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Fracture mechanisms in hot-isostatically pressed (HIP) Si3N4/SiC-platelet composites have 
been investigated by transmission electron (TEM) and scanning electron (SEM) microscopy 
followed by profilometric analyses. Two composites containing 25 vol % platelets were 
compared. They were fabricated from the same raw materials and by the same procedure 
except for the cooling rate from the sintering temperature. The study consists of experimental 
observations as well as measurements of fractographic parameters which dictates the level of 
toughening, such as the percentage of intergranular fracture, lengths and angles associated 
with the debonding process at the matrix/platelet interface. The presence of microcracking in 
the neighbourhood of the main crack, a higher fraction of intergranular fracture, as well as 
substantial debonding at the nitride/carbide interface up to high orientation angles were found 
in the composite cooled at low rates ( ~ 100~ -1) which, despite the unchanged 
microstructure, was substantially tougher than that cooled at -~ 650~ h -1 . These trends were 
not observed in the composite subjected to fast cooling. The stronger interracial bonding 
found after fast cooling under high pressure was attributed to an apparent compressive stress 
remaining stored at the grain boundary, rather than to a weakening of the platelets or the 
matrix grains. Calculations based on the mechanics analysis of crack/interface interactions and 
on quantitative profilometric data, indicated a difference of about one order of magnitude in 
the apparent interface fracture energy of the two composites. 

I .  Introduct ion 
Fracture behaviour of ceramic composites is a rather 
individual phenomenon depending complexly upon 
many subtle microstructural circumstances which 
have not been fully understood and rationalized. One 
of the major difficulties in fracture analysis of ceramic 
composites is that the characteristic length scale of the 
fracture phenomenon may range over several orders 
of magnitude. Accordingly, analyses should be at- 
tempted monitoring the material by various comple- 
mentary techniques. Fracture mechanics tests which 
can provide precise quantitative data on the macro- 
scopic fracture resistance of the composite, necessarily 
need to be coupled with microscopic observations of 
the crack path in order to aquire insight into 
the fracture process and to optimize it by iterative 
experiments. 

Recent studies on whisker-reinforced composites 
[1, 2] have demonstrated the importance of TEM 

characterizations of the crack path for understanding 
the micromechanics of fracture in ceramic composites. 
Rather than in situ experiments, whose results can be 
strongly affected by thin-foil effects on the micro- 
fracture mode, a crack of appropriate dimensions can 
be first introduced by a Vickers indentation on a thick 
sample from which a thin foil is successively obtained 
by a back-thinning procedure. This method permits 
minimization of the effect of extraneous phenomena 
and observation of the original crack extent. However, 
TEM experiments allow the observation of an area 
around (especially behind the crack tip) which can be 
very limited compared with the characteristic length 
of the fracture phenomenon. Depending on the frac- 
tion, geometry and micromechanical characteristics of 
the reinforcing phase, the wake-zone behind the crack 
tip which is still operative in energy dissipation, can 
vary from micrometre to millimetre scale. Consequen- 
tly, although TEM observation may be the only tool 

1 786 0022-2461 �9 1994 Chapman & Hall 



to analyse in detail the near-tip phenomena, it needs 
to be integrated with more conventional fractographic 
techniques giving information on a larger scale. In the 
present study, the near-tip micromechanisms of frac- 
ture in a SiC-platelet-reinforced Si3N 4 system were 
analysed by the back-thinning TEM technique. In 
addition, in accordance with previous studies 1-3, 4] 
indicating a characteristic wake-zone length about 
one order of magnitude larger than the observable 
dimension of the TEM sample, a detailed profilo- 
metric analysis of the fracture surfaces by a three- 
dimensional scanning image analyser (3DSIA) was 
employed for a complementary analysis of the 
crack-microstructure interactions. 

