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Abstract 

The eflect of metal oxide and whisker additions on 
the grain morphology and intergranular microstruc- 
ture of Si,N,-based ceramic materials has been 
characterized by analytical electron microscopy in 
combination with quantitative microscopy. The 
Si,N, ceramics were formed either without metal 
oxide sintering additives or with 2.5 wt% Y,O, and 
0.2 wt% Fer03. Sic or @Si,N, whiskers were 
added to these two compositions. 

The microstructuraf analysis showed that both 
metal oxide and whisker additions afleet the S&N, 
microstructure. The addition of Y,O, and Fe,O, 
promoted the development of a fibrous @Si,N, 
matrix with a larger fraction of intergranular amor- 
phous phase. The presence of SiC whiskers sup- 
pressed p-S&N, grain growth during denstjication 
while an addition of &Si,N, whiskers resulted in a 
coarser microstructure. 

The dtrerent microstructures were related to the 
mechanical properties of the ceramics and the 
results imply that the matrix microstructure has a 
signtjicant influence upon the mechanical behaviour 
of Si,N,-based ceramic composites. 0 I996 Elsevier 
Science Limited. 

1 Introduction 

It was recognized early th.at grain morphology has 
a crucial influence upon the mechanical properties 
of Si,N, ceramics. Work by Lange demonstrated 
that development of a fibrous microstructure con- 
taining prismatic j3-Si,N, grains promotes forma- 
tion of an Si,N, ceramic material with high 
room-temperature strength and toughness.’ More 
recent work has demonstrated that it is possible to 
tailor Si,N, microstructures through choice of 
metal oxide sintering additives.24 At elevated tem- 
peratures the metal oxide additives react with the 
Si02 present on the S&N, starting powder parti- 

cles and some of the Si3N, to form an oxynitride 
liquid phase, which serves as mass transport 
medium during densification.1T5,6 The a-Si3N4 in 
the starting powder is preferentially dissolved in 
this liquid and reprecipitates as P-Si,N,. The 
chemistry, and volume, of the oxynitride liquid 
phase sintering medium will determine the grain 
morphology and intergranular microstructure of 
the sintered material.3-5 It has been shown that 
certain oxide additives form an oxynitride liquid 
phase that promotes growth of prismatic P-Si,N, 
grains with hexagonal cross-section. Development 
of these microstructures enabled the fabrication of 
‘self-reinforced’ Si,N, ceramics with improved 
strength and toughness both at low and high tem- 
peratures.4 However, the mechanical and chemical 
properties of the ceramic will, in addition to Si,N, 
grain morphology, also be governed by the distri- 
bution and composition of secondary crystalline 
and amorphous phases. A certain amount of the 
liquid phase sintering medium is generally retained 
as thin amorphous grain boundary films also in 
systems where secondary crystalline phases parti- 
tion from the liquid during densification.‘,5j7 

The inherent brittle behaviour and flaw sensi- 
tivity of most ceramic materials may be controlled 
by the addition of a reinforcing agent. Sic and p- 
Si,N, whiskers have been incorporated into Si3N4 
ceramic microstructures in order to improve 
toughness and fracture resistance.8-‘2 Among the 
mechanisms proposed for the observed toughen- 
ing effect are crack deflection by the whiskers and 
whisker debonding, bridging and pull-out.13 The 
operation of these energy-dissipative mechanisms 
will be dependent upon the chemistry of the inter- 
face, i.e. the bond strength; debonding of the rein- 
forcing phase is a necessary requirement for crack 
deflection, bridging and pull-out.’ These toughen- 
ing mechanisms are likely to be responsible also 
for the improved properties of the ‘self-reinforced’ 
Si,N, materials. The mechanical behaviour of a 
whisker reinforced Si,N, ceramic will, however, 
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also be dependent upon the matrix morphology. 
Matrix grain size and shape, in relation to the size 
and shape distributions of the reinforcement, as 
well as the intergranular microstructure will also 
have an influence on the properties of these com- 
posite materials.*,14 

The present paper is concerned with the effect 
of metal oxide and whisker additions on P-S&N, 
grain morphology and intergranular microstruc- 
ture of S&N, ceramics. The materials were densi- 
fied by hot-isostatic pressing (HIP), which makes 
it possible to form a dense and isotropic material 
with only small amounts of metal oxide sintering 
additives.2,10 The P-S&N, grain size and shape dis- 
tributions were studied with the aid of quantitative 
microscopy in combination with a stereological 
method.15 The detailed microstructure, particu- 
larly the intergranular structure, was investigated 
by analytical electron microscopy. 

