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SUMMARY

The dynamic fatigue behavior of 30 vol % SiC whisker-reinforced composite
and monolithic silicon nitrides were determined as a function of temperature
from 1100 to 1300 °C in ambient air. The fatigue susceptibility parameter n
decreased from 88.1 to 20.1 for the composite material, and 50.8 to 40.4 for
the monolithic, with increasing temperature from 1100 to 1300 °C. A transi-
tion in the dynamic fatigue curve occurred for the composite material at a low
stressing rate of 2 MPa/min at temperature of 1300 °C, resulting in a very low
value of n = 5.8. Fractographic analysis showed that glassy phases in the
slow crack growth region were more pronounced in the composite compared to the
monolithic material, implying that SiC whisker addition promotes the formation
of glass rich phases at the grain boundaries, thereby enhancing fatigue. All
of these results indicate that SiC whisker addition to SigNg matrix substan-
tially deteriorates fatigue resistance inherent to the matrix base material
for this selected material system.

INTRODUCTION

Ceramics have attracted special interest for high temperature structural
applications such as advanced heat engines and heat recovery systems. The
major limitation for assuring the reliability of the ceramic materials, how-
ever, is their low fracture toughness. The composite approach, in which a low
modulus and low strength matrix is reinforced via the incorporation of strong
and high modulus SiC whiskers, has shown to be one of the alternatives to
improve toughness and strength. Alumina composites reinforced with SiC whisk-
ers have exhibited excellent mechanical properties over their matrix base mate-
rials: toughness, strength, and fatigue and thermal shock resistances are
substantially higher for the composite materials (refs. 1 to 7).

On the other hand, the composite approach to silicon nitride through SiC
whiskers has shown limited success, depending on the fabrication process. It
has been demonstrated that the fracture toughness was increased significantly
(20 to 30 percent) by the addition of 20 to 30 vol % SiC whiskers, but that the
corresponding strength was not significantly improved, or was even lower than
the monolithic materials (refs. 8 to 13). Also, composite resistance to
impact/erosion, creep and cyclic crack growth has shown some improvement, but
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in most cases, some deterioration (refs. 14 to 18). The increased processing
complexity as well as the high temperature reaction in SiC whiskers are known
to be the major cause of such problems.

Although ceramics exhibit retained strength in short-time exposure to high
temperature, they are inevitably susceptible to slow crack growth and creep
which limit long-term reliability for structural components. In this study,
high temperature slow crack growth behavior is described for the GN-101 based
30 vol % SiC whisker-reinforced composite and monolithic silicon nitrides.
These materials were extensively evaluated previously in terms of strength,
fracture toughness, and R-curve behavior (refs. 13 and 19). The results of
the previous studies indicated that whisker addition to the SigN4 matrix mate-
rial did not provide any favorable effect on strength, toughness, and R-curve
behavior. In this study we extended the previous work to include slow crack
growth behavior of the same composite and monolithic silicon nitride materials.
For this purpose, dynamic fatigue was studied in flexure beam specimens as a
function of temperatures at 1100, 1200, and 1300 °C in an air environment. An
additional dynamic fatigue test was also conducted for comparison with indented
specimens at 1100 °C in air.

EXPERIMENTAL PROCEDURES

The materials used in this study were based on the Garrett GN-10 composite
and monolithic silicon nitrides. The composite fabrication has been described
elsewhere (ref. 13). Briefly, GN-10 silicon nitride powder composition was
slip cast into 50 mm diameter, 75 mm height billets, glass encapsulated by the
ASEA2 method and hot-isostatically pressed to produce monolithic material.

Part of the same powder batch was blended with 30 vol % SiC whiskers by ACMC3
and processed with the same procedures as the monolithic material. Densities
of the composite and monolithic materials were 3.27 and 3.31 g/cm3,
respectively.

The billets of both composite and monolithic materials were cut to produce
the flexure test specimens such that the prospective tensile surfaces of the
specimens were perpendicular to the billet diameter. All faces of each test
specimen were ground to the specimen length with #320 diamond wheels, and the
edges were bevelled and then hand-polished with #600 SiC paper lengthwise to
minimize spurious failure due to edge effects. The nominal dimension of the
test specimens were 2.7 by 4 by 50 mm.

Dynamic fatigue tests for these as-received specimens were conducted in
ambient air at three different temperatures of 1100, 1200, and 1300 °C using a
fully-articulating four-point bend fixture made of sintered SiC. The inner and
outer spans of the bend fixture were 20 and 40 mm, respectively. A preliminary
study showed that a loop-shaped load-controlled mode of the testing machine?
gave a far better result in applying load to the test specimen during either
the heating or testing cycle than the position-controlled mode (constant cross-
head speed). The load-controlled mode eliminates a possible excessive load
transmitted to the test specimen due to the thermal expansion of loading train
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members (push rods, grips, and water-cooled adapters, etc.) caused by tempera-
ture difference, thus providing an accurate load application. This is particu-
larly useful for very low stressing rate testing, where a position-controlled
mode can not be used because a slight change in temperature in the loading
train has a great effect on the crosshead speed. Hence, the load-controlled
mode was exclusively used in this study to achieve an accurate loading (or
stressing) rate condition. Four loading rates of 2 to 2000 N/min, correspond-
ing to 2 to 2000 MPa/min, were applied at temperatures of 1100 and 1300 °C.

