 
The crosshead speed employed was 0.2 mm min -1. 
The number of test specimens per temperature was 
three to ten. 

The chevron-notch method was used to evaluate 
fracture toughness at temperatures from 25 to 
1400 ~ Three to six chevron-notch bend specimens 
measuring 3 mm by 5.6 mm in thickness and height, 
respectively, were tested at each temperature using a 
four-point flexure fixture with spans of 20 and 40 mm. 
A slow stroke rate of 0.01 mmmin  -1 was utilized to 
ensure stable crack extension during testing. The frac- 
ture toughness was calculated based on the analysis by 
Munz et al. [21]. In addition, toughness measure- 
ments by the single-edge precracked beam (SEPB) 
[22] and indentation strength [23] methods were also 
made at room temperature to see if there exists a 
difference in toughness values between the test 
methods. 

Room-temperature R-curve behaviour was esti- 
mated using the indentation strength technique pro- 
posed by Krause [24]. The test specimens were 3 mm 
• 5.6 mm • 25 mm MOR bars, and the centre of the 

polished prospective tensile surface of each specimen 
was indented with a Vickers microhardness indenter 
over a load range of 49 to 294 N. The subsequent 
strength tests for the indented samples were conducted 
using a four-point bend fixture with 10/18 mm spans 
at a crosshead speed of 0.2 mm m i n - t  in room tem- 
perature air. Three to four specimens were tested at 
each indentation load. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. Strength 
Fig. 1 gives the results of the as-received strength 
measurements for the composite and monolithic 

materials, where fracture strength is plotted as a func- 
tion of test temperature. The room-temperature 
strength was found to be ~f = 698 + 85 MPa and 732 
_ 61 MPa for the composite and monolithic mater- 

ials, respectively. Weibull modulus in the strength 
distribution was not available in this study due to the 
limited number of test specimens (typically less than 
ten). However, the Weibull modulus (z) can be esti- 
mated approximately using a formula of ~ ~ 1.2/(Cv) 
as proposed by Ritter et al. [25], where Cv is the 
coefficient of variation of the mean strength. Using 
this relation together with the obtained values of C v 
for the two materials at room temperature, Weibull 
moduli of the composite and monolithic are estimated 
to be r = 9.8 and 14.4, respectively. Despite the insuffi- 
cient number of test specimens for the reliable evalu- 
ation of Weibull parameters, the estimated Weibull 
modulus is in good agreement with the typical range 
of ~ ~ 7 to 15 commonly observed for sintered Si3N 4 
materials. It is important to note that a low Weibull 
modulus suggests non-uniformity and/or inhomo- 
geneity in composition and microstructure for the 
materials. 

Examination of the fracture surfaces for both mat- 
erials showed that most of failures originated from 
surface and sub-surface porous regions, coarse- 
grained regions, and agglomerates 1-14]. Typical ex- 
amples of such porous region- and agglomerate- 
associated failures are shown in Fig. 2. The agglomer- 
ate found in Fig. 2c was identified as a chunk of 
nitride, but not associated with processing contam- 
inants such as glass and metallic particles (e.g. iron). 

For  both materials, the room-temperature strength 
was retained with little variation up to 1100 ~ how- 
ever, appreciable strength degradation occurred from 
1200~ and reached a maximum at 1400~ The 
maximum strength degradation at 1400 ~ relative to 
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Figure 1 As-received strength of ( � 9  SiC whisker-reinforced Si3N 4 and (�9 monolithic Si3N 4 as a function of temperature in air. Error bar 
indicates _ 1.0 standard deviation. 
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Figure 2 SEM fractographs: (a) overall view showing fracture origin 
and fracture mirror for composite specimen failed at cyf = 706 MPa 
at 800 ~ (b) magnified view of (a) revealing fracture origin as 
porous region; (c) agglomerate-associated failure in monolithic 
specimen failed at c~f = 699 MPa at 25 ~ 

mental error, it can be concluded that the strengths of 
both composite and monolithic materials are virtually 
the same, as seen in Fig. 1. This indicates that whisker 
addition to the Si3N 4 matrix did not provide any 
favourable effect on strength, consistent with earlier 
work [10, 13]. 