2. Background on HIPed Si3NJSiC- 
platelet composites 

In a previous report [3], a phenomenological analysis 
of fracture behaviour was presented for a series of 
Si3N4/SiC-platelet composites sintered by glass-cap- 
sule HIPing without external addition of additives 
[4]. All the materials were fully dense ( > 99.5%) after 
1 h sintering at 2050 ~ under 180 MPa isostatic pres- 
sure. The dependence of macroscopic fracture proper- 
ties on material compositional and processing para- 
meters such as the volume fraction of platelets, 
cooling-rate from HIPing temperature, applied pres- 
sure and annealing temperature, was systematically 
monitored and quantitatively related to the mor- 
phology of the fracture surface through a 3DSIA 
technique. 

The cooling-rate from the HIPing temperature was 
indicated to be a critical parameter when cooling was 
performed under high pressure. Despite the un- 
changed morphology of the glassy-SiO2 grain-bound- 
ary, and the Si3N 4 grains having essentially the same 
size I-5] with varying cooling rate, a marked embrittle- 
ment of the composite body was found for fast cooling 
( ~ 650 ~ h-1), while the highest fracture resistance 
and work of fracture (WOF) were obtained with 
cooling at ,-~ 100 ~ h-  1. From a phenomenotogic 
point of view, the embrittlement was represented by a 
decrease in roughness of the fracture surface and in the 
observed debonding length of the platelets, as quantit- 
atively specified by automatically scanning a large 
series of fracture profiles. Because no spontaneous 
microcracking was detected by TEM under any 
cooling conditions investigated and because sys- 
tematic annealing experiments carried out in nitrogen 
atmosphere up to 1750~ (i.e. up to temperatures 
higher than the melting point of the glassy SiO2 grain 
boundary) also demonstrated that the composite frac- 
ture properties were almost unaffected by the cooling 
rate in the absence of high applied pressure, it was 
hypothesized that the severe embrittlement was in- 
duced by micromechanical residual stresses thermo- 
mechanically related to the HIPing schedule. In this 
work, we examined by TEM the microfracture modes 
of two of the above series of Si3Ng/SiC-platelet com- 
posites both containing 25 vol % reinforcing phase. 
The 3D SIA data are re-examined with respect to the  
platelet orientation rather than in terms of surface 
roughness. 

Quantitative image analysis demonstrated [5,6] 
that in the present composites: (1) the platelets (Grade 
M, C-Axis Technology, Jonquiere, Canada) after 
sintering have average diameter,/9, and thickness, t, of 
22.6 jam and 3.2 jam, respectively, (2) the platelets are 
embedded in the matrix with a high degree of three- 
dimensional randomness, and (3) the added SiC vol- 
ume fraction leads to an average centre-to-centre 
near-neighbours distance, A, of 32.7 jam. The com- 
posites were, respectively, cooled after HIPing at 650 
and 100 ~ h-1, and showed markedly different frac- 
ture behaviour, the latter (composite A) being substan- 
tially tougher than the former (composite B). The 
fracture mechanics data relative to these two com- 
posites are summarized in Table I in comparison with 
those of the Si3N 4 matrix (El0, Ube Industries, Ube, 
Japan) sintered by a similar HIPing schedule [4, 7]. In 
Table I, roughness data by 3D SIA from Pezzotti et al 
[3] are also summarized. 

3. Microscopy results 
3.1. Transmission electron microscopy 
Observations of the microfracture mode of Si3N 4 
grains and of the crack/SiC-platelet interaction have 
been made using TEM. Before any further discussion, 
it should be emphasized that, differently from the case 
of whisker composites [1, 2] and due to the geometri- 
cal characteristics of the present SiC phase, neither the 
mechanical dimpling nor the successive ion-thinning 
procedure in the region of the indentation crack tip 
could be limited to a thickness in excess of the average 
half-diameter of the SiC platelets (i.e. > 11 jam). Al- 
though, however, the back mechanical thinning was 
performed only by a long and light polishing proced- 
ure, a certain degree of uncertainty may remain about 
whether the observed debonding length at the platelet/ 
matrix interface represents the actual behaviour in the 
bulk material or it was somehow altered by extrinsic 
factors related to the preparation of the TEM sample. 
Because we could not resolve this problem in the 
present investigation, debonding length data from 
TEM images will not be quantitatively discussed here- 
after. 

