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Abstract 

Monolithic Si3N 4 and Si3N4-SiC whisker composites 
were fabricated by hot pressing or hot isostatic 
pressing. They were sintered in the 1600-1800°C 
temperature range with 6 wt% Y203 and 3 wt% 
Al203 as additives. Morphological aspects of  
whiskers were statistically determined by image 
analysis and different matrix microstructures were 
observed after chemical etching. Then, a correlation 
was established with mechanical properties. 

When the same sintering conditions are used, the 
composite rupture stress increases or decreases with 
respect to that of  the corresponding monolithic 
Si3N 4 matrices. The increase is attributed to an 
effective load transfer mechanism which involves 
stress concentration at fibre-matrix interfaces. These 
interfaces can become the new critical defects in the 
microstructure when the whiskers are too large. 

The resistance to short cracks was determined by 
indentation. The single edge precracked beam (SEPB) 
method allowed characterization of  the resistance to 
long crack propagation. The toughness increases both 
with the aspect ratio of  whiskers and~or elongated 
[3-Si3N 4 grains and with the precrack length (R-curve 
effect). The improvement is mainly due to the bridging 
of  crack borders by acicular shapes or ligaments of  
unbroken matter. The R-curve corresponds to the 
enlargement of  the active clamping zone as the crack 
extends. At a given precrack length the fracture 
toughness is strongly dependent upon the potential 
diameter of  bridges, whereas the R-curve steepness 
rises with the density o f  clamping sites. 

Monolithische Si3N 4- und Si3N,/SiC- Whisker- 
komposite wurden durch heifl- oder heiflisostatisches 
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Pressen hergestellt. Die Komposite wurden bei 
Temperaturen zwischen 1600°C und 1800°C mit 
6 Gew.% Y203 und 3 Gew.% Al203 gesintert. 
Morphologische Aspekte der Whisker wurden 
statistisch mit Hilfe der Bildanalyse bestimmt; nach 
dem chemischen A'tzen zeigten sich verschiedene 
Geffige. Anschlieflend wurden die mechanischen 
Eigenschaften mit den Geffigen korreliert. 

Bei Beibehaltung der Sinterbedingungen nimmt 
die Bruchbelastung beziiglich der jeweilgen Bruch- 
belastung der monolithischen Si3N4-Matrizen zu 
oder ab. Die Zunahme ist in einem effektiven Last- 
transfer begriindet, der Spannungskonzentrationen 
an der Faser-Matrix-Grenzflgiche einschlieflt. Diese 
Grenzflgichen k6nnen sich zu neuen, kritischen 
Defekten im Geffige entwickeln, wenn die Whisker 
zu grofl werden. 

Die Bestimmung des Widerstands gegeniiber kurzen 
Rissen erfolgte mit Hilfe yon Hgirteeindriicken. Die 
SEPB-Methode erlaubt die Bestimmung des Wider- 
standes gegenfiber der Ausbreitung langer Risse. 
Die Festigkeit nimmt sowohl mit dem Aspektver- 
hgiltnis der Whisker und/oder der ellipsenfOrmigen 
[3-Si3N4-K6rner sowie mit der Lginge des Startrisses 
zu (R-Kurven-Effekt). Diese Verbesserung ist 
hauptsgichlich auf die Oberbriickung der Riflflanken 
durch nadelf6rmige Verbindungen oder Reste unge- 
brochenen Materials zurfickzufiihren. Die R-Kurve 
entspricht einer Vergr6flerung der aktiven Haftungs- 
zone wgihrend des Fortschreitens des Risses. Bei 
vorgegebener Lginge des Startrisses hdngt die 
Bruchfestigkeit hauptsgichlich vom mOglichen 
Durehmesser der Bracken ab, wohingegen die Steil- 
heit der R-Kurve mit der Dichte der Haftbereiche 
steigt. 
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Des monolithes Si3N 4 et des composites ?l matrice 
Si3N4 reinforcOe par des whiskers SiC sont fabriquks 
par frittage sous charge et compaction isostatique ?~ 
chaud. Ces deux types de matOriaux sont densifiOs 
dans le domaine de tempOrature 1600-1800°C avec 
comme ajouts 6% en poids d'Y203 et 3% en poids 
d'Al203. Les paramktres morphologiques relatifs aux 
whiskers sont dkterminks, de maniOre statistique, 
par analyse d'images. La rkvklation des microstruc- 
tures matricielles est conduite par attaque chimique. 
Une corrOlation vis-d-vis des propriktks mkcaniques 
est alors ktablie. 

