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The microstructure of Barium Aluminum Silicate (BAS)/Silicon Nitride in situ whisker
reinforced ceramic matrix composite was examined by X-ray diffraction, transmission
electron microscopy, electron diffraction and energy-dispersive X-ray microanalysis.
Although we cannot conclusively exclude the presence of orthorhombic BAS, hexagonal
BAS and both «-SizN4 and 8-SisN, were identified in this material. The crystallization
process of the glass phase can be taken almost to completion but a small proportion of
residual glass phase is present. Both whiskerlike and equiaxed 8-SizN,4 exist in this
material. © 1999 Kluwer Academic Publishers

1. Introduction In situ, whisker growth can alleviate these problems. Al-
The increasing demand for high performance materithough, many candidate whisker materials are difficult
als in the aerospace and other structural applicationgp growin situ, the formation of elongated, whisker-like
where a combination of high temperature strength andrains ofg-SisN4 has been observed in multiple stud-
resistance to environmental degradation are importantes. In 1973, Lange [13] found that fibrougSi grains
has led to the development of a variety of ceramic mateeould be obtained from a high SisN4 content powder.
rials based on the compositiongSi, Al,Oz and SiC.  Subsequently, Drew and Lewis [14] observed a large
Among these ceramic materials, silicon nitride;(&) number of elongatef grains in SiN4 containing high

is one of the most promising materials for service un-concentrations of MgO and impurities. In 1979, Lange
der 1500 C because of its strength at high temperature[15] reported an improvement in flexural strength and
good thermal stress resistance, and relatively good rdracture toughness (up to 6 Mial/2) when high as-
sistance to oxidation when compared to other high tempect ratiog-SizN4 grains were formed during sinter-
perature structural materials (see Table I) [1-4]. ing. Taniet al. [16] obtained elongated $N4 grains

In the last 18 years, two principal directions havein SizN4-Al203-Y 203, SisN4-La;O3, and SiNs-CeGy
been charted in the processing ogli-based mate- systems. Pyzilet al. [12, 17, 18] developed a -
rials, (i) dense SN4 produced by hot-pressing sinter- MgO-Y,03-CaO system reinforced by4Di, whiskers.
ing, or hot-isostatic processing and (ii) reaction bondedrhe current fracture toughness and flexural strength
SisN4 produced by reacting silicon powder compactsrecords published for &\, ceramics fall near approx-
in a controlled N atmosphere [1]. Both of these types, imately 9 MPam'/? and 1100 MPa respectively [19,
as with other engineering ceramics, suffer from a rela20]. All of these attractive properties, however, were
tively poor fracture resistance, requiring improvementsobtained from hot pressed materials, which promotes a
in reliability to satisfy many design criteria for practical high density and a high-SisN4 content, although at a
applications. Therefore, microstructural modificationshigher cost.
to alleviate this problem have recently been the subject It has been reported that the main mechanisms
of much effort in the research community. responsible for the toughening in 38y whisker-

To this end, various whisker reinforcements havereinforced SiN4 ceramics are crack deflection, crack
been applied to engineering ceramics [5-9]. It has beehranching, whisker-matrix debonding and to a lesser
shown that proper selection of whisker reinforcementsextent whisker pull-out [20, 21]. An increase in the
could significantly increase its fracture resistancefracture toughness of these composites with increasing
[5, 6]. However, problems associated with fabricat-whisker content has also been shown [1, 21]. The stud-
ing whisker-reinforced ceramic composites includeies of the microstructural parameters controlling the
the high cost of the whiskers, potential human healtHracture behavior show that a high aspect ratio of the re-
hazards in their handling, and processing difficultiesinforced whisker, in combination with a proper size dis-
such as deagglomeration, mixing, and settling [L0-12]tribution, is an essential requirement of a mechanically
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TABLE | Properties of SiNg, BAS and BAS/S§N4 whisker rein- Liquid