Two basic differences between composites A and B 
were recognized by TEM analysis. They are: (1) the 
high percentage of intergranular fracture of the Si3N 4 
matrix in composite A contrary to its almost com- 
pletely transgranular fracture mode in composite B, 

TABLE I Fracture properties of HIPed monolithic SiaN4, and 
Si3N4/SiC-platelet composite A and B. Kk, K~ "x, WOF and RL are 
the fracture toughness, the asymptotic toughness (i.e. the maximum 
value measured by R-curve experiment), the work of fracture and 
the profile roughness, respectively. The measuring unit-length adop- 
ted in the roughness measurement was 0.6 ~tm [3]. (Fracture mech- 
anics data are obtained by chevron notch technique in bending. 
Experimental details are reported elsewhere [3, 8]) 

Klc K~ "x WOF R L 
(MP o m 1/2) (MP o" m 1/2) (J m-2) 

Monolithic 2.4 2.4 10.7 1.04 
Composite A 4.9 ~> 9.0 58.6 1.34 
Composite B 4.0 4.5 43.3 1.26 
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Figure 2 High-magnification TEM image of a microcrack at the 
matrix grain boundary. The glassy-SiO 2 triple junction and inter- 
granular film are seen to be fractured, while the Si3N 4 grains 
remained intact. 

Figure 1 Typical crack path observed by TEM in composite A with 
a high percentage of intergranular fracture in the Si3N ~ matrix and 
debonding at the carbide interface. The crack propagation direction 
is arrowed. Small arrows indicate microcracking. 

and (2) the presence of microcracking sited at some 
SiaN4/Si3N 4 grain boundaries close to the crack path 
in composite A which were not observed in composite 
B. Notice that both these phenomena should be of the 
bulk materials proper and not affected by the sample 
preparation procedure, because both the TEM sam- 
ples were prepared by the same procedure and their 
thickness was comparable with the average size of the 
Si3N 4 grains in both the composites. 

Fig. 1 shows the typical crack path observed by 
TEM in composite A. As seen, the main crack path 
proceeded almost completely intergranularly between 
the equiaxed Si3N 4 grains whose average size was 
measured as ~ 1 gm. It was generally observed that 
the crack debonded along the SiaN4/SiC interface 
even at high relative angle between the main crack 
direction and the platelet axis (in Fig. 1 the relative 
angle is nearly 90~ Tilting studies have also revealed 
the presence of microcracking sited near the crack 
path in composite A. They are in~ticated by arrows in 
Fig. 1. Microcracks were generally located at the grain 
boundary and they were observed up to distances of 
several grain diameters from the main crack. It is also 
noted that microcracks were usually originated at the 
glassy-SiO2 triple junctions between grains, as better 
shown in the high-magnification TEM image of Fig. 2. 
A high percentage of transgranular fracture was in- 
stead observed in composite B. Fig. 3 shows a near-tip 
zone in composite B. The high stress at the crack tip 
(indicated by an arrow) is manifested in the strain 
fringes around it. No systematic presence of micro- 
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Figure 3 Near-tip region in composite B observed by TEM. The 
crack tip is arrowed. 

cracking was observed in this material after extensive 
tilting experiments. Higher magnification images of 
crack propagation in composite A documented the 
occurrence of frictional phenomena in the crack wake 
along the grain boundary of the matrix as shown in 
Fig. 4a. On the other hand, some limited debonding at 
the matrix interface was revealed by more detailed 
observation in sites contiguous to the transgranular 
path in composite B (cf. arrowed boundary in Fig. 4b). 
The comparison between Figs 1, 3 and 4 also confirms 
that no obvious difference can be found in the size and 
morphology of the microstructural features in com- 
posites A and B. Slightly kinked propagation, which 



Figure 4 Details of matrix fracture observed by TEM. (a) Inter- 
granular propagation with friction between adjacent grains in 
composite A. (b) Transgranutar kinked propagation in composite B. 
Arrows in (b) indicate some crack splitting at the grain boundary, 
occasionally observed in the immediate neighbourhood of the main 
path in composite B. 

often occurred inside the Si3N , grains (Fig. 4b), may 
be related to the presence of residual str, 'ns in the 
matrix after the HIPing process in composite B. Be- 
cause an extent of crack path about two orders of 
magnitude larger than the grain size of the matrix 
could be analysed in detail by TEM; a reliable estim- 
ate of the percentage of intergranular fracture could be 
obtained for both the composites under investigation. 
We measured 71% matrix grain-boundary propaga- 
tion in composite A compared with only 8% in com- 
posite B. 