2 Experimental Procedures 

2.1 Materials 
The experimental S&N, materials in this investi- 
gation are shown in Table 1. The S&N, starting 
powder was UBE SN 10, which contains 97% 
a-S&N4 and has an oxygen content that corre- 
sponds to 2.4 wt% surface Si02. The S&N, ceram- 
ics were densified without metal oxide additives or 
with an addition of 2.5 wt% Y,O, and 0.2 wt% 
Fe,O,. Sic whiskers (Tateho, SCW#l) or /3-S&N, 
whiskers (UBE-SN-WB) were incorporated into 
these two matrices. Unreinforced ceramics were also 
studied as reference materials. Densification was 
carried out by HIP using the glass encapsulation 
technique. The addition of metal oxides made it 
possible to obtain fully dense materials at a lower 
temperature and with a reduced pressure during 
a shorter period of time, see Table 1. Detailed 
descriptions of the preHIP processing and mech- 
anical testing of these S&N4 ceramics are given 
elsewhere.” Preliminary investigations of the 
microstructures have been reported previously.‘“‘* 

The microstructural characterization was car- 
ried out by analytical scanning and transmission 
electron microscopy (SEM/TEM/STEM/EDX)* in 
combination with quantitative microscopy. Phase 
compositions were determined by X-ray diffrac- 
tometry of polished sections. The relative amount 
of Si,N,O in the materials was estimated by the 
peak height ratio (S): 

S = Si2N20[(1 10) + (200)] / (Si,N,O[(llO) (1) 
+ (200)] + P-S&N, [(loo) + (1 lo)]} 

*CamScan 4%80DV SEM, Link eXL; Jeol 2000-FX TEM/ 
STEMISEM, Link AN 10 000. 

2.2 Scanning electron microscopy 
Polished and etched sections were examined in the 
scanning electron microscope (SEM). Etching was 
carried out in molten NaOH at 450°C for 10-30 s. 
This technique removes, preferentially, the inter- 
granular glassy phase, and makes it possible to 
distinguish separate grain sections. The ceramics 
containing Sic whiskers were plasma-etched using 
CF4 gas prior to etching in NaOH. This made it 
possible to distinguish the SIC whiskers from the 
S&N, grains in the SEM. Plasma etching attacks 
primarily the S&N, and Si2N20, leaving the Sic 
and the integranular regions as elevated areas. 
The etched sections were coated with a thin evap- 
orated carbon film to avoid charging under the 
electron beam and imaged in the SEM by back- 
scattered electrons. 

2.3 Quantitative microscopy 
The @Si,N, grain size and shape distributions of 
the materials were estimated by quantitative micro- 
scopy. Enlarged SEM micrographs (final magnifi- 
cation 1200040000X) of the etched sections were 
placed on a digitizing tablet (HP 9874A) linked to 
a computer and the positions of the individual grain 
section corners were registered.i5 The S&N, grain cor- 
ners were defined by manually marking grain 
boundaries and identifying SIC whiskers prior to 
measurement. Four hundred to five hundred grain 
sections were measured for each material. 

These measurements were used for determina- 
tion of the following two-dimensional parameters 
describing the individual P-S&N, grain sections: 
grain section maximum dimension (D,) which is 
the longest distance between two corners of a 
grain section, number of corners (NJ and a dimen- 
sionless shape parameter (Q = 47r area /(perimeter)2). 

The distribution of measured D, values and the 
mean values of maximum dimension (B,), corners 
per grain section (NJ and the shape parameter 
(Q) were then determined for the different materi- 
als. The spread in the distribution of measured 
maximum dimensions was determined by s/B,,,, 
where s is the standard deviation in the determina- 
tion of D,. The precision in 0, was determined 
with a 95% confidence interval. 