forced ceramic 1760°C A
Decomposition temperature of38l, 1900°C Stable
Melting temperature of BAS 176 Hexacelsian
1590°C
Theoretical density (g/cA): A
@-SigNg 3.168-3.188
B-SiaNg 3.190-3.202 -
o | G || Metastabte
Density (Pgrcent of theoretical): 300°C
Dense SiNg 90-100%
Reaction-bonded N4 70-88% ‘ t Orthorhombic
BAS/SikNg 95-100% 20°C Y
gﬁg}fgt of thermal expansion (20-1000) Figure 1 Schematic repregentatiqr_\ of possible phase transition in the
SN 29-36 BAS system at atmospheric condition.
Monoclinic BAS 2.29
_Hexagonal BAS_ ' 66-8.0 phism of stoichiometric BAS at atmospheric pressure
M'ggﬂjrd”ess (Vickers, GPa): 16-20 is represented graphically in Fig. 1. Below the melt-
BAS/SizNs 12 ing temperature of 176, BAS exhibits its first solid
Young's modulus, RT) (MPay): state phase transformation at'159D where the. sta-
Dense SiNg 300-330 ble hexagonal BAS (hexacelsian) transforms into the
Reaction-bonded giN4 120-220 monoclinic phase, which is stable through room tem-
BAS 40-50 perature. However, the hexagonal to monoclinic recon-
BAS/SigNa 240-280 structive transformation is extremely sluggish, caus-
Flexure strength (MPay): ing hexagonal BAS to persist in a metastable state
gggzgo?i‘;nded - iggiégo at temperatures below 1590 [31, 36]. Upon under-
BAS 80-120 cooling, the metastable hexacelsian will transform into
BAS/SiN, 520-580 an orthorhombic phase at approximately 300 This
Fracture toughness (MRaL/2): transformation, which is reversible, is accompanied by
Dense SiN4 4-9 about a 3% volume change which is usually destructive
E/igﬁion'bonded Sy 1-2—;-?) [31, 32, 35, 36, 40]. The persistence of hexacelsian
BAS/SENa 5o 55 phase below 159CC, therefore, is generally regarded

as an undesirable feature of the BAS ceramic systems.
Recent work [36—-38] has shown thgt-SisN4

whiskers could be growm situ from «a-SizNg4 in the

. . . . . presence of liquid BAS. The presence of the liquid BAS

;ehat”e .cte.ramlc m"’.‘g')l( composite (:Elt’hl?’chO]II' A?dé phase is a requirement to assure both the progress of

lonally, It 1S now widely recognized that the imited y,q, , 14 B transformation and the attainment of full

high temperature performance of silicon nitride ceram- P

ice. including hiah © ‘ . th ._pressureless densification.

IS, Including high temperature strengtn, Creéep resiS™ rpq hique combination of superior refractory prop-

tance and oxidation resistance, results largely from th%rties (the service temperature for BAS can be as high

presence of residual amorphous phases and/or impuré-s 1550C and the maximum melting point of cel-

sian BAS is 1760C), low density, high modulus, low
I~ %hermal expansion (celsian’s thermal expansion coeffi-
duce a more refractory material: cient: 229 x 10-6/°C from 20 to 1000C), good oxi-
dation resistance and low dielectric constant, makes the

(i) The reduction of the fraction of the sintering ad- BAS/SiN, whisker reinforced ceramic composite par-
ditive and impurities in the starting composition. This ticularly interesting for high temperature applications
step normally requires compensation by the applicatio3e—38] (see Table I). This ceramic matrix compos-
of higher pressures. ite exhibits additional advantages of low material cost

(ii) The use of sintering additives with high solidus and relatively low processing costs because near-net-
temperatures and high viscosities which tend to formshaped components can be processed to full density at
refractory phases. low pressure [36]

(iii) Conversion of the amorphous phase to crystalline - sjnce the microstructure of this material has not yet
phases on cooling or during subsequent annealing. peen well documented, this study is intended to exam-
(iv) Selection of a composition where the sintering ine the microstructure of this newly developed material
aids are dissolved in the silicon nitride lattice to form aby transmission electron microscopy (TEM), h|gh res-

single-phase system [1]. olution transmission electron microscopy (HRTEM),
X-ray diffraction (XRD) and energy dispersive spec-
Barium Aluminum Silicate (BaAISi,Og), which is  troscopy (EDS). This study will examine the interaction
referred as “BAS” throughout this paper, has been studbetween BAS matrix and §\,, so that future work can
ied for decades as both in its synthetic form and inidentify the mechanisms associated with the mechani-
its naturally occurring form [31-35]. The polymor- cal behavior of this composite.
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2. Experimental hexacelsian BaABi,Og. Neither orthorhombic BAS
The BAS/SiN4 composite was manufactured by pres-nor monoclinic BAS were detected by XRD methods.
sureless sintering of highk-SisN4 powder «5%8- To estimate the amount afSizN,4 phases, the mod-
SisN4 existing in thea-SisN,4 starting powder) with ified XRD intensities otx- and 8-silicon nitride (210)
BAS constituent powders. The initial 30% BAS, 70% diffraction peaks were compared, ina manner described
a-SisN4 composition, selected for the present study,by Gazzara and Messier [41]. From these calculations
corresponds to that optimized for a combination of elecit was determined that approximately 59% of the initial
tromagnetic and mechanical performance [36]. a-SigNg had transformed t8-SizN4. Thus, about 40%