Lorsque les conditions de frittage sont identiques, 
en fonction de la taille des whiskers, la contrainte 
d rupture des composites est soit supOrieure soit 
infkrieure d celle des monolithes. L'augmentation 
est attribute d u n  m~canisme efficace de transfert 
de la charge appliquOe sur les fibres. Nkanmoins, ce 
mkcanisme induit une concentration des contraintes 
aux interfaces fibres-matrices. Ces interfaces devi- 
ennent les nouveaux dkfauts critiques lorsque la 
taille des whiskers est trop importante et conduisent 
alors ?t une baisse de la contrainte d rupture. 

La mOthode d'indentation permet de calculer la 
tknacitO relative ?l des fissures courtes. La mkthode 
SEPB autorise l~valuation de la tknacitO sur des 
fissures de plus grande longueur. Les rksultats 
montrent que cette tOnacitk s'accroft dl la fois avec 
le facteur de forme des whiskers et/ou des grains 
fl-Si3N 4 aciculaires et avec la longueur de la prkfis- 
sure (effet courbe-R). Ce phknomkne est essentielle- 
ment dd au pontage des lkvres de la fissure par 
les formes aciculaires ou par des ligaments 
de matiOre non rompue. La courbe-R rksulte de 
l'agrandissement de la zone active de pontage 
durant l'avancke de la fissure. Pour une longueur de 
prOfissure donnke la tknacitk dkpend fortement du 
diamktre potentiel des ponts, tandis que l'acuitO de 
la courbe-R dkpend de leur nombre. 

1 Introduction 

Silicon nitride based ceramics are promising 
candidates for high temperature structural applica- 
tions. The highly covalent Si-N bonds provide a 
favourable combination of chemical, mechanical 
and thermomechanical properties: hardness, high 
strength at high temperature (1400°C), low density 
(3.2 g/cm2), low thermal expansion and good 
oxidation resistance. Many years of research have 
been concerned with providing reliable components 
comparable in quality to their metallic counter- 
parts/ Dense products of Si3N 4 are beginning to 
find commercial uses 2 such as roller followers, 
valves or turbocharger rotors in piston engines, 
but metal-cutting inserts continue to be the major 

commercial product. However, the fracture tough- 
ness of Si3N 4 in the current state-of-the-art tech- 
nology remains too low compared with those of 
metals to extend its development to spatial and 
aeronautic high-tech industries. 

The first opportunity to enhance the resistance 
to crack propagation is the composite approach, 3,4 
The incorporation of SiC whiskers to a SiaN 4- 
based matrix allows dissipative mechanisms, such 
as crack bridging and crack deflexion, to operate 
and increase the work of fracture. The efficiency 
of these mechanisms is strongly dependent upon 
the size and the aspect ratio of the reinforcing 
whiskers and upon the strength of the fibre- 
matrix interface. Champion et al. 5 have reported 
strong R-curve effects in these composites. The 
understanding of the origin of the R-curve is 
crucial for the material in service. It controls both 
the flaw tolerance and the slow crack growth 
kinetics. 

The second opportunity, mentioned by different 
authors, exploits the ability to obtain self-reinforced 
monoliths 6-9 (super-tough SiaN4). It is well known 
that due to the low self-diffusion coefficients in 
silicon nitride, densification necessitates sintering 
aids (MgO, Y203, A1203, 5c203, Li20, etc.) which 
react with silica always present on SiaN 4 grains to 
form a eutectic, 1°'1~ So densification is based on 
liquid-phase sintering with dissolution of equiaxed 
a-SiaN 4 initial grains and reprecipitation of /3- 
Si3N 4 acicular grains. As a consequence of their 
needle-like morphology, the /3-phase grains can 
play a role similar to that of the SiC whiskers in 
composites. This opportunity, which does not 
occur in alumina, 12 has led some researchers 
to cast some doubt upon the interest of whisker 
addition to reinforce silicon nitride ceramics. 13,14 

The objective of the present study was to clarify 
the respective influences of nitride grain and SiC 
whisker morphologies on the mechanical properties. 
To this end, monoliths and composites have been 
fabricated by hot pressing or hot isostatic pressing. 
Different microstructures were achieved by changing 
the sintering temperature and were correlated to 
fracture strength and toughness. The results are 
discussed in the frame of current literature dealing 
with toughening in non-transforming ceramics. 