The grain shape distributions of the materials 
were assessed through comparison of the experi- 
mental stereological parameters with computer- 
generated stereological parameters. The method is 
based on the assumption that the shape of the 
@Si,N, grains in these materials can be approxi- 
mated by hexagonal prisms and that the aspect 
ratio distribution within a P-S&N, microstructure 
can be represented by its mean value.15 The aspect 
ratio of a grain is the ratio between its length and 
width. The width was, in the present investigation, 
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Table 1. Powder composition, process conditions and phase composition of the examined materials 

15 

Oxide 
addition 

UD _ 1950 2 250 
UD 25 SIC 1950 2 250 
UD 25 P-S&N, 1950 2 250 

LD 
LD 
LD 
LD 

Whisker 
addition (wt’%) 

Densifcation process 

Tf”C) t (h) P (MPa) 

1775 1 200 
25 Sic 1775 1 200 
25 p-S&N, 1775 1 200 
35 P-S&N, 1775 1 200 

Phase 
composition 

S-value 

P-Si,N, 0 
/3-S&N+ Si,N20, @-Sic 0.2 
P-S&N,, S&N,0 0.2 

/3-StjN4, S&N,0 0.1 
/3-Sr3N4, Si,N,O, p-&C 0.1 
&S&N,, SizN20, /3-Y,S&O, 0.1 
P-S&N,, S&N,O, (Y-Y~S~~O~ 0.1 

UD: No addition of metal oxides. 
LD: Addition of 2.5 wt% Y,Oj .and 0.2 wt% FezOj. 
S = relative amount of Si,N,O in the material, estimated as per eqn (1). 

defined as the distance between two opposite corners 
on the hexagonal cross-section perpendicular to the 
length. This stereological method has previously been 
described in detail for different grain shapes.15,19 

2.4 Transmission electron Imicroscopy 
Thin foils for transmission electron microscopy 
(TEM) were prepared by :standard techniques, and 
coated with a thin evaporated carbon film to 
avoid charging under the electron beam. The pres- 
ence of grain boundary lilms was determined by 
Fresnel out-of-focus imaging and dark-field imag- 
ing using diffuse scattered electrons.20 The latter 
technique reveals the distribution of amorphous 
phases in the microstructure. 

3 Results 

3.1 /3-S&N, grain morphology 
X-ray diffraction (XRD) ipatterns from the materi- 
als in Table 1 did not show any reflections from 
retained a-Si3N4. This shows that the (Y- to P-S&N, 
phase transformation during densification was vir- 
tually complete in the materials formed with and 
without the metal oxide sintering additives. The 
mean values of maximum dimension (0,) corners 
per grain section (NJ and the shape parameter (Q), 

and the spread in the distribution of measured 
maximum dimensions (s/o,) determined for the 
experimental materials, are given in Table 2. 

3.1.1 Grain morphology of reference materials 

The material formed without metal oxides showed 
mainly equiaxed grain sections in the SEM. Only 
a few sections had an elongated shape, Fig. l(a). 
The material fabricated with the addition of metal 
oxides had a larger number of smaller grain sec- 
tions and a more fibrous microstructure, Fig. l(b). 
Steric hindrance of growing &Si,N, grains was 
observed in both types of matrix. 

The material formed with the metal oxide addi- 
tives had a significantly lower 0, value than the 
material formed without the metal oxides, 0.39 pm 
compared with 0.51 pm, Table 2 and Figs. 2(a) and 
(c). In the material formed with the metal oxides, 
63% of the observed grain sections had maximum 
dimensions smaller than 0.375 pm, while only 
37% of the grain sections in the material formed 
without the metal oxides were in that range. The 
maximum dimension distribution of the material 
formed with the metal oxides exhibited a certain 
amount of larger sections despite the lower mean 
maximum dimension, Fig. 2(c). This was also refl- 
ected in a higher value of s/B, for this material, 
Table 2. 

Table 2. Mean grain section maximum dimensions @,,,), spread in D,distributions (s/&J and mean value of shape parameters (a) 
and number of comers/grain section (TV,) for the examined material 

Powder composition 

UD 0.51 f 0.03 0.58 0.722 5.38 
UD + 25 Sic 0.43 + 0.02 0.42 0.728 4.85 
UD + 25 /3-S&N, 0.97 f 0.07 0.69 0.727 5.75 

LD 0.39 f 0.03 0.77 0.727 5.34 
LD + 25 SIC 0.38 f 0.02 0.50 0.718 517 
LD + 25 /?-S&N, 0.86 f 0.08 1.05 0.707 5.26 
LD + 35 /3-&N, 0.66 f 0.06 0.92 0.728 6.25 