The interaction between crack and SiC platelets was 
also investigated in some detail although only quali- 
tatively by TEM. Fig. 5 shows the typical case of a 
platelet oriented at ~ 90 ~ with respect to the main 
crack (arrowed). The sequence of microfracture events 
can be deduced as follows: when the main crack first 
interacted with the platelet, the interface debonded to 
a length larger than the platelet thickness. The platelet 
which generally has a large lateral extent, is not easily 
circumvented nor surrounded by the propagating 
crack. Therefore, it is most likely that, being loaded in 
tension (and bending for orientation angles < 90~ it 
cleaved successively, leading to debonding at the op- 
posite interface and further crack propagation from a 
stress accumulation point at this latter debonded 

Figure 5 Details of the crack/platelet interaction observed by TEM. 
The arrow indicates the main crack direction. 

boundary. Note that the cleavage plane, whose only 
trace is visible in the TEM profile, is not necessarily 
parallel to the main crack plane. Intact platelets were 
not observed, even in the immediate neighbourhood 
of the crack tip. In other words, no evidence of a 
bridging zone could be provided by TEM observation. 

Some interesting details could be recognized by 
observing at high magnification the region near to the 
debonded Si3N4/SiC boundary (Fig. 6). First, it was 
found that the platelet boundaries were interlocked 
with the SiaN 4 grains: a micromechanical circum- 
stance which may play an important role during the 
fracture phenomenon. It is clear that such interlocking 
can markedly enhance the roughness of the interface 
and inhibit the occurrence of large pull-out extents. 
This point will be discussed in some detail below in 
relation to quantitative fractographic data. It should 
be noted here that, following the complementary pro- 
files of the matrix grains and the SiC platelet, as for 
example in Fig. 6, the shift of points originally coinci- 
dent can give a direct measure of the pull-out length 
before platelet fracture. In the present system, a com- 
plete pull-out of an intact platelet was rarely observed 
(see next section). Platelets fractured within a pull-out 
extent typically < 400 nm. 

Another interesting finding is concerned with the 
internal structure of the Si3N ~ grains in the neigh- 
bourhood of the SiC platelets. Quite a high density of 
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Figure 6 TEM image of a region close to a fractured nitride/carbide 
interface in composite A. High dislocation density is noted in the 
matrix grains. Microcracks (small arrows) are observed both at the 
grain boundary and inside the matrix grains. Large arrows indicate 
interface points originally coincident prior to fracture. 

Figure 7 TEM observation of the complex crack/platelet inter- 
action in the case of the diametrical plane of a platelet aligned with 
the crack profile. The arrow indicates the direction of the main 
crack path. 

dislocations was observed in these grains by tilting 
experiments in comparison with grains in regions far 
away from the SiC phase. In some grains, internal 
cracking was also observed (Fig. 6). This phenomenon 
may be somehow related to the mismatch in thermal 
and elastic properties between nitride and carbide 
phases, as well as to the HIPing schedule. However, 
whether or not this circumstance leads to an easier 
debonding is a fact of difficult interpretation and 
cannot be unambiguously substantiated with the pre- 
sent investigation. 