2 Materials and Testing 

2.1 Materials 
Monoliths and composite matrices had the same 
nominal weight compositions to allow comparison 
tests, t~-Si3N 4 powder (UBE SNE-10) was mixed 15 
with 6% Y203 (Lonza) and 3% A1203 (Rhbne- 
Poulenc) as sintering aids. For the composites, 
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different types of silicon carbide whiskers (American 
Matrix (AM) and Atochem (ATO)) and two volume 
fractions (10% and 30%) were used. Thereafter the 
final material was shaped and densified by two 
methods. 

• A reference route that included hot pressing 
(HP) in the temperature range from 1600°C 
to 1800°C, under a constant applied stress of 
35 MPa and a duration of 2 h in N2 atmo- 
sphere. 

• The second process consisted in forming 
granulated premixed powders by cold isostatic 
pressing (CIP). Then, the glass encapsulated 
sample were outgassed and hot isostatically 
pressed (HIPped) for 3 h at 1700°C under 60 
MPa. 

To avoid complicated and long descriptions, the 
compositions of the samples will be labelled by the 
authors' own nomenclature. As an example, the 
specification of a material containing 30 vol.% of 
Atochem SiC whiskers, in a silicon nitride-based 
matrix sintered with 6 wt% Y203 and 3 wt% A1203, 
will be 30SiCATo/S6Y3A. When it is necessary, the 
sintering method is also designated HP or HIP. 

2.2 Microstructure of the matrix 
The surfaces were ground and polished to a final 
3 /.~m diamond paste. Chemical etching in molten 
soda was chosen among the various methods 
quoted in the literature ~6'~7 to reveal the micro- 
structure of the matrix. Etching was conducted 
to lead to a removal of the intergranular phase 
sufficiently deep to reveal the morphology of the 
grains. This was slightly at the expense of the 
grain sizes themselves. Moreover, it is possible 
that soda preferentially attacks the a-phase and 
eliminates the smallest grains, increasing the 
apparent mean diameter. The surfaces were coated 
with carbon then gold to avoid charge effects 
during observations by SEM (JEOL JSM 35). Hot 
pressed materials were examined in a plane per- 
pendicular to the hot pressing direction. 

2.3 Morphological analysis of the whiskers 
In contrast to the matrix, no etching was necessary 
to determine morphological aspects of SiC 
whiskers. Both the contrast between the whiskers 
and the matrix and the size of the whiskers were 
sufficient to obtain good optical micrographs from 
polished surfaces. These pictures were scanned, 
numerized and quantitatively analysed with a 
Macintosh software Optilab 2.0 from Graftek. 

The objects on the observed surfaces were shape 
modelled as ellipses (see Fig. 1). An ellipse having 
the same long axis and the same surface as an 
object allows estimation of four parameters. The 
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Fig. 1. Shape modelling for image analysis. 

diameter of the whisker is equal to the short axis. 
The elongation factor in the considered plane 
corresponds to the ratio of the two axes. The 
in-plane orientation fits with that of the long 
axis. The fibre spatial inclination with respect to 
the observed plane is given by Arcsin(b/a) (see 
Fig. 1). 18 Four micrographs (600 to 1800 particles) 
were requested to build a statistically representative 
cumulated histogram for each parameter. More- 
over, assuming that the coarsest whiskers play a 
greater role than the finest, the weight of a particle 
in the statistics has been pondered with a factor 
given by the surface of the particle over the total 
particle surface. It was possible to compare the 
resulting pondered histogram, which was supposed 
to be close to the reality, to the basic one. 