the room-temperature strength, reached 50 and 45% 
for the composite and monolithic materials, respect- 
ively. This high-temperature strength degradation, 
particularly at 1400~ is believed to be associated 
with slow crack growth and creep deformation due to 
the softening of the crystallized grain boundaries. A 
large region of such slow crack growth occurring at 
1400 ~ for the composite material is shown in Fig. 3. 
Also note the appearance of extensive glassy phases 
that occurred, probably due to oxidation. 

In general, the strength of the monolithic material 
was about  5 to 15% higher compared to that of the 
composite. However, in view of the range of experi- 

3.2.  F rac tu re  t o u g h n e s s  
The results of the fracture toughness measurements 
from the chevron-notch method are presented in 
Fig. 4. Here the measured fracture toughness for both 
materials is plotted against test temperature from 25 
to 1200 ~ Contrary to the case found in the strength 
behaviour, toughness degradation with increasing 
temperature was not observed for the two materials. 
Over the test temperature range, the room-temper-  
ature toughness (K~c = 5.46 + 0.28 and 5.32 4- 0.30 
MPa  m 1/2 for the composite and monolithic, respect- 
ively) remained almost unchanged within ~< 10%, 
indicating that toughness for both materials is inde- 
pendent of test temperature up to 1200 ~ Also note 
the negligibly small difference in toughness values 

Figure 3 SEM fractographs of composite specimen failed at ~f = 329 MPa at 1400 ~ (a) overall view showing a large region of slow crack 
growth; (b) magnified view of (a) in slow crack growth region showing glassy phases extensively covering the fracture surface. 
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Figure 4 Fracture toughness of(A) composite and ( 0 )  monolithic materials as a function of temperature in air. The horizontal line represents 
an average value of toughness ( = 5.66 M P a m  1/2) for all data. Error bar indicates + 1.0 standard deviation. 

between the two materials. The overall fracture tough- 
ness was found to be Klc = 5.66 -t- 0.26 M P a m  1/2, as 
indicated as a horizontal line in Fig. 4. 

It should be noted that, although not presented 
in Fig. 4, an unusually high fracture toughness of 
K l c  /> 10 M P a m  1/2 was obtained for both materials 
at the temperature of 1400 ~ This is due to increased 
plasticity and/or creep deformation associated with 
the combined effects of high temperature and the slow 
testing speed of 0 .01mmmin -1, as reported pre- 
viously [i4].  Thus, the chevron-notch method may be 
inappropriate for  such high temperatures. The SEPB 
method in an inert environment, however, is thought 
to be a good alternative to measure fracture toughness 
at that high temperature [26]. 

A summary of the fracture toughness evaluated at 
room temperature from the chevron notch (CN), 
SEPB, and indentation strength (IS) methods is shown 
in Fig. 5. It can be seen here that the fracture tough- 
ness thus obtained was not dependent on the test 
method for both materials. Also note that there was 
virtually no difference in fracture toughness between 
the two materials. The overall fracture toughness was 
found to be Kic = 5.41 _+ 0.20 M P a m  1/2, as shown in 
Fig. 5. This result implies that crack growth resistance 
of the materials remains constant regardless of the 
crack size, which is either in the micro-crack (in- 
dented) or the macro-crack (SEPB and CN) regime. 
Crack growth resistat~ce as a function of crack size, 
called R-curve behaviour, will be discussed below. 