UD: No addition of metal oxid.es. 
LD: Addition of 2.5 wt% Y,O:, and 0.2 wt% Fe*O,. 
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Fig. 1. SEM images formed by backscattered electrons showing sections of the S&N4 reference materials formed without (a) and 
with (b) the metal oxides, (c) S&N, formed with 25 wt% Sic whiskers (arrowed), (d) S&N, formed with the metal oxides and 25 
wt% Sic whiskers (arrowed), (e) S&N, formed with 25 wt% j3-S&N, whiskers, and S&N, formed with the metal oxides and 25 (f) 

or 35 (g) wt% ES&N, whiskers. 
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Fig. 2. Matrix grain section maximum dimension (D,) distributions for the reference materials (a, c) and for the SIC whisker 
reinforced materials (b, d). C)ne bar represents an interval of 0.375 pm and the heights of the bars show observed frequency. 

3.1.2 Grain morphology of Sic whisker containing larger grains separated by fine-grained areas, Figs 
materials l(b) and (c). 
SEM indicated that there was also a clear differ- 
ence between the two @S&N4 matrix grain mor- 
phologies when 25 wt% SIC whiskers was added, 
Figs l(c) and (d). The composite formed with the 
metal oxides did also hlave a slightly lower D, 
value, see Table 2. The addition of SIC whiskers 
resulted in a reduced spread in the distributions of 
measured maximum dimension (D,) for the two 
matrices, see Table 2. This is also evident when 
comparing the diagrams in Figs 2(a) and (c) with 
Figs 2(b) and (d), respectively; it can be noted 
that only 5% of the measured D, values were 
larger than 0.75 pm in the two matrices when the 
SIC whiskers had been added. There was also a 
pronounced reduction in & when the Sic 
whiskers were added to the matrix formed without 
the metal oxides, from 0.51 to 0.43 pm, see Table 2. 

These coarse microstructures had significantly 
higher mean maximum dimensions and a larger 
spread in the maximum dimension distributions 
than the other materials, see Table 2 and Fig. 3. 
The addition of 25 wt% P-S&N, whiskers resulted 
in D, = 0.97 pm and an s/D, value of 0.69 with- 
out the metal oxide additives. The mean maximum 
dimension (03 decreased from 0.86 to 0.66 pm 
when the p-S&N, whisker addition to the metal 
oxide containing matrix increased from 25 to 35 wt”/. 
This decrease in E,,, was accompanied by a reduc- 
tion in the s/z, value, from 1.05 to 0.92. 

3.2 Intergranular micrustructure 

3.1.3 Grain morphology of /3-Si,N, whisker 
containing materials 
The materials formed with p-S&N, whiskers had 
much coarser microstructures than the other 
materials, Figs l(a), (b) and (c). SEM showed that 
the materials formed with additions of P-S&N, 
whiskers together with the metal oxides contained 

The three materials formed without the metal 
oxide additives contained thin amorphous films 
separating adjacent P-S&N, grains and SIC 
whiskers from the S&N, matrix, Figs 4(a) and 5. 
Only smaller glass pockets, rich in Si and 0, could 
be observed at multigrain junctions in these mate- 
rials. The addition of the metal oxides resulted in 
an increased amount of residual intergranular 
glass. Amorphous intergranular films merged into 
larger Y-, Si- and O-rich glass pockets at muiti- 
grain junctions, Fig. 4(b). The Fe originating from 
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Fig. 3. Grain section maximum dimension (D,) distributions in the materials formed with P_Si,N, whiskers without (a) and with 
the metal oxides (b, c). One bar represents an interval of 1.313 pm. 

the Fe,O, was concentrated to smaller Fe-rich 
intergranular particles. Energy-dispersive X-ray 
(EDX) analysis and selected area electron diffrac- 
tion in the TEM indicated that these particles 
were Fe silicides. 

XRD showed that additions of metal oxides and 
whiskers resulted in the formation of smaller amounts 
of Si,N,O, see Table 1. The materials formed with 
the metal oxides had a lower relative Si2N20 con- 
tent than the whisker reinforced materials formed 
without the metal oxides. Only a few S&N,0 

grains were identified by TEM in the Si,N,O-con- 
taining materials. The observed S&N20 grains had 
the typical faulted structure and their identity was 
determined by EDX and electron diffraction, Fig. 6. 