In order to take into account the effect of the 
densification method, hot pressed samples were 
analysed on two different views: one perpendicular 
and the other parallel to the applied sintering 
stress. Hipped materials were not submitted to 
image analysis but simply qualitatively examined. 
It must be noticed that the parameters were 
measured in two dimensions, not in three. How- 
ever, the difference between what could be called 
an apparent measure and the 3D reality was only 
significant for the elongation factor. Eventually 
this apparent elongation factor represented the 
more efficiency one for a crack advancing perpen- 
dicular to the observed plane, according to the 
different models of reinforcement by bridging) 9'2° 

2.4 Phase analysis 
The diffraction patterns were obtained with a 
Philips PW 1729 apparatus equipped with a copper 
anticathode. Samples were analysed in a massive 
form. 

Since, for the hot pressed samples, the irradiated 
plane was always taken perpendicular to the sintering 
direction, it was considered that the probable 
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Fig. 2. Calculated calibration curve for quantitative XRD 
analysis. 

microstructure orientation effects  17 o n  the X-ray 
diffraction output  were constant. That is why 
semi-quantitative and comparative determinations 
of  the fl-SiaNg/a-SiaN 4 ratio have been made first 
on monolithic hot pressed materials using the 
integrated intensity of the pick [200] for f l -S iaN 4 and 
[201] for a-Si3N 4. The ratio has been corrected 
according to the calculated calibration curve, 
shown in Fig. 2, which was derived from the pro- 
cedure developed by Gazzara & Messier. 21 No 
internal standard was used. The main goal was to 
estimate the effect of sintering temperature on the 
a -~/3 transformation rather than to measure very 
precisely the/3/a value. 

This determination has also been used for the 
composites assuming that the presence of a silicon 
carbide phase does not basically modify the ratio 
between /3- and a-silicon nitride peaks. In other 
words, the crystallographic structure of SiC, similar 
to that of silicon nitride, does not give rise to 
fluorescence phenomena, as silicon does, for 
instance. 22 

2.5 Mechanical testing 
The fracture strengths were determined at room 
temperature on a three-point bend fixture with 
a span of 19 mm and at a crosshead speed of 
0.2 mm/min. The tested bars had a cross-section 
of  3 mm high by 4 mm wide. Their prospective 
tensile faces were polished up to 3 /~m and edges 
bevelled to eliminate machining defects. The hot- 
pressed samples were tested in the hot pressing 
direction. Each mean value of rupture stress was 
calculated from eight experiments that ensure an 
accuracy better than 6%. 23 

On the one hand, the short crack resistance of 
each material was explored by the indentation 
fracture method. It was conducted on diamond 
polished surfaces with a Vickers microhardness 
indenter under an applied load of 295 N. The hot 

pressed monoliths and composites have been 
indented on a plane perpendicular to the hot 
pressing direction. From optical measurement of 
the generated crack size, the fracture toughness 
was calculated using the formula of  Evans & 
Charles. 24 It must be kept in mind that a lot of  
formulae are proposed in the literature, 25 each 
leading to different toughness values. Consequently, 
indentation techniques provide only a basis for 
comparison. 

On the other hand, the single edged precracked 
beam method 26 was used to characterize the resist- 
ance to long crack propagation. The test bars 
were 4 mm high (w) by 3 mm wide. The precrack 
length (a) was adjusted in a range from 1 m m  to 
3 mm (0.25 < w/a < 0-75). The precracked samples 
were submitted to flexure on a three-point bend 
fixture with a span of  16 mm and at a crosshead 
speed of  0.2 mm/min. Hot  pressed specimens were 
fractured in the hot pressing direction. The fracture 
toughness was calculated using the formula of  
Srawley. 27 This method has already been success- 
fully employed in the case of several monoliths 
and composites and gives reproducible values. 28 