Phase characterization by X-ray diffraction was per-of the bulk composite i$-SizNa.
formed on a Siemens Diffrac-5000 X-ray diffractome-
ter with Ni filtered CK,, radiation. About 3 grams of
ground material were used for each analysis. 3.2. General morphology

The TEM specimens were prepared by diamond cutThe density of the composite, measured by water im-
ting, grinding, polishing and ultrasonic cutting, to pro- mersion, was determined to be 3.11 gicrdsing a
duce 60um thick discs. The resulting disks were then theoretical density of 3.23 g/cina relative density
dimpled using standard TEM specimen preparationof 96% was calculated which compares with that of
techniques. The final thinning was accomplished byhot pressed silicon nitride. This indicates that the BAS
ion-milling on a cold stage with 4 kV argon ions at |iquid has enough fluidity to fill the gaps between
incidence angles of 510" and 8. The microstruc-  8-Si;N, whiskers and untransformed-SizN4 parti-
tural observations and analyses were carried out in gles during sintering. TEM images of the 70%|/Si-
JEM-2000FX transmission electron microscope fitted30% BAS composite, shown in Fig. 3, indicate a nearly
with an energy dispersive X-ray spectrometer (EDS)fully densified material with about 40—-45%-SisN,
HRTEM images were also obtained to explore the powhiskers (indicated by “W”), oriented randomly in the
tential presence of amorphous phases. fine, nearly continuous matrix of BAS with about 30%

of untransformedr-SisN,4 grains distributed through-
out the material.

3. Results and discussion The B-SisN4 single crystals, formed from the lig-
3.1. X-ray diffraction phase characterization uid, are of needlelike morphology with lengths rang-
A typical powder X-ray diffraction spectra of the ing between 30 nm and Am, and aspect ratios be-
BAS/SkN,4 whisker reinforced ceramic composite is tween 1.4 and 16.0. About 60% of the whiskers fall
shown in Fig. 2. Three phases were found in this mawithin a length dimension of 300 to 700 nm with as-
terial, including untransformed-Si3zNg4, 8-Si3Ng4, and  pectratios of 3to 7. Only a few whiskers (less than 5%)
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Figure 2 Powder X-ray diffraction spectra of BASABi4 whisker-reinforced ceramic composite.
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have lengths over &m. In conventional dense silicon  According to Messieet al. [44], thea- to B-silicon
nitride sintered with additives such as MgO,,8k, nitride phase transformation is of a reconstructive na-
and Y,0s3, whiskers with longer average lengths areturevia a solution-reprecipitation mechanism. Nucle-
obtained but with a significantly smaller aspect ratioation and growth of3-SisN4 grains are a function of
[12, 19, 20, 42, 43]. the rate of dissolution ok-SisN,4 particles, solubility

500nm!

Figure 3 TEM micrograph showing the morphology of BAS48i; whisker-reinforced ceramic composite (Mark “W” indicates the area gl 5i
whiskers) (A) 24,00, (B) 160,000« and (C) EDS spectra of thesBl4 whiskers. Continued.
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of a-SigN, into the liquid, supersaturation of Si and
N in the liquid, interfacial tension and wetting between
the silicon nitride grains and liquid, and viscosity of the
liquid. The chemistry of the liquid phase is, therefore,
a key factor in determining the resulting microstructure
and the associated properties of the material.
Although all the BAS (30% of the composite) was a
source of liquid phase during sintering, which is much
more than the amount of sintering additive normally
used in conventional dense silicon nitride, it seems that
the large matrix volume does not favor a high rate of
a-to B-SigN4 transformation. The melting temperature
of BAS is 1760°C, higher than that of MgO, SiDand
CaO, and since the processing temperature is usually
less than 100C above its melting temperature, the vis-
cosity of liquid phase is expected to remain relatively
high during sintering. This high-viscosity liquid phase
is expected to inhibit mass transport but increase super-
saturation of Si and N during sintering, and therefore
causes nucleation of mopewhiskers with high aspect
ratios [45] and a reduction in the rate of grain growth.