The intergranular microstructure was also 
affected by the addition of P-S&N, whiskers. The 
addition of 25 wt% P-S&N, whiskers to the mate- 
rial formed without the metal oxide additives 
resulted in a local formation of Y-S-O-rich 
glass pockets. Y&O, formed in addition to the 
Y-Si-O-rich residual glass phase when the /3-S&N, 

Fig. 4. TEM centred dark-field images formed using diffuse scattered electrons. The intergranular glassy phase appears bright 
(arrowed). The reference materials formed (a) without additives and (b) with the metal oxides. 
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Fig. 5. TEM centred dark-field image formed using diffuse 
scattered electrons of a boundary between an SIC whisker 
and the matrix in the SIC whisk.er reinforced material formed 
without the metal oxides. A thin amorphous film (arrowed) is 

separating the whisker from the matrix. 

whiskers were added together with the metal 
oxides. XRD indicated that the Y&O, was of the 
p polymorph in the material with 25 wt% @Si,N, 
whiskers but of the Q polymorph when 35 wt% 
whiskers were added. 

The SIC whiskers contained, in some cases, cav- 
ities associated with a surface layer of a Ca-rich 
amorphous phase, Fig. 7(a). These cavities had, in 
general, grown to larger volumes containing an Si-, 
Y-, Ca- and O-rich glassy phase when the SIC 
whiskers had been added together with the metal 
oxides, Fig. 7(b). 

4 Discussion 

4.1 Interpretation of measured two-dimensional 
parameters 
The quantitative measurements were carried out in 
order to determine the effect of whisker additions 
upon the two different P-S&N, matrix microstruc- 

Fig. 6. TEM image of an Si,N,O grain in the material formed 
with 35 wt% P-S&N, whiskers and the metal oxides. 

Fig. 7.. (a) Bright-field (BF) and centred dark-field (DF) 
TEM images of whisker cavity associated with a Ca-rich 
amorphous phase (arrowed) in the material formed without 
metal oxides. The DF image was formed using diffuse scat- 
tered electrons and the amorphous phase appears bright. (b) 
TEM image of Sic whisker in the material formed with the 
metal oxides, showing the presence of larger glassy zones 

associated with the whisker (G). 

tures. The two-dimensional parameter 0, was chosen 
for this characterization because the D, distribu- 
tion is heavily biased towards its maximum value 
and the distribution converges relatively quickly. 
It has been shown that the measurement of 400 
grain sections is sufficient to establish the D, dis- 
tribution in these types of microstructure.‘5,‘9 

The grain section maximum dimension distribu- 
tion and 0, will be determined by P-S&N4 grain 
sha$e as well as grain size. r>, calculated for a 
large number of computer-generated random sec- 
tions through a hexagonal prism is shown as func- 
tion of aspect ratio in Fig. 8, where the prism 
volume is kept constant. These results would 
describe modelled microstructures consisting of 
monosized prisms, but it can be assumed that the 
variation in 0, with mean aspect ratio in a true 
microstructure is similar.15 This indicates that the 
aspect ratio of the P-S&N, grains must be consid- 
ered when evaluating variations in mean maxi- 
mum dimension (B,) and D, distribution in 
relation to grain volume. 
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Fig. 8. Calculation of expected mean grain section maximum 
dimension as function of a+ect ratio for hexagonal prisms of unit 
volume. The range of D, values determined for the exper- 
imental materials is indicated by arrows. Data from Ref. 15 

The mean values 3, and Q on a random verti- 
cal section through a microstructure depend on 
grain shape but not on grain size.lg Steric hin- 
drance of growing P-S&N, grains may result in a 
grain shape diverging from the postulated pris- 
matic shape and thereby result in an exaggerated 
mean number of corners per grain section. The 
experimentally determined values of mean number 
of corners per grain section (NJ may, therefore, 
deviate significantly from those generated for 
modelled microstructures consisting of monosized 
prismatic grains with a given aspect ratio. How- 
ever, the experimental Q values would only show 
minor deviations from the values obtained by theo- 
retical modelling. w*’ A comparison of the experi- 
mental Q data with computer-generated plots of 
Q as function of aspect ratio for modelled micro- 
structures consisting of monosized grains would 
thus enable the prediction of a mean aspect ratio of 
the @S&N, grains in the experimental materials.‘5~1g 
The Q versus aspect ratio plot in Fig. 9 was 
obtained by computer simulations involving the gen- 
eration of a large number of random sections through 
hexagonal prisms with different aspect ratios.15 