3 Results and Discussion 

3.1 Deasification 
Hot pressed monoliths reach their maximum 
density as early as 1600°C (see Fig. 3). This 
temperature goes up to 1650°C in the case of com- 
posites because the whiskers act as rigid inclusions, 
impeding the sintering mechanisms. 29'3° When the 
sintering temperature increases, a slight densifica- 
tion decrease appears, especially for monoliths. 
It can be attributed to both the decomposition 
onset of silicon nitride promoted by the great 
quantity of eutectic liquid phase and the growth 
of an acicular microstructure, as will be discussed 
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Fig. 3. Influence of the hot pressing temperature on the 
densification. 
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Table 1. Influence of  the whisker morphology and volume 
fraction and the sintering method on the densification 

Materials Sintering Densification 
(%) 

30SiCAM/S6Y3A HIP at 1700°C 98.8 
10SiCAM/S6Y3A HP at 1730°C 99 
30SiCAM/S6Y3A HP at 1730°C 98.7 
30SiCATo/S6Y3A HP at 1730°C 99.7 
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Fig. 5, Influence of the hot pressing temperature on the a--)fl 
transformation. 

later. The rigid skeleton of the fibres limits this 
effect in the composites. Actually the residual 
porosity always remains very low (see Table 1). 

X-Ray analysis established that the a-Si3N4- fl- 
Si3N 4 transformation was complete as early as 
1700°C whatever the samples (see Fig. 4(a) and 
4(b)). The presence of the whiskers did not modify 
the kinetics of  the transformation (see Fig. 5). 

3.2 Microstructure 
Figure 6(a) already shows a great proportion of/3 
acicular grains in monoliths hot pressed at 1600°C, 
which is in total agreement with X-ray measure- 
ments. Their apparent mean diameter increases by 
a factor 4 from 1600°C to 1800°C (see Fig. 6(a) to 
(c)). 

In composites, the presence of whiskers, what- 
ever their sizes, does not significantly affect the 

1700" 
,.=, 
n 
X 

~7 1650 

Q .  

Z 1600 

~-Si3N4 ~-Si3N 4 
mStaN 4 J (200) (201) 

(200) I "JCPDS 33-I160" "JCPDS 41-360" 

J I 
13 13.5 1=4 14.5! lU5 15.5 16 

DIFFRACTION ANGLE: 0 ( ' )  

(b) 
Fig. 4. XRD patterns of (a) S6Y3A monoliths and (b) 
30SiCAM/S6Y3A composites hot pressed at different tempera- 

tures, hc, = 0-15406 nm. 

(a) 

Fig. 6. Monoliths S6Y3A hot pressed at (a) 1600°C, (b) 
1700°C, (c) and (d) 1800°C; (e) composites 30SiCAM/S6Y3A 
hot pressed at 1800°C; (f) composites 30SiCATo/S6Y3A 
hot pressed at 1730°C; (g) composites 30SiCAM/S6Y3A hot 

isostatically pressed at 1700°C. 
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(a) (b) 

(c) (d) 

(e) 

Fig. 7. Composites 10SiC~M/S6Y3A hot pressed at 1730°C. Details of a polished surface (a) parallel and (b) perpendicular to HP 
direction. Composites 30SiCATo/S6Y3A hot pressed at 1730°C. Details of a polished surface (c) parallel and (d) perpendicular to 

HP direction. Composites 30SiCAM/S6Y3A hot isostatically pressed at 1700°C. Details of a polished surface (whisker nest). 
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Table 2. Image analysis results---mean values and standard deviations 

Observed plane/HP direction and composite type 

Parallel Parallel Perpendicular Perpendicular 
10SiCAM/S6Y3A 30SiCATo/S6Y3A 10SiCAM/S6Y3A 30SiCATo/S6Y3A 

Diameter Real (/zm) 
Pondered 

Elongation factor Real 
Pondered 

Inclination Real (o) 
Pondered 

Orientation Real (o) 

0.8 (0.4) 2.2 (1.3) 0.9 (0.5) 2.2 (1.4) 
1.3 (0.6) 3.7 (1.6) 1.6 (0.7) 4.2 (1.9) 

1.9 (0.7) 2 (0.7) 3.2 (2.5) 3-1 (2.1) 
2.2 (1.1) 2.2 (0.9) 6.8 (5.7) 5.8 (4.4) 

47 (28) 38 (22) 42 (31) 36 (27) 
28 (18) 28 (11) 16 (22) 15 (12) 

97 (59) 93 (43) 89 (50) 95 (52) 

microstructure of the matrix (compare Fig. 6(c)/ 
(e)) and (b)/(f)). 