The fact that no appreciable difference in fracture 
toughness between the two materials existed (see 
Figs 4 and 5) implies that the toughening contribution 
from whisker addition was ineffective for the current 
composite material system. This contrasts with the 
result of the previous study on 30vo1% SiC 
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Figure 5 Room-temperature fracture toughness of (&) composite 
and (�9 monolithic materials evaluated from three different tech- 
niques of chevron-notch (CN), single-edge precracked beam (SEPB) 
and indentation strength (IS) methods. A mean value of 
5.41 M P a m  1/2 was obtained for all data. Error bar indicates _+ 1.0 
standard deviation. 

whisker-Si3N 4 composite where about 30% increase 
in fracture toughness was achieved at room temper- 
ature [26]. Toughening mechanisms such as crack 
deflection by the whiskers and both whisker bridging 
and whisker pull-out have been suggested and ob- 
served to be operative for whisker-reinforced ceramics 
[1, 7-10]. Fracture surfaces of the composite material 
exhibited whisker pull-out and whisker impressions to 
some extent (Fig. 6). However, the number and extent 
of fibre pull-outs are thought to be insufficient to 
achieve a reasonably high fracture toughness. Also 
note that many fibres were aligned to the direction 
parallel to the fracture plane, as observed from the 
orientation of the fibre impressions in Fig. 6b. It 



the fracture energy ratio of matrix to interface given in 
Equation 1 needs to be G m / G i ~  10  - 6  for experi- 
mental and literature values of cy~ v ~ 8 GPa  [27], 
r=0.21am,  ~t~0.2, E ~  E w ~ 5 8 0 G P a  
[27], K o = 5 . 4 M P a m  1/2 and 8 K = 0 . 5 4 M P a m  1/2 
together with Vf = 0.3. To achieve a 50% increase in 
toughening, for example, the ratio G m / G  i should be 
increased by factor of I0 from the 10% toughened 
composite system. Controlling the matrix-whisker 
interface is thus crucial in tailoring the toughness 
property of the composite materials. However, com- 
plexities involved with interface surface chemistry, 
whisker morphology and thermal expansion mis- 
matches are known to be inevitable [281. 

Figure 6 Fracture surfaces of composite material showing (a) whis- 
ker pull-out and (b) orientation of whisker impressions which is 
parallel to the fracture surface. 

should be noted that proper alignment of whiskers 
relative to the crack plane (i.e. whisker axis aligned 
perpendicular to crack plane) is a prerequisite to 
enhance fracture toughness of the composite material. 

Recently, Becher et al. [8] made an attempt to model 
the toughening behaviour of whisker-reinforced cer- 
amics based on both the stress intensity and the 
energy change introduced by bridging whiskers with 
some simplifying assumptions. Their resulting expres- 
sion for the toughening contribution (SK) is 

8K = l - [ l K 2  z t o + Q)1/2 _ g o ]  (1) 
where 

2( (r '~ )2VfE~Gmr 
Q = 

3(1 - g2)EWGi 

and where K 0 is the matrix toughness, cr~ v the whisker 
strength, Vf the volume fraction of whiskers, g the 
Poisson's ratio of the composite, r the whisker ratio 
and E and G are the Young's modulus and fracture 
energy, respectively. The superscripts c, w, m, and i 
denote composite, whisker, matrix and interface, re- 
spectively. For  the given whisker (strength, E and Vf) 
and given matrix (toughness) conditions, the tough- 
ening is strongly dependent on the interface fracture 
energy G i. In other words, the interfacial fracture 
energy must be small so that partial debonding of 
whisker along the whisker-matrix interface occurs to 
form the whisker bridging. In order to obtain a 10% 
increase in toughening from the current composite, 

3.3. R-curve behaviour  
Damage or flaw tolerance that results from an increas- 
ing resistance to stable crack propagation is a desir- 
able material property for structural ceramics. Krause 
[24] has shown that such R-curve behaviour could be 
evaluated from the indentation strength data, assum- 
ing that fracture resistance (Kr) is related to the crack 
length (c) by a power-law relationship. The fracture 
resistance and the indentation strength (cyf) relations 
are expressed by 

K r = kc  m (2) 

k(3 + 2m)(  4PF .'~(2m-1)/(2m+ 3) 
(J'f - -  413 \k(1 - 2m)// (3) 

where k and m are constants, F and [3 are the dimen- 
sionless quantities associated with the residual contact 
stress intensity and the crack geometry, respectively, 
and P is the indentation load. When m -- 0, Equation 
3 reduces to the case of no crack-resistance tough- 
ening. Also K r = K~c for m = 0. It is seen from Equa- 
tion 3 that the value of m can be evaluated from the 
best-fit slope of the log off-log P data shown in Fig. 7. 
The constant k is evaluated from Equation 2 with the 
estimated m and the toughness value obtained from 
the average macroscopic crack size of c = 1600 gm 
from the SEPB specimens. 