The crack/platelet interaction appeared to be very 
complex for platelets oriented with the diametral faces 
aligned with the propagation direction of the main 
crack as shown in Fig. 7. The platelet/matrix bound- 
ary was as often as not completely debonded and 
extensive internal cracking was observed in the plate- 
lets. The origin of the secondary cracks inside the SiC 
phase was different from the cleavage path and they 
also develOped kinks and branches, suggesting com- 
plex interactions with the platelet crystal structure. 
Such an observation is in agreement with the charac- 
terization by SEM presented in Section 3.2. No dis- 
tinction has been made between composites A and B 
in the above description of the crack/platelet inter- 
action, because in thisstudy we could not identify any 
definite difference between these two materials on the 
TEM scale. 

3.2. Scanning electron microscopy and 
profilometric analysis 

The 3D SIA represents a very powerful fractographic 
technique by which it is possible to analyse auto- 
matically and in detail large areas of fracture surfaces. 
Although also scanning at high magnification is pos- 
sible, however, some characteristics of the microfrac- 
ture behaviour of the material, such as microcracking 
at the matrix grain boundary, debonding beyond the 
pulled-out portion and internal cracking of platelets 
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Figure 8 Low-magnification SEM images of fracture surfaces and 
relative 3DSIA profilometric analyses giving an, overview of the 
fracture in (a) composite A and (b) composite B. Crack propagation 
is in the direction of the x-axis. 

which may occur inside the specimen, are not detect- 
able. This technique can be considered comple- 
mentary to TEM analysis because it provides a com- 
plete look over the fracture phenomenon. In this 
study, we analysed the entire fracture surface of com- 
posite specimens after fracture mechanics test whose 
results are summarized in Table I. Because the com- 
plete description of the mechanical testing procedure 
and the SEM images of the fracture surfaces with 
relative 3D SIA profiles were reported previously [3] 
(cf. roughness data in Table I), only details about the 
crack/platelet interaction will be discussed hereafter. 
The fracture surfaces of composites A and B examined 
within the spatial resolution of the SEM (Fig. 8a and 
b, respectively) show quite different morphological 
characteristics, the observed pull-out length of the SiC 
platelets being more pronounced in composite A. In 
Fig. 8, the respective 3D profilometric analyses are 



also represented. Depending upon the relative orienta- 
tion between crack and platelet, as well as the crystal- 
lographic orientation of the platelet, a wide range of 
different microfracture behaviour has been observed. 
The salient cases for composite A are summarized in 
Fig. 9a-c in which the respective three-dimensional 
profiles are also drawn. When the platelet main plane 
was oriented at about 90 ~ with respect to the fracture 
plane, either cleavage or sawtooth fracture mode 
could occur (Fig. 9a and b, respectively). The cleavage 
plane was generally parallel to the platelet thickness 

and, according to the orientation angle, a portion of 
the debonded interface was observed. Fig. 9a shows 
the typical case of a large SiC platelet oriented at a 
high angle ( ~ 70 ~ on the main fracture plane which 
cleaved without apparent debonding along the first 
interface. The profilometric analysis performed along 
the line indicated by arrows in the scanning electron 
micrograph, showed a significant debonded portion 
(27.2 lain long) at the successive platelet/matrix inter- 
face. Sawtooth fracture occurred when the cleavage 
plane of the platelet was markedly misaligned respect 
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X 
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Figure 9 Back-scattered SEM images and relative 3D SIA data for the crack/platelet interaction in composite A. The analyses have been 
performed along the profile indicated by arrows. For completeness, the differential brightness profiles from which the lengths along the z-axis 
have been calculated, are also shown (upper thick profiles). The crack propagated in the direction of the x-axis. Open arrows delimit segments 
of the nitride/carbide interface opened by the crack. 
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to the main fracture plane. In Fig. 9b this latter case is 
represented. Owing to the higher fracture resistance of 
the SiC crystallographic plane intercepted by the 
crack, the main path was tilted out along the matrix/ 
platelet interface. The microfracture sequence in this 
case might be similar to that described for Fig. 5. The 
observed debonding length was measured as 10.6 lain 
at ~ 66 ~ Fig. 9c shows one of the quite complex 
patterns observed when the platelets had the faces 
almost aligned with the crack profile. These cases are 
difficult to interpret owing to the highly anisotropic 
fracture properties of the platelets and the complex 
stress field to which they are subjected. Composite B 
showed a much higher number of cleavage fractures. 
Although the observed portions of interface subjected 
to debonding were generally more limited compared 
with composite A, the microfracture mechanisms ap- 
peared to be similar to that above described. 