It must be noticed that in monoliths hot pressed 
at 1800°C, coarsening results in acicular grains 
which can be compared in size with the AM 
whiskers. Moreover, some of them have grown 
exaggeratedly, giving a bimodal microstructure 
(see Fig. 6(d)). 

In return, for HIPped samples, lower grain sizes and 
aspect ratios are observed, grain growth being in- 
hibited by the high pressure (60 MPa) (see Fig. 6(g)). 

Figures 7(a) to (d) show the typical skeleton of 
AM and ATO whiskers in hot pressed materials. 
For image analysis, these optical micrographs 
were enlarged. Table 2 and Fig. 8(a) to (d) sum up 
the image analysis results and their exploitation. 
The AM and ATO whiskers have the same elonga- 
tion factor when observed in corresponding 
sections with respect to the hot pressing direction 
(see Fig. 8(b)). In the two cases, fibres are mainly 
dispersed isotropically with the exception of the 
biggest ones (see Fig. 8(c) and (d)). These big 
whiskers, which are also the more efficient, are at 
a mean 15 ° angle to the pressing plane. This result 
is consistent with a previous work. 5 

In contrast, the two sources of whiskers differ in 
mean diameter and associated statistical distribu- 
tion (mean diameter: 0-8 /zm for AM whiskers 
with a narrow distribution; 2.2 /zm for ATO 
whiskers with a large distribution) (see Fig. 8(a)). 

In the particular case of HIPped samples, 
whisker nests are often observed and image analysis 
is difficult to perform (see Fig. 7(b)). 

Table 3. Influence of the whisker morphology and volume 
fraction and the sintering method on the fracture strength-- 

mean values and standard deviations 

Materials Sintering Fracture strength 
(MPa) 

30SiCAM/S6Y3A HIP at 1700°C 550 (30) 
10SiCAM/S6Y3A HP at 1730°C 860 (80) 
30SiCAM/S6Y3A HP at 1730°C 950 (70) 
30SiCATo/S6Y3A HP at 1730°C 680 (50) 

In short, the silicon nitride grains of monoliths 
and composite matrices have practically the same 
size and morphology when they are fabricated in 
the same way, which means that the whiskers do 
not inhibit the grain growth. At a given volume 
fraction of whiskers in composites, there are less 
ATO whiskers than AM and the spacing between 
them is more important. 

3.3 Inherent flaws rupture strength 
When the maximum density is reached, at 1600°C 
for hot pressed monoliths and at 1650°C for hot 
pressed composites, the rupture strength is not 
dependent upon the sintering temperature (see 
Fig. 9). It means that the defect populations are 
similar. 

According to the whisker size and volume frac- 
tion, an increase or a decrease is observed with 
respect to the rupture strength of the corresponding 
silicon nitride matrices (see Table 3). The fibre- 
matrix bond is strong enough to provide an effec- 
tive load transfer. The ultimate strength data show 
that the transfer is very efficient with AM whiskers 
but remains fairly good with ATO whiskers. 

For a monolith hot pressed at 1730°C, having a 
toughness of 6 MPa~/m (as will be reported later) 
and a rupture strength of 800 MPa, the size of the 
critical defect, assuming a half-penny shape (K c = 
Y~r~/~-~ with Y = 1.3), is about 30/~m. The addi- 
tion of whiskers is beneficial in the way they limit 
the potential size of the matrix defects. The mean 
distance between the fibres has been evaluated 
at 20 pm for ATO composites and less for AM 
composites (Rossignol, F., et aL, unpublished). 
However, an effective load transfer involves stress 
concentrations at the fibre-matrix interfaces. 
These interfaces become the new potential defects 
in the microstructure and when the whiskers are 
too big, the transfer is over-compensated by the 
increase of the defect size. 31 In the case of HIPped 
materials (see Table 3), the lower mean fracture 
strength (550 MPa) is due to the presence of 
whisker nests (see Fig. 7(e)). 
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Table 4. Influence of the whisker morphology and the sintering 
method on the indentation fracture toughness--mean values 

and standard deviations 

Materials Sintering Indentation 
fracture toughness 

(MPa 

30SiCAM/S6Y3A HIP at 1700°C 6.4 (1.2) 
30SiCAM/S6Y3A HP at 1730°C 6.8 (0.9) 
30SiCATo/S6Y3A HP at 1730°C 8.2 (0.6) 