Figure 4 (A) TEM micrograph showing the morphology of equiax@®izN4 (marked b-SN), (B) 1216] electron diffraction pattern of the equiaxed

B-SizsNg and (C) [L216] electron diffraction pattern of the equiaxgeSizN4.
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These conditions promoted whiskers of short and thir(see Fig. 4). Since botl- and 8-SizN4 have a hexag-
morphology. onal structure, with nearly equalaxis parameters,
B-SisN4 has an extensive solid solubility with D3 but thec-parameter o&-SizsN, is about twice as large
[1, 4]. Significant dissolution of AlO3 into 8-SisN,  as that for the3-SisNy4 [1], the difference of electron
may shift the composition of BAS away from the stoi- diffraction patterns betweanandg is not very signif-
chiometric composition. This may increase the amountcant. Several diffraction patterns were used to confirm
of residual glass phase. EDS analysis of the whiskethe identity of the equiaxed areas shown. Fig. 4B and C
areas revealed no substitution of silicon or nitrogen inare electron diffraction patterns dff16] and [2.10] di-
the SgN4 structure by metal ions (Fig. 3C). This in- rections, respectively, taken from the equiage8izN4
dicates no Si-Al-O-N composition was formed during grain (marked “b-SN”in Fig. 4A). The EDS results sug-
processing. gest that the chemical composition also matches that of
Although some dislocation features could be ob-the whiskers 8-SisNg). Although B-SisN4 whiskers
served in some of the larger whiskers, the authors betend to grow equiaxed if the sintering time is exces-
lieve that this may have resulted from electron bom-sively long, the morphology of the grain shown in
bardment. These features appear to be associated wiltig. 4A seems different from equiaxed morphologies
the bending of the large whiskers due to localized heatresulting from long sintering times. The appearance
ing during TEM observation. Dislocation networks, of this kind of equiaxe@-SizN4 grains indicates they
which may appear in thim situ formed silicon nitride  may have a different nucleation and growth mechanism
whiskers processed under hot-pressing, were not oldrom 8-SisN4 whiskers. Mitomeet al. [43, 44] showed
served [21]. that bothx-phase SiN4 and whiskerlikes-SisN4 start-
EquiaxedB-SisN4 grains with diameters of several ing powders can result in elongated grain morphology
hundred nanometers were also observed in this materiébllowing processing. This finding indicates that the

Figure 5 (A) TEM micrograph showing the morphology atSisN4 (marked @-SN”), (B) [01I0] electron diffraction pattern of the-SisN4 and
(C) [0112] electron diffraction pattern of the-SizNg.
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Figure 6 (A) TEM micrograph showing the morphology of hexagonal BAS (marked “BAS”), (B) [0001] electron diffraction pattern of the BAS,
(C) [1213] electron diffraction pattern of the BAS and (D) EDS spectra of the BAS.
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equiaxeds-phase grains can not be obtained from re-a possible interpretation for the appearance of equiaxed
precipitation from the liquid or directly nucleated at the g grains in this composite is that these grains grow from
newly formedp-SisN,4 elongated grain surface. How- the small amount (about 5%) #-SisN, powders,
ever, according to Lange [13, 15] and Letal. [46],the  which exist in the starting compact.

sintering of equiaxeg starting powder, producesami-  Residual«-SisNg4 observed in the sintered mate-
crostructure consisting of large equiaxed grains, resultrial indicates that thex-8 phase transformation is
ing in relatively low mechanical properties. Therefore,not complete (Fig. 5A). The residualSisN4 grains

Figure 7 HRTEM micrograph showing (A) the crystallization of BAS matrix (marked “BAS”) aman®isNs (marked «-SN”) and 8-SizN4
(marked “W") grains, (B) the crystallization of BAS matrix betweeSisN4 andg-SisN,4 whisker, (C) [3143] electron diffraction pattern of the BAS
area in (B) and (D) EDS spectra of the BAS area in (B).
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From Fig. 6A, the BAS matrix appears to be vir-
tually continuous. Since the size of BAS pockets are
no larger than Lm, structure determination by both
electron diffraction and EDS analysis were employed
to_characterize this phase. The [0001] (Fig. 6B) and
[1213] (Fig. 6C) electron diffraction patterns of the area
marked “BAS” in Fig. 6A confirms the hexagonal struc-
ture, withc/a ratio of 1.493 (hexacelsian). This agrees
with several studies of monolithic BAS [47, 48]. The
extra weak reflections, indicated by arrows in Fig. 6B,
suggestordering ofthe Aland Siatomsinthe BAS. EDS
also confirms that the BAS composition is BaBLOg.