Based on the precise quantitative determination by 
3DSIA of angles and lengths associated with the 
interface debonding and the pull-out process of the 
SiC phase, a statistical analysis was attempted by 
screening a large number of profiles in the fracture 
surfaces of composites A and B. According to micro- 
structural data obtained by image analysis [5,6],  it 
was estimated that the analysed number of platelets 
constituted a significant fraction which can be repres- 
entative of the total number of platelets encountered 
by the main crack plane. (Twenty profiles per each 
chevron-notched specimen were analysed leading to a 
total investigated profile length of ~ 12.8 ram. Be- 
cause the average centre-to-centre near-neighbours 
distance was 32.7gm, the total number of platelets 
investigated for each material was ~ 390 which repre- 
sents ~ 1/6 of the total number of platelets encoun- 
tered by the main fracture plane during the chevron 
notch experiment [3, 5].) In the analysis, length and 
angles associated with the crack path were counted on 
profiles whose scale was the same as that shown in 
Fig. 9. In other words, the analysis was performed on 
the scale of the SiC-platelet length neglecting the 
segments associated with the Si3N 4 grains, which were 
generally more than one order of magnitude smaller 
(cf. Fig. 9). The results of this analysis are summarized 
in the histograms of Fig. 10 in terms of fractional 
length which represents the fraction of the total profile 
length oriented at each angle (corresponding to 5j 
+ 2.5 ~ wi th j  = 0,1,2 . . . .  ). 

4. Discussion 
4.1.  C r a c k / m a t r i x - g r a i n  i n t e r a c t i o n  
Composites A and B, despite their identical phase 
composition and microstructural morphology, show- 
ed quite different fracture behaviour over a wide range 
of observation scales. Submicrometre analysis by 
TEM (Figs 1 and 2) revealed the presence of grain- 
boundary microcracking in the neighbourhood of the 
main crack, as well as a large fraction of intergranular 
fracture mode of the matrix only in the tougher com- 
posite A. Moreover, stereoscopic fractography by 
SEM on the characteristic scale length of the SiC 
platelets (i.e. 10 gm scale) showed (Figs 8 10) a quite 
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Figure 10 Histograms of fractional length summarizing the 3D SIA 
data for composites (a) A and (b) B. 
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higher length of interfacial debonding in composite A 
whatever the relative angle between platelet and main 
crack path, compared with composite B (Fig. 10). All 
these circumstances actually prove that the strength of 
the Si3N4/Si3N 4 as well as that of the Si3N4/SiC 
boundaries were lower in composite A than in com- 
posite B. 

A quantitative analysis of the microcracking phe- 
nomenon from TEM data has been attempted by 
Ruhle [9] for oxide ceramics. It was shown that 
experimental microcrack detectability limitation in 
the TEM severely hampers quantitative conclusions. 
In the present study, because further experimental 
problems achieved from high anisotropy, asymmetric 
shape and large dimensions of the SiC platelets com- 
pared with the thin TEM foil, a similar evaluation was 
not attempted. Besides its uncertain contribution as a 
toughening mechanism itself in the present composite 
system, however, it is clear from the comparison be- 
tween composites A and B that microcracking plays a 
key role as a precursor mechanism for successive crack 
bridging and pull-out mechanisms. In accordance 
with the understanding that some debonding is gen- 
erally needed to eliminate the singularity when the 
matrix crack intercepts the platelet [10], the presence 
of an opened portion of interface ahead of the advanc- 
ing crack front (i.e. the nucleation of a grain-bound- 
ary microcrack) becomes a necessary condition for 
avoiding the cleavage fracture of the SiC phase. 