0.78 , - 1 

0.76 

0.72 
0 2 4 6 8 10 

Aspect ratio 

Fig. 9. Expected mean value of shape parameter, 3, for 
hexagonalprisms as a function of their aspect ratio. The 
range of Q values determined for the experimental materials 

is indicated by arrows. Data from Ref. 15 

It, can be noted that small differences in experimen- 
tal Q will have a significant effect on the proposed 
mean aspect ratio of the grains, see Fig. 9. It is there- 
fore difficult to assess the significance of the different 
Q values for these experimental materials in terms of 
a varying mean aspect ratio. A comparison of the 
experimental Q values in Table 2 with the computer- 
generated plot in Fig. 9 implies, however, that the 
mean aspect ratios of the experimental materials 
in the present investigation are in the range 1 to 2. 
(The lower Q value, 0.707, of the material fabricated 
with 25 wtO/o J?-S&N, whiskers in addition to the metal 
oxides does probably reflect the presence of larger and 
extremely irregular grain sections in this material.) 

A variation of aspect ratio in the suggested 
range will only have a small effect upon the 0, 
value as shown by the computer-generated plot in 
Fig. 8. It is therefore concluded that the difference 
in 0, between the two reference materials and the 
change in 0, when whiskers were added (Table 2) 
to these matrices are due, primarily, to different 
P-S&N4 grain volume distributions. 

4.2 Development of P-S&N, grain morphology 

4.2. I Reference materials 
The results imply that the reference S&N, material 
fabricated with the metal oxide additives had a 
smaller mean grain size and a broader grain size 
distribution than the material formed without addi- 
tives, see Table 2 and Fig. 2. The larger mean grain 
size in the material formed without the metal 
oxides could be expected due to the prolonged time 
at a higher temperature during densification. Of the 
observed grain sections in the reference material 
formed with the metal oxides, 63% had D, values 
smaller than 0.375 ,um which indicates that this 
material contained a larger number of smaller 
grains. However, this material also contained a 
fraction of larger @-S&N, grains as indicated by the 
tail in the D, distribution, Fig. 2(c). This type of 
microstructure could possibly be caused by an 
increased nucleation in a larger liquid volume and the 
different composition of the oxynitride liquid phase 
present during densification. Previous investiga- 
tions indicate that the addition of Y203 as a sintering 
additive is sometimes associated with microstruc- 
tures containing larger elongated ES&N, grains.2,4*2’Tu 
The lower amount of liquid present in the mate- 
rial formed without metal oxides would restrict 
the space available for grain growth, thereby 
resulting in a narrower grain size distribution. 

The results from the characterization of the 
S&N, materials in this investigation imply that the 
additions of Sic and /3&N, whiskers have a pro- 
nounced effect on the development of these S&N, 
matrix microstructures. 
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4.2.2 Sic whisker reinforced materials 
The addition of SIC whiskers resulted in a reduc- 
tion of the tails of the 11, distributions for both 
types of matrix; 95% of the measured grains had a 
D, less than 0.75 ,um in each material, Fig. 2. It 
may therefore be concluded that the SIC whisker 
addition suppressed Si,N, matrix grain growth. 
The results also suggest that the extent to which 
grain growth is suppressed is dependent upon the 
overall S&N4 matrix composition, and possibly 
also densification temperature. No significant 
change in 0, was observed for the S&N, matrix 
when the metal oxides bad been added, and the 
change in the D, distrib,ution was less dramatic, 
see Table 2 and Figs 2(c) and (d). However, there 
was a significant reduction in D, when SIC 
whiskers were added to -the Si,N, matrix without 
the addition of the metal oxides. This would be 
consistent with a reduced S&N, mean grain size 
due to the presence of the Sic whiskers. 

These observations l’end support to earlier 
reports that SIC whiskers and particles hinder 
S&N4 grain growth.“%‘2%“3 Probable mechanisms 
could be a different composition of the liquid 
phase due to exsolution of impurities or carbon 
from the whiskers or steric hindrance of growing 
P-S&N, grains by the Sic whiskers.” Also, the 
addition of SIC whiskers would change the 
amount of liquid phase, i.e. the volume fraction of 
the transport medium, .present during densifica- 
tion. It has been reported that grain growth dur- 
ing liquid phase sintering can be obstructed by a 
second phase.24 

4.2.3 S&N, whisker reinforced materials 
The significantly higher Q,, values determined for 
the three materials formled with P-Si,N, whiskers 
imply a pronounced increase in P-S&N4 grain 
size, see Table 2 and Fig. 3. These microstructures 
indicate that exaggerated. grain growth, promoted 
by the whisker addition, took place during densifi- 
cation. 