In this composite, no celsian was detected by ei-

. ther electron diffraction or XRD methods. Apparently,
Counts 1070 . thesluggish kinetics of hexacelsian to monoclinic cel-
a ~  sian phase transformation was sufficiently suppressed
I to preclude the appearance of the celsian.

In monolithic BAS, the high-temperature poly-
morph, hexacelsian, undergoes arapid, reversible trans-
formation at 300C from the hexagonal to an ortho-

s rhombic structure and is accompanied by a volume
] A [ change of 3% or greater. Takeuchi [47] studied this
1 , .. phase transformation in monolithic BAS by X-ray
1 r diffraction and found that it only requires small changes
I in oxygen atom positions. Thus, as stated by Takeuchi

. [47] “No significant differences are observed between
I the powder XRD patterns of the orthorhombic and

/\) k \ I hexagonal hexacelsian except peak shifts owing to lat-

\ / VACER

tice expansion, indicating that the fundamental frame-
| works of both structures are the same.” Neither electron

Ra
0 et e Nt s ."
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S 2 z s 5 diffraction nor X-ray diffraction, therefore, are effective
(D) Range (keV) methods to detect this transformation in the composite,
if the hexagonal and orthorhombic phases are to be dis-
Figure 7 (Continued. tinguished. Therefore, the present studies were unable
to exclude the presence of orthorhombic BAS. How-
ever, recent dilatometry studies of similar composi-
observations showed dimensions ranging from 200 nniions by Bandyopadhyast al. [40] identified the poten-
to 1 um. Fig. 5B and C are the electron diffraction pat- tial existence of this transformation in the BASSi
terns of [0110] and [0112] directions respectively, of composite, showing that the magnitude of the volume
the residuak-SisN,4 area markedd-SN” in Fig. 5A.  change decreased with increasing amount gNgi
This amount of residual-SisN4 suggest that the disso- For the 70%SiN4-30%BAS composite, the dilatomet-
lution of a-SisN, starting particles into the liquid and ric indication of transformation is only/5 of that for
the mass transport capability of the liquid phase arehe 30%SiN4-70%BAS composite. Adropinthe trans-
limited under current processing conditions. formation temperature was also found with an increase
in the 8-SisN4 content in the composite. Although, no
detailed study was conducted here, the BAS phase tran-
3.3. The crystallization of BAS and residual sition to the stable orthorhombic phase appears to have
glass phase been restricted by the presence ofN\gj grains in the
In this material, the BAS glass-ceramic serves not only70%SgN4-30%BAS composite. Since monoclinic cel-
as aliquid phase sintering aid for theg silicon nitride  sian is stable at all temperatures below 1500alterna-
phase transformation, but also remains as a structurale processing methods which promote the hexacelsian
matrix. Volume fractions as high as 30% were used, irto celsian phase transition would avoid this mechani-
contrast to the amounts of sintering additives normallycally destructive transition.
added to conventional $\l; ceramics, whichisusually ~ The use of materials at higher temperatures requires
under 10%. We expectthat these large quantities of BASiot only a refractory matrix composition, but also a
will more strongly influence the composite propertiesmicrostructure which does not soften due to the pres-
than would sintering additives. ence of grain boundary glassy phases. The activation
Compared with other silicate glasses the BAS glasgnergy for crystallization of BAS glass, measured by
is extremely refractory, with a dilatometric softening Bansal and Hyatt [32] as 558 kJ/mol for bulk BAS
point of 925°C [32]. However, for high temperature glass, predicts relatively easy crystallization behavior.
applications, it is necessary to crystallize the glass tarhe nearly complete crystallization of BAS matrix,
the highly refractory BAS crystalline phase. shown in Fig. 7A and B, supports this prediction and