A summary of the fracture parameters rn and k thus 
obtained is shown in Table I. Included in this table is 
the best-fit slope for each material estimated from the 
linear regression analysis of log of versus log P. The 
predicted fracture resistance curve based on Equation 
2 is presented in Fig. 8. Neither composite nor mono- 
lithic material exhibits any rising R-curve behaviour 
with a negligibly small toughening exponent of 
m ~< 0.04. 

TABLE I Summary of fracture resistance parameters m and k for 
composite and monolithic materials 

Material Best-fit s lope  Fracture resistance 
in log O'f-log P parameters 
curve a 

m k 

Monolithic - 0.30 (0.03) 0.04 (0.01) 6.77 
Composite - 0.34 (0.04) 0 5.18 

"The units are err (MPa) and P (N); also K,  (MPa m 1/2) and c(m) in 
Equation 2. The parentheses indicate + 1.0 standard deviation. 
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2 . 0  

The flat R-curve behaviour for the composite ma- 
terial is also observed from t h e  fracture toughness 
values evaluated from the SEPB specimens at room 
temperature. Fig. 9 shows a plot of fracture toughness 

as a function of normalized crack size a/W, where a is 
the pre-crack size and W is the specimen height. Here, 
the different crack sizes were obtained by varying the 
applied indentation load which not only triggers 
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crack pop-in but determines the pro-cracking load and 
pre-crack size [22]. It can be seen from Fig. 9 that the 
fracture toughness is insensitive to the crack size, 
which is consistent with the result obtained from the 
indentation method (see Fig. 8), since most values 
are within + 1.0 standard deviation of the mean 
( = 5.18 MPaml/2).  

This result of flat R-curve behaviour for the com- 
posite material indicates that whisker addition to the 
Si3N 4 matrix did not result in any favourable effect on 
crack growth resistance. This result is consistent 
with the previous work on 30 vo l% SiC whisker- 
Si3N 4 composite material where the toughening expo- 
nent was obtained to be m ~< 0.03 [26]. Rising R-curve 
behaviour has been observed with some varying de- 
gree for the ceramic materials: A120 3 (m = 0.13) [25], 
2 5 w t %  SiC whisker-reinforced A 1 2 0  3 (rn = 0 .08)  

[29] and in situ-toughened Si3N 4 (m = 0.1-0.2) 
[30, 31]. 

4.  C o n c l u s i o n s  
1. No appreciable difference in the as-received 

strength between the composite and monolithic ma- 
terials was found at temperatures from 25 to 1400 ~ 
in air. For both materials, strength degradation rela- 
tive to the room-temperature strength started at about 
1200~ and reached a maximum at 1400~ The 
maximum strength degradation (50 and 45% for the 
composite and monolithic, respectively) was associ- 
ated with slow crack growth due to the softening of 
the grain-boundary glassy phases. 

2. Fracture toughnesses of the two materials were 
almost the same (5.66 M P a m  1/2) and independent of 
test temperature from 25 to 1200~ There was also 
no distinctive difference in fracture toughness between 
test methods (chevron-notch, SEPB and indentation 
strength techniques) at room temperature. 

3. Flat R-curve behaviour was observed in both 
composite and monolithic materials. 

4. All of these results indicate that whisker addition 
to the Si3N 4 matrix did not provide any favourable 
effects on strength, fracture toughness and R-curve 
behaviour. 
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