The microstructure of the material formed with 
25 wt% P&N, whiskers but without the metal 
oxides appeared to be comparatively homoge- 
neous but coarser than that of the other materials, 
see Figs l(e), 2(a) and 3. The larger grain sizes 
in this material may be expected owing to the 
prolonged time at a higher temperature during 
densification. The /3-Si3N, whisker reinforced 
materials formed with the metal oxides contained 
larger P-S&N4 grains di,spersed in a fine-grained 
matrix, as shown in Fig. l(f) This suggests that 
the P-S&N, whiskers grew extensively during 
densification, resulting -in an apparent bimodal 
grain size distribution where the larger /?-S&N, 
grains originated from the whisker addition. Simi- 

lar microstructures of P-S&N, whisker reinforced 
S&N, have been reported earlier.25l26 

r>, was reduced when the &Si,N, whisker addi- 
tion was increased from 25 to 35 wt%, but the 
value was still significantly higher than that deter- 
mined for the unreinforced material. A reduced 
volume fraction of oxynitride liquid due to a 
larger whisker volume would make transport of 
dissolved Si3N4 more difficult and thereby decrease 
grain growth rate. The development of very large 
grains may also be suppressed by the increased 
fraction of P-Si3N4 whiskers which would restrict 
the space available for grain growth and thus 
increase the effect of steric hindrance, thereby 
reducing the grain size. 

4.3 Intergranular microstructure 
The formation of an oxynitride liquid phase sin- 
tering medium in the materials formed without the 
metal oxides was promoted by the surface silica 
present on the starting powder particles. The low 
volume fraction of a residual intergranular glassy 
phase in these materials suggests that the volume 
fraction of liquid present during sintering was 
comparatively small despite the high densification 
temperature. However, it may be expected that the 
volume fraction of the liquid phase present during 
densification is larger than the volume fraction of 
the residual intergranular glassy phase.’ A com- 
plete transformation of (Y- to P-S&N, was achieved 
during densification, but, still, the space available 
for grain growth in the liquid phase environment 
would be restricted and result in steric hindrance 
of the growing P-S&N4 grains. 

TEM showed that the oxynitride liquid phase 
may react with the SIC whiskers during the 
densification process and this was more pro- 
nounced when the metal oxides had been added. 
It has been proposed previously that liquid Si02 
and also metal oxides such as Y20, can react with 
solid SiC.27 A characterization of this type of SIC 
whiskers showed that they contain impurities such 
as Al, Ca and Fe,** and it is likely that these 
impurities promote the reaction between the Sic 
whiskers and the liquid phase.29 

The presence of a Y-Si-O-rich residual glass 
and Y2Si207 in the P-S&N, whisker reinforced 
materials was caused by impurity Y originating 
from the whiskers. 3o It is possible that a larger 
amount of Y will stabilize the a-polytype, which 
may explain why a-Y2Si207 was formed when 
35 wt% P-Si,N, whiskers were added together 
with the metal oxides. Moreover, the Fe-rich par- 
ticles present in the /3-Si,N, whisker reinforced 
material fabricated without the addition of metal 
oxides was caused by impurity Fe also originating 
from the whiskers.30 
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An increased oxygen content caused by the 
metal oxides and impurities in the whisker materi- 
als resulted in the formation of Si,N,0.28,30 XRD 
indicated that the volume fractions of Si,N,O 
were very small, and it was therefore assumed that 
any influence of Si2N20 on the grain section mea- 
surements could be disregarded. In a previous 
characterization of P-S&N, materials, the Si,N,O 
was observed to develop grains substantially 
larger than the surrounding S&N4 grains.7 How- 
ever, TEM as well as SEM did not indicate that 
the Si2N20 grains formed in these materials had 
this morphology, Fig. 6. 

4.4 Relation between microstructure and mechanical 
properties 
The results from measurements of strength and 
indentation fracture toughness imply that the 
S&N, matrix grain morphology and intergranular 
microstructure have a clear effect on the mechani- 
cal properties,” Fig. 10. 