3.4 Resistance to short cracks introduced by 
indentation 
The fracture toughness measurements are reported 
in Table 4 and Fig. 10(a) and 10(b). Each value has 
been calculated from 40 measurements. The high 
standard deviation, about 1 MPa,]-~, is due to 
several reasons: first the measure is local because the 
volume affected by the indentation remains small 
towards the heterogeneity scale of the materials 
(see Fig. 10 (c)); secondly the theoretical treatment 
by Evans & Charles does not take crack sinuosity 
into account; finally it is always very difficult to 
precisely localize the tip of the generated crack. 

In hot pressed monoliths, a first increase in 
fracture toughness happens when the sintering 
temperature is increased from 1600°C to 1650°C, 
which corresponds to the temperature at which 
the o~ ~ / 3  transformation becomes complete. Sin- 
tering above 1700°C induces a further but limited 
increase in toughness. 

In contrast, the fracture toughness of AM hot 
pressed composites is constant as soon as the 
maximum density is reached, at about 1650°C. 
The toughness of monoliths, sintered at 1800°C, 
reaches that of AM composites. 

It is now well documented 32 that in non- 
transforming ceramics, fracture toughness can be 
improved by the incorporation of a second phase 
such as whiskers, grain size effects or the develop- 
ment of elongated matrix grains, which give rise 
to dissipative mechanisms in the crack wake. 
These dissipative mechanisms might be deflection 
of the crack tip and crack bridging by elongated 
phases that impose a closure stress between the 
crack borders, debonding and frictional sliding 
during crack opening. 

The micrographs (see Fig. 10(d) and (e)) show, 
in the case of the composites, that crack deflec- 
tions at the whisker-matrix interface and crack 
bridgings by whiskers and ligaments of matter are 
operating simultaneously. Toughness being inde- 
pendent from sintering temperature, it can be 
inferred that the whiskers play the major role in 
the improvement of toughness. For monoliths, 
the first increase in toughness is associated with 
the development of a fully /3 acicular structure. 
According to Matsuhiro & Takahashi 33 a minimal 
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Fig. 9. Influence of the hot pressing temperature on the 
fracture strength. 

diameter of about 1 /zm is required for the 
elongated Si3N 4 grains to contribute to the 
toughening. As the sintering temperature is raised 
the population of Si3N 4 grains satisfying this 
condition increases, and after sintering at 1800°C 
the toughening is equal to that obtained with 
30 vol.% of AM SiC whiskers. Due to their greater 
strength, the critical diameter for the SiC whiskers 
is smaller than that required for the/3-Si3N 4 grains 
of the matrix, as is demonstrated by their effective 
role in improving toughness. 

In ATO composites whereas the whiskers are 
more spaced, so that the number of interactions 
between the crack and the fibres is smaller, the 
indentation toughness is higher. The toughness 
decrement due to a larger whisker spacing is com- 
pensated by the increase in the fracture energy of 
the whiskers. This emphasises the pre-eminent role 
of the whisker diameter. 

For AM HIPped composites the toughness is 
only 5.5 MPa~r~. Both the whisker agglomerates 
and the finer matrix texture diminish the bridging 
and deflection effects. 