An approximate estimate of the matrix grain- 
boundary fracture energy, 7gb, of polycrystalline cer- 
amics can be obtained from the fraction of inter- 
granular fracture, ~, according to the following equa- 
tion [11] 

~/gb = (EJm/Etgb)~lm c ~  (1) 

where E' = E l ( 1  - v 2) is the elastic modulus for the 
plane strain conditions, v is the Poisson's ratio and the 
subscripts m and gb refer to matrix grains and grain 
boundary, respectively. Because the ~ values of com- 
posites A and B were precisely measured by TEM 
experiments, and the other parameters involved are 
known, being previously measured or available in the 
literature, Equation 1 can be applied to the matrix 
microstructures of the present composites. For E m, v m 
and 7m equal to 312 GPa, 0.23 [12] and 10.7 Jm -1 
[8], respectively, and Egb = 72 GPa and V~b = 0.16 
(values for SiO2 glass [13]), the fracture energies of the 



matrix grain boundary of composites A (~ -- 0.71) and 
B (~ = 0.08) are respectively, calculated from Equa- 
tion 1 as yg% = 2 .0Jm -2 and 7gBb = 46.1 Jm -2. This 
calculation, although approximate, suggests that a 
non-negligible compressive residual stress remains 
stored at the Si3N4/Si3N 4 grain boundary after fast 
cooling under the high isostatic pressure. Note that in 
composite A, Ygb is close to the fracture energy of SiO 2 

glass, a fact suggesting that such stress can be con- 
trolled by appropriately scheduling the HIP cycle. 
Considering that the two composites have the same 
morphology of matrix grains and grain boundaries as 
well as the same Young's modulus, it can be demon- 
strated [14] that for a polycrystalline aggregate of 
hexagonal grains 

A B [,~tA /,~,B ~1/2 eye/or -~ ',lgWlgb, (2) 

A and B where o~ ~o are the interface Qompressive re- 
sidual stresses in composites A and B, respectively. 
Equation 2 leads to the indicative result in terms of 

A B residual stresses cy~ _~ 0.2 oo. 

4.2. Crack/platelet interaction 
A low fracture resistance interface exists with inter- 
faces subjected to residual tension, leading to partial 
debonding in advance of the crack tip or, in some 
limiting cases, during cooling from the sintering tem- 
perature. Rigorouselastic solutions of the stress field 
around platelet-shaped inclusions, also including the 
effect of anisotropy in elastic constants and thermal 
expansion coefficients, are available [15, 16] and have 
been recently worked out for Si3N4/SiC composites 
[17]. They show that, consistent with the higher ther- 
mal expansion of the SiC phase compared with that of 
the Si3N 4 matrix, a residually stressed matrix/reinfor- 
cement interface in tension should be developed after 
sintering. However, although these calculations can be 
somehow indicative also in the present HIPed system, 
they cannot be applied directly. According to the 
elastic stress field solution (i.e. neglecting any time- 
dependent phenomenon during cooling), the two pre- 
sent composites should have exactly the same fracture 
behaviour. 

In addition to the complexity of the micromechan- 
ics of the platelet fracture whose solution obviously 
depends upon the concurrent action of creep under 
the high isostatic pressure and temperature of the SiC 
single crystals and their thermal and elastic mis- 
matches with the Si3N 4 matrix, some rationale about 
the fracture process in the present composites can be 
obtained by taking into account the statistical profilo- 
metric data of Fig. 10 and the mechanics of a crack 
impinging the interface between two dissimilar mater- 
ials E18-21]. 

For a semi-infinite crack proceeding perpendicular 
to the SiaN4/SiC interface the relative tendency of a 
crack to be deflected by the interface rather than to 
pass through it, can be assessed using the following 
condition [21] 

Gi~/G~ < Ga/G p = [(1 - 132)/(1 - ~ ) ] [ I d l  z 

+ le[ 2 + 2Re(de)]/c z = 6 (3) 

where Ga and Gp are the strain energy release of the 
crack deflected at the interface, and that for straight 
penetration in the SiC phase, respectively. Gir and Gr 
are the toughness of the interface and that of the 
matrix, respectively. The Dundurs' parameters, ~ and 
[3, are given [22] as a function of the elastic constants 
of the two materials as 