Crack propagation has previously been studied 
in these materials. 32 Room-temperature fracture 
surfaces studied by SEM and cracks originating 
from Vickers indentation marks studied by SEM 
and TEM indicated that the fracture is mainly 
intergranular. Crack deflection, crack bridging 
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and pull-out by Si,N, grains or whiskers are possible 
toughening mechanisms. 32 The contribution from 
the different toughening mechanisms will depend 
upon the size and shape distributions of the 
P-Si,N, grains as well as the presence of whiskers. 

The whisker additions to the P-Si3N4 matrix 
formed without the metal oxide sintering additives 
had a clear toughening and strengthening effect at 
room temperature as khown in Fig. 10. However, 
the addition of SIC whiskers together with the 
metal oxides did not result in any significant 
change in toughness and strength. This could pos- 
sibly be explained by the altered Si,N, matrix 
microstructure; the Sic whiskers effectively sup- 
pressed the fraction of larger /3-Si3N, grains. It 
may be assumed that larger, and elongated, 
P-grains will contribute more to fracture tough- 
ness than smaller grains. ‘2,33 This would result in a 
higher fracture toughness of the monolithic mate- 
rial than of the Si3N4 matrix in the SIC whisker 
reinforced material, which may explain why the 
addition of 25 wt% SIC whiskers did not increase 
fracture toughness in this case. 

The reduced strength of the materials fabricated 
with P-Si3N, whiskers and the metal oxides 
implies that the larger P-S&N, grains, which give a 
certain toughening effect, may act as flaws.33 
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Fig. 10. (a) Three-point flexural strength at room temperature, (b) four-point flexural strength at 1350°C and (c) fracture tough- 
ness at room temperature for the examined materials. lo The fracture toughness was determined by the indentation technique 

using the equation proposed by Niihara et aL3’ 
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The amount and chemistry of the residual inter- 
granular glass may affect the contribution from 
different toughening and strengthening mecha- 
nisms in these Si,N, ceramics. The intergranular 
glass also plays a vital role for the high-tempera- 
ture properties. In fracture testing at 1350°C a 
significant strength reduction was observed for the 
materials formed with metal oxide sintering addi- 
tives. This can be explained by softening of the 
intergranular glass. The reference material formed 
without the metal oxide sintering additives 
retained its strength at elevated temperatures, 
Fig. 10, and this material also had the longest life- 
time in stepped temperature stress rupture (STSR) 
tests of these materials.” This can be explained by 
the smaller volume of an intergranular amorphous 
phase with a different composition. 

5 Concluding Remarks 

Analytical electron microscopy in combination 
with quantitative microscopy showed that addi- 
tions of Sic and j3-Si,N, whiskers as well as pro- 
cessing conditions affect the matrix microstructure 
of Si,N,-based ceramics. The different additives 
also influence the inter-granular microchemistry, 
resulting in different secondary crystalline phases. 
Additions of SIC whiskers suppress growth of 
larger P-Si3N, grains wh.ich results in a narrower 
grain size distribution. Densification of SIC rein- 
forced S&N, ceramics without the addition of 
metal oxide sintering aids also results in a signifi- 
cantly reduced mean grain size of the P&N, 
matrix compared with that of the unreinforced 
material. Additions of @Si,N, whiskers promote 
exaggerated grain growth during densification 
which results in a coarser microstructure. P&N, 
whisker reinforced materials formed with metal 
oxides (in this case smaller amounts of Y,O, and 
Fe,O,) have an apparent bimodal microstructure 
consisting of larger grains dispersed in a fine- 
grained matrix. The large @S&N, grains in these 
microstructures act as flaws and lead to reduced 
strength. The microstructure of the unreinforced 
S&N_, material formed with smaller additions of 
Y20, and Fe,O, contained a fraction of larger, 
possibly also elongated, P-S&N4 grains, despite a 
smaller mean grain size. 

A more fibrous microstructure results in higher 
strength and toughness at room temperature. 
Addition of SIC or P-;Si3N, whiskers to such a 
microstructure may not have any significant effect 
on fracture toughness. The results from this inves- 
tigation indicate that matrix microstructure has a 
significant influence on the mechanical properties 
of reinforced Si3N, ceramics. 
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