3.5 Resistance to long crack propagation-- 
single edge precracked beam (SEPB) method 
Whatever the materials under study, fracture 
toughness increases with precrack length (see Fig. 
1 l(a) to (d)). According to Nose and Fujii, 34 the 
SEPB method yields Kic values almost equal to 
those measured by the single-edge fatigue-cracked 
beam method prescribed in ASTM-E399-Annex 3 
in the case of A120 3 material. The authors have 
verified that the SEPB method, applied to a coarse 
grain alumina (A123 from Degussa) leads to 
results that are consistent with those reported by 
Wieninger et al. 35 for the same grade of alumina 
using the fatigue method. Such an increment in 
toughness is considered to be an R-curve be- 
haviour. In the absence of phase transformation 
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on the front of the advancing crack and of micro- 
cracking around the crack tip, the increase in 
crack resistance must be attributed to crack 
border interactions. The active mechanisms are 
the same as those identified and already discussed 
for short cracks from microstructural details of 
the crack wake profile (Fig. 10(d) and (e)). The R- 
curve effect is due to the enlargement of the zone 
of adhesion and friction in the wake of the actual 
crack tip as the crack extends. One must note the 
absence of any firm indication that the toughness 
has reached a plateau over the crack size range 
covered. A similar behaviour was observed by 
Braun et  al. 36 in their study on alumina-based 
ceramics. 

According to Choi & Salem, 14 silicon nitride 
with equiaxed grains does not exhibit any R-curve 
behaviour. In the present work, for monoliths hot 
pressed at 1600°C (see Fig. l l(a)), a slightly in- 
creased toughness is observed versus the precrack 
length. As the sintering temperature increases, so 
does toughness; there is a trend to a steeper R- 
curve. The low R-curve effect in the former case is 
due to the presence of 30 vol.% of equiaxed fine 
grains that do not participate to the toughening. 
When the c~ ~ / 3  transformation is complete, the 
entirely acicular structure is more efficient. The 
steeper curves observed with rising sintering 
temperature are related to the increase in diameter 
of the needle-like grains. A similar behaviour has 
been reported by Steinbrech 37 for long crack tests 
in alumina. Braun et  al. 36 have observed and 
modelled a similar trend on alumina-based ceramics 
using indentation flaws. 

The addition of SiC whiskers (see Fig. l l(b)) 
plays in a composite the same role as acicular 
grains. A composite with 10 wt% of AM whiskers 
and hot pressed at 1730°C leads to the same 
characteristics as those of the super-tough Si3N 4 
hot pressed at 1800°C. The improvement due to 
the whiskers increases with the whisker content. 

Figure 1 l(c) demonstrates that the contribution 
of the whiskers may be enhanced by a contribution 
from the matrix, resulting in a synergistic effect. 

As predicted by the model of Becher e t  al . ,  19 the 
bigger size of ATO whiskers provides stronger 
clamping forces between the crack borders and are 
very efficient in obtaining materials with very high 
toughness. However, at a given volume fraction, 
the number of clamping sites is lower and the R- 
curve effect is less pronounced. 

4 Conclusion 

Monolithic Si3N 4 and Si3N4-SiC whisker composites 
were fabricated by hot pressing or hot isostatic 

pressing in the temperature range 1600-1800°C 
with 6 wt% Y203 and 3 wt% A1203. 

The a ~ / 3  transformation is not affected by the 
presence of SiC whiskers and is complete for a 
sintering temperature of 1700°C. The coarsening 
of the acicular /3 grains occurs mainly above 
1700°C and a noticeable fraction of them becomes 
comparable in size with AM whiskers. 

By image analysis, the in-plane aspect ratio of 
the reinforcement is found equal for the two fibre 
grades but the diameter of the ATO whiskers is 
three times that of the AM ones. Even after hot 
pressing, the whiskers are isotropically distributed, 
except for a fraction of them formed by the 
biggest ones which tend to lie in the pressing plane. 

The ultimate strength of the composites is high. 
It is the result of a fairly good load transfer. 
Whereas the whiskers have a beneficial effect in 
limiting the size of the matrix defects, a new popula- 
tion of defects arises from the stress concentration 
at the fibre-matrix interface. So, either an increase 
or a decrease of the ultimate strength is observed 
with respect to monoliths. 

The resistance to long crack propagation, deter- 
mined by the SEPB method, shows that the 
toughness rises with the size of the whiskers and 
the aspect ratio of the elongated /3-Si3N 4 grains, 
and with the precrack length. The bridging of the 
crack borders by acicular shapes or ligaments of 
unbroken matter is one of the main reinforcement 
mechanisms. The R-curve behaviour corresponds 
to the enlargement of the active clamping zone as 
the crack extends. The steepness of the R-curve 
depends on the density of the clamping sites. 
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