1=
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illustrates an important advantage of this composite focrystallization, these intergranular pockets usually con-
higher temperature applications. The hexacelsian altain a single grain of hexagonal BAS which has con-
ways nucleates homogeneously from the glass phassimed other small grains (Fig. 7A and B). As shown
because it has a simpler structure of higher symmetnjn Fig. 8A and C, several BAS grains were also ob-
compared with that of celsian. The hexagonal forms areerved within one pocket. However, these grains tend
roughly built of alternative double sheets of Si-N tetra-to be in contact with each other with a more ther-
hedron and a single layer of Bacations normal to the modynamically stable interface, such as a low angle
C-axis [34, 48]. In contrast, the low symmetry form, grain boundary. Thus, the glass-ceramic BAS may be
celsian [34] consists of three dimensional networks inentirely crystallized by controlled processing so as to
which the Al and Si are at least partially ordered. Due toeliminate any residual amorphous phase between BAS
these structure differences, the high symmetry formsgrains.
such as hexacelsian, have lower kinetic barriers for Using HRTEM methods, some glass phase was found
nucleation, and therefore tend to dominate the microat the triple-grain junction of/g silicon nitride and
structure. BAS grains (Fig 9). Areas such as these are assumed to
In monolithic BAS, some uncrystallized glass phasebe residual from an incomplete crystallization of BAS.
may remain along the grain boundaries if the pro-In grain boundaries betweery8 SisN4 grains, both
cessing time is insufficient. In this composite, sincesituations, with and without glass layer, were observed
the space betwees- and g-silicon nitride grains is  (Fig. 10A and B), perhaps suggesting the dominance of
quite small, usually less than/m, and the process- a different growth mechanism for locak8i; whiskers.
ing time and temperature is sufficient for extensiveAs the 8-SizN4 whiskers nucleate and grow from the

Figure 8 HRTEM images of grain boundaries in BAS matrix: (A) low-angle grain boundary between two BAS grains, fB] @dactron diffraction
pattern of BAS taken from the grain boundary area and (C) triple junction of three BAS grains.
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Figure 8 (Continued.

Figure 9 HRTEM image of triple junction of grains showing the existence of glass pocket.

the surfaces approach one another or thogeon in this composite. The smallest thickness of the

liquid phase
of residuakx

interlayer between/ 8 SisN, measured by HRTEM in

causing a decrease in thick-

SizN4 grains,

ness of the intergranular phase until an equilibriuma manner described by Kirvanekal. [51] and Cinibulk

value is attained [49

as shown in Figs 10B and 11et al. [52] is about 1 nm (Fig. 10B). But it is also pos-

50],

SigN4 whisker could nucleate heteroge-

neously at anx

Since a significant amount afSisN4 remains afterthe sible that g8

transformation

SigN4 grain surface if the nucleation

the former interface type is quite com-
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Figure 10 HRTEM images of interfaces betweanandg-SizN4 grains: (A) showing no glass phase existing, (B) the existence of glass phase.

requirements are met. This may explain the populationmplies that homogeneous nucleation of dewetting is
of cleana/B SisN4 grain boundaries found in the mi- nearly impossible, thus requiring some form of hetero-
crostructure (Fig. 10A). geneous nucleation.

An interlayer of glass phase of about 1 nm thick was
observed betweea/S SisN4 whiskers, as shown in
Fig. 11. From theoretical calculations [49, 50, 53], this3.4. Observation of crack path
thin layer is theoretically stable and the energy barrielSEM and TEM observations implicate crack deflection,
to dewetting is considerably larger than thermal activa-crack branching, whisker-matrix debonding and, to a
tion for any realistic values of a dewetting force. This lesser extent, whisker pull-out, as principle toughening
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Figure 11 HRTEM image of triple junction between tw® SisN4 whiskers and a BAS grain.

Figure 12 (A) TEM observations reveal that cracks could be deflected and arrested by whisker in thegBASt8nposite and (B) image of enlarged

area marked

in (A).

ugy

mechanisms. The crack of Fig. 12A which was takenshows contrast indications of dislocations and resid-

from a peninsulalike sample area

It seems that the heating of this

specimen has an effect of bending this area towards

apparently inducedal strain fields.

fol-

lows a growth path along the whisker interface whichthe whisker. Also crack branching and whisker-matrix

by localized heating during TEM observation
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Figure 12 (Continued.

interface debonding are evident. In either case, thémproved crystallization of the grain boundary glass
development of interface debonding allows the ma-between whiskers. Residual-SizN, and equiaxed
trix crack to proceed without fracturing the whisker. 8-SisN4 grains which are distributed among the
Fig. 12A also suggests that the variation of interfacewhiskers, may degrade the mechanical properties and
integrity contributes to a tortuous crack path. therefore warrant further study.

TEM observations reveal that most of the crack path
follows the grain boundaries between BAS grains and
eithera-SizsN4 or B-SisNy4 grain, rarely through a BAS Acknowledgements
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