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Fracture toughness and crack growth resistance (R-curve) behavior of several
microstructures of 70%Si3N;-30%BAS composite are characterized using the indentation
and modified compact tension methods, at room temperature. Both the whisker
morphology and matrix properties contribute to the fracture resistance behavior. Crack
deflection, whisker bridging and pullout are regarded as the dominant toughening
mechanisms. © 2000 Kluwer Academic Publishers

Silicon nitride (S§N4) ceramics have high strength at ogy was characterized from sintered samples etched in
elevated temperatures, good thermal shock resistancenolten NaOH or by plasma etching method. The diame-
and relatively good resistance to oxidation [1]. It haster (D) and the lengthl() of at least 1000 whiskers were
been shown thah situ grown B-SisN4 whisker rein-  measured from samples processed under each condition
forcements can significantly increase the fracture resisan SEM micrographs. The apparent aspect ratio and av-
tance over monolithic ceramics. Some exhiRiturve  erage length of whiskers were calculated in the method
behavior [2-5], which has been shown to contribute tgproposed by Brauet al. [14] and Wottinget al. [15].
improved reliability [6—8]. However, their formidable Indentation toughness estimations were used to cal-
price due to high processing cost precludes their applieulate the fracture toughness according to the Anstis
cation to many engineering structures. To address thiapproach [16]. The samples processed at 1820r
problem, the research community has expended mucBO minutes, 120 minutes and 240 minutes were tested
effort toward economical approaches to microstructuralising a modified compact tension (M-CT) specimen at
development of damage tolerant materials. room temperature to determine tRecurve behavior,
Recentwork [9-12] has shown thaSisN4 whiskers by the compliance method.
can be grownin situ from «-SizN4 in the presence A typical microstructure of this composite was
of liquid Barium Aluminum Silicate (BAS), with the shown in Fig. 1.8-Si3sN4 whiskers appear randomly
composition of Ba@Al,03-2Si0,, by pressureless sin-  oriented in a fine, continuous matrix of BAS. The aver-
tering. Our previous study [13] indicated that the age whisker length, as shown in Fig. 2, increased from
SizN4/BAS self-reinforced composite with a nearly 1.1 um to 3.8 um with extension of sintering time,
completely crystallized BAS matrix, exhibited high whereas the whisker aspect ratio increased to a maxi-
fracture strength at both room and high temperaturemum at 120 minutes perhaps indicating onset of large
The flexural strength of this composite could reachscale whisker impingement. In this composite, BAS not
950 MPa at room temperature and 790 MPa at 2€20 only served as a liquid phase sintering aid to promote
which matched those of the conventional hot-pressethe« to 8 phase transformation, but also remained as a
silicon nitride ceramics. This study intends to charac-structural matrix. Since the BAS volume fractions of up
terize the fracture resistance behavior of this composto 30% are used, the role of this matrix strongly influ-
ite, through identification of the contribution from both enced the composite properties. XRD results showed
the BAS matrix and8-SizN4 whisker morphology to the persistence of some residuaBizN4 phase in sam-
R-curve behavior. ples sintered at 192@C for 5 and 30 minutes. Complete
70 vol.% SgN4 powder (UBE, E-10) was mixed with  « to 8 transformation was obtained in samples sintered
30 vol.% BAS constituent powders: Bag@l,0zand  for at least 60 minutes. As expected for these compos-
SiOy, in isopropanol for 48 hours. Green pellets wereites, only the hexagonal allotrope of BAS matrix was
compacted at a pressure of 50 MPa. Samples were siidentified from the X-ray diffraction spectra.
tered for 5, 30, 60,120 and 240 minutes, respectively, Only coarser microstructures (sintered for 120 and
all at 1920C in 1 atm N. The density of as-sintered 240 minutes) showed rising-curve behavior (Fig. 3).
samples was measured by the water immersion metho@he fine microstructure, characteristic of materials sin-
Phase characterization by X-ray diffraction was per-tered at 1920C-30 minutes, did not exhibit rising frac-
formed on the bulk material. The whisker morphol- ture resistance curve, as expected from the average
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Figure 1 Plasma etched 192G 120 min sample surface shows the general morphology of composite.
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Figure 2 Calculated average whisker length and average apparent aspe

ratio of whiskers as a function of sintering time.
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5.6 MPa,/m. Crack deflection most likely contributed
to this increment. As a non-cumulative toughening
mechanism [17, 18], crack deflection is mainly the re-
action of the crack tip with microstructure [19]. Parti-
cles with rod-shaped morphology are predicted to be
the most suitable for maximizing toughening. There-
fore, theB-SizN4 whisker is favored to acquire better
toughening effect. In our composites, due to the incom-
pletea—pg transformation, the crack deflection tough-
ening in 1920C-30 min sample was not as effective in
the samples with fully transformation and its crack ini-
tiation value was the lowest. After fully transformation,
more rough crack deflection profile was observed with
the whisker coarsening on 240 min sample and caused
the further increase on the starting poinRturve be-
havior. This was confirmed by the SEM observation of
fracture surface of M-CT samples (Fig. 4).