= [ ~ o ( 1  - v . )  - ~ t ~  - v o ) 2 / [ ~ r  - v . )  

+ t.t,(1 - Vc)] (4) 

[3 = [~t~(1 - 2v,) - ~tn(1 -- 2v~)]/Elao(1 - vn) 

+ ~.(1  - v~)] (5) 

where p is the shear modulus and the subscripts c and 
n refer to the carbide and nitride phase, respectively. 
The parameters c, d and e are complex valued func- 
tions of the adimensional Dundurs' parameters and 6 
is a real adimensional coefficient which have been 
calculated by He and Hutchinson [21] for homogen- 
eous materials. Neglecting the anisotropy and the 
finite thickness and diameter of the carbide phase in 
the present composites, as well as considering the 
dependence of the above complex functions on [3 to be 
negligible (i.e. [3 = 0) [21, 22], an estimate of the inter- 
face fracture energy can be obtained from Equation 3. 
The present approach is similar to that adopted re- 
cently by Bhattacharya et al. [23] to discuss the 
fracture energy of a wedge-loaded crack impinging a 
SiaN4/SiC interface. Note that Equation 3 is inde- 
pendent of the debonding length, a decisive fact for its 
applicability to the present experiments. In composite 
A, interface debonding could be systematically ob- 
served for platelets oriented at 90 ~ on the main frac- 
ture plane. On the other hand, depending upon the 
crystallographic orientation of the platelet (i.e. for 
orientation angles > 60 ~ from Fig. 10) straight frac- 
ture at the crack tip through the carbide phase was 
found in composite B. These observations allow es- 
timation from Equation 3 of the interface fracture 
energy of the composites. Introducing the known 
elastic parameters for the nitride and carbide phases 
(~ = 0.75) and the numerical results from He and 
Hutchinson [21], the values ~ = 0.83 and --~ 1 are 
found from the right-hand side of Equation 3 for 
composites A and B, respectively. This leads to the 
following limiting conditions 

~,A < 0.83 7~ (6) 

Y~ > ~ (7) 

where ~,A and 12 are the fracture energies of the 
platelet/matrix interface in composites A and B, 
respectively, and Y~l = 3.15 J m -  2 [24] and 
y : 8 .8Jm -2 [25] represents the cleavage fracture 
energy of the platelet and the fracture energy of SiC 
averaged over all the possible crystallographic direc- 
tions, respectively. Similar to the matrix behaviour, 
this calculation indicates that also at the nitride/car- 
bide interface in composite A the apparent fracture 
energy is about half that of SiO z glass and more than 
four times smaller than that in composite B. Invoking 
again the similarity in morphology and phase com- 
position of these two composites, it is again found that 
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a non-negligible apparent compressive interface stress 
remains stored in HIPed Si3N4/SiC composites 
cooled at fast rates under high pressure. 

5. Conclusion 
The fracture modes of two Si3N4/SiC-platelet com- 
posites have been investigated by TEM and SEM 
followed by quantitative profilometric analysis. Both 
the composites contained 25 vol % platelets and were 
fabricated by the same HIPing schedule, except for the 
cooling rate. Despite their very similar microstruc- 
tural characteristics, such as the size and morphology 
of the matrix grains and that of the glassy-SiO z grain 
boundary, these two composites showed substantially 
different toughnesses. The presence of microcracking 
at the matrix grain boundary in the neighbourhood of 
the main crack path, as well as a markedly higher 
percentage of intergranular fracture, led to higher 
toughness and revealed a weaker interfacial bonding 
in composite A cooled at a slow rate ( ~ 100 ~ h-1) 
compared with composite B fabricated at 

650~ -1. Attributing the differences in the 
microfracture mode of these two composites entirely 
to a residual compressive stress stored at the grain 
boundary during fast cooling under high pressure and 
in accordance with quantitative profilometric data, 
the apparent fracture energy of the interfaces in com- 
posite A has been estimated to be about half that of 
SiOz glass and about one order of magnitude smaller 
than that in composite B. 
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