Becheret al [17, 20], also White and Guzzone [21]
attributed the rising of fracture resistance curve in SiC
whisker reinforce alumina mostly to frictional bridging
and pullout mechanisms. The initial rising region of the
R-curve, primarily due to bridging mechanism, would
be strongly affected by the whisker diameter. And the
second stage dR-curve was predominantly controlled
by pulloutin which the bigger the whisker diameter, the
greater fracture resistance on longer crack extension,
but the diameter of whisker had negligible effects onthe
rate of increase in thR-curve [20]. Following the the-
oretical prediction, the major toughening mechanisms

Figure 3 Crack growth resistance curve for the samples sintered afn this composite were whisker bridging and pullout
1920°C 30 min, 120 min and 240 min. For references, the |ndentat|onmechanisms as well. And coarser whisker morphology

fracture toughness results are 30 min: £.0.1 MPam%/2, 120 min:

5.4+ 0.1 MPam¥/2 and 240 min: 6.3 0.1 MPam¥/2.

whisker length about 1.8m and the incomplete—p3
transformation. When the average whisker diameteples had steeper initial rising part which agreed well
increased from 0.2Jum to 0.46 um and also the with Becher’s prediction on bridging mechanism. How-

average length was elongated from 1.8 to 28,

in this composite enhanced the toughening effects.
When the sintering time was elongated from 120 min to
240 min, the average whisker diameter increased from
0.38um to 0.46pm and theR-Curve of 240 min sam-

ever, the total rising oRR-Curve of 240 min sample

the initial points of R-curves increased from 4.6 to (0.7 MPa,/m) is minor comparing with the increase in
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Figure 4 M-CT sample fracture surface of (A) 30 min, (B) 120 min and (C) 240 min.

2697



120 minutes sample (0.6 MR@m). Noting the slight Even though, BAS matrix acted as a weak phase,
decrease of whisker aspect ratio of 240 minutes samit was important in second aspects to the properties
ple in Fig. 2, it indicated the onset of the large scaleof the composite. The relatively lean whisker con-
whisker impingement. Whisker impingement, causingtent (70 vol%), compared with the conventional pres-
whisker surface defects, hurt the mechanical perforsure sintered §N4, allowed for the development of
mance of the whiskers and induced premature whiskemicrostructures with significantly less impingement,
fracture on/even before the process of whisker pulloutwhich mean the much more smooth whisker surfaces
Therefore,R-Curve behavior was largely diminished. and whisker pullout favored [25, 26].

Compared with other @N4 materials, no whisker The thermal expansion coefficientmismatch between
longer than 10um or wider than 2um was found the grain boundary phase and whiskers has been shown
in present samples. This resulted in a relatively smaltoinfluence the fracture toughness of silicon nitride [27]
fracture resistance increasel MPa.,/m) with several ~and other composite [28]. It was also reported that
hundred micron crack extension. pull-out contributions were markedly diminished in SiC

Generally fracture resistance in whisker reinforcedwhisker reinforced mullite and soda-lime-glass-matrix
composites was comprised of contributions from bothcomposites which have comparable thermal expansion
matrix and whisker reinforcement effects. The matrixcoefficients with that of SiC, as compared with the alu-
contribution arose largely from matrix grain bridging mina based composite [17]. The thermal expansion co-
effect in the crack wake [17, 22]. Although this is true efficient for hexagonal BAS (8. 10°%/°C) signifi-
for the case of high strength structural ceramic ma<cantly exceeds that gf-silicon nitride (3.3x 10-6/°C)
trices like AbO3z and SNy [22, 23], it is not expected  [9], implying thattensile stresses should dominate atthe
for this fine grain sized BAS. This glass-ceramic matrixinterface and compressive stresses in the silicon nitride
contained predominantly hexacelsian, which no constigrains. This condition most likely contributes to the pro-
tutive data existed. However, the data from monoclinicmotion of crack deflection, the formation of bridging
BAS phase, celsian, that was reportedly very low toughgrains and also enhancement of whisker pullout. The
ness &2 MPa,/m) and strength<€150 MPa) at room indentation crack on the 1920 120 minutes specimen
temperature [9, 24] and generally low value for glass ce{Fig. 5), exemplified the crack deflection and bridging
ramic, suggest that the hexacelsian BAS acts as a weatharacters in the wake zone, where g¥SisN4 and
phase. Furthermore, since the BAS grain size is preBAS matrix is the preferred crack path.
dominantly sub-micron [11, 12], not much wake zone Fig. 6 showed behavior of room temperature fracture
contribution to theR-Curve is expected from such small toughness with whisker diameter. Indentation fracture
size grains. Therefore, the BAS matrix grain bridgingtoughness increases from 4.6 to 5.3 MPa corre-
has negligible effect on th&-Curve behavior. In ad- sponded to a whisker diameter increase from Qi
dition, as BAS matrix acted as liquid sintering aid in to 0.36um (Fig. 6). The completion of theto 8-SisN4
1920°C and crystallized in furnace in the same coolingphase transformation and the increased whisker as-
rate, we thought, the difference in the bonding betweempect ratio (shown in Fig. 2), contributed to this tough-
silicon nitride and BAS was minor. Therefore, different ness improvement according to the crack deflection
whisker morphology rather than BAS matrix and inter- and bridging model [17, 19]. Further improvements to
face effect caused the differeR:Curve behaviors of 6.284+0.11 MPa,/m were resulted from coarser mi-
samples. crostructure with longer sintering time. This trend with

Figure 5 Indentation crack on the 1920 120 minutes specimen shows the crack deflection, bridging mechanisms.
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Figure 6 Fracture toughness of the composites sintering at 1928 a
function of (whisker diamete¥}2.

whisker diameter agreed well with bridging models in !
the literature in which toughness increased linearly with
the square root of whisker diameter [17].

As conclusion, in 70%gN4-30%BAS self rein-
forced composite, rising-curve behaviors were iden-
tified in samples processed under 1920120 and
240 minutes. The whisker deflection, bridging and pull-

out in the crack wake were believed to be the ma=0.

jor toughening mechanisms. As a result, ;1&izsNg
whisker morphology had a strong influence on the,
R-Curve behavior. Although the BAS ceramic-glass

phase acted as a weak phase in the composite, it eps.

hanced theR-Curve behavior as well by promoting
the interfacial cracking between BAS matrix anghgj
whiskers.
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