At 1200 °C, only two loading rates of 2 and 2000 N/min were employed due to

the limited number of specimens. The heating rate of the furnace was kept at
12 °C/min to minimize thermal shock damage to the loading train. Each speci-
men was preloaded with 20 N to maintain a good alignment of test specimen rela-
tive to the testing fixture, and held at test temperature for 20 min prior to
testing. The number of the test specimens for each loading rate and a given
temperature was three to five. The small number of the specimens (particularly
three) was due to the limited availability of the test materials.

For comparison, an additional dynamic fatigue test was carried out with
indented specimens (2.7-by 4-by 25-mm bars) at 1100 °C in air. The center of
each specimen was indented using an indentation load of 98 N with a Vickers
microhardness indenter! such that one of the indentation diagonals was aligned
normal to the direction of the applied tensile stress. Four loading rates of
4.2 to 4200 N/min, corresponding to the stressing rates of 2 to 2000 MPa/min,
were utilized. A four-point SiC bend fixture with spans of 19.0/9.5 mm was
used. The number of the test specimens per loading rate was three, which was
found to be enough in light of the very small standard deviation (less than
10 percent) of the mean strength.

Fractographic analysis was conducted using optical and scanning electron
microscopy to characterize the fracture mode as well as the nature of the flaw
origins.

RESULTS AND DISCUSSION

For most ceramics and glasses, the subcritical crack velocity can be
approximated by the empirical relation (ref. 20)

K n
V- A'[K—I—} - Ak} (1)
IC

where A' and n are the material/environment constants, K; and Kic are
the Mode I stress intensity factor and fracture toughness, respectively, and

A = A'[Kic] ™. It should be noted, however, that crack growth behavior under
mixed-mode loading differs from that under pure Mode I or pure Mode II loading
condition, as noted by Singh and Shetty (ref. 21). For dynamic fatigue testing
which employs a constant stressing rate (o), the corresponding fatigue strength
(of) can be readily derived in terms of stressing rate, and the resulting
expression is (refs. 22 and 23)
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ot < B(n + 1)s77% (2)

where B = 2/[AY2(n - 2)Kn62], Si is the inert strength, and Y is the crack
geometry factor defined itCthe expression of Kj = Yov/c with o and c
being the applied stress and crack size, respectively. In the same way, the
time to failure (tf) can be obtained as a function of constant applied stress
(0g) as follows (ref. 23)

S e
ty - 13in1 o " (3)

From equation (2) it is noted that the fatigue strength decreases with decreas-
ing stressing rate since the crack or crack-like flaws are subjected to more
time to grow. The fatigue susceptibility parameters n and B can be
obtained, respectively, from the slope and intercept of the dynamic fatigue
curve when Log of versus Log o is plotted. Consequently, the parameter A
is evaluated from the expression of B in equation (2) with appropriate
constants.

A summary of the dynamic fatigue results for the composite and monolithic
materials is presented in table I. Included in this table are test tempera-
ture, specimen condition, number of specimens, loading rate, stressing rate,
number of specimens, and mean fatigue strength. The stressing rate (o) was
calculated using elementary beam theory

(L. = L.JP
o 0—21 (4)
2bh

where Ly and L; are the outer and inner spans of the testing bend fixture,
respectively, P is the loading rate, and b and h are the specimen width
and height, respectively. Note that the time to failure at the lowest stress-
ing rate (o = 2 MPa/min) was less than 6 hr, and that this duration of time was
not long enough to induce any cavitation or microcracks in the tensile surface
and a resulting shift of the neutral axis towards the compression side for
either material. Therefore, since P was constant during testing, the corre-
sponding stressing rate (o) remained constant even if the materials exhibited
limited creep deformation at high temperature.

Table Il summarizes the parameters n, B, and A evaluated from experi-
mental data based on equation (2). The values of inert strength (Sj) and frac-
ture toughness (K[c) were taken from the previous studies (refs. 13 and 19):
for the composite material, S; = 698 MPa and Kjc = 5.6 MPa/m; whereas, for the
monolithic, §; = 732 MPa and Kjc = 5.6 MPa/m. The crack geometry factor was
taken to be Y = 1.13 assuming that the strength-controlling flaws are those
with half penny-shaped configuration.

Figure 1 shows the dynamic fatigue results of the as-received composite
specimens, where median fatigue strengths (of) are plotted as a function of
applied stressing rates (o) at three different temperatures of 1100 to 1300 °C.



The decrease in fatigue strength with decreasing stressing rate is evident
indicating that slow crack growth occurred at all the test temperatures used.
The fatigue susceptibility parameter n decreases from 88.1 to 20.1 as the
corresponding temperature increases from 1100 to 1300 °C, which indicates that
fatigue susceptibility increases very rapidly with increasing temperature.

It is also important to note from figure 1 that a transition in the
dynamic fatigue curve occurs at the lowest stressing rate of o = 2.0 MPa/min
at 1300 °C, resulting in a very low value of n = 5.8. The transition was pri-
marily attributed to creep that was enhanced by a combination of both the high
temperature and the very slow deformation rate. Evidence of creep deformation
at this stressing rate can be seen in figure 2, where deflection of the test
specimen is plotted against distance from the one end of the specimen. Also,

a deflection curve of the specimen tested at a fast stressing rate of

o = 2000 MPa/min is included for comparison. It can be seen from this figure
that creep deformation at o = 2 MPa/min is significant and about six times
greater than that at o = 2000 MPa/min. A similar observation to this transi-
tion is also found in a study of the static fatigue behavior of alumina rein-
forced with 20 percent SiC whiskers at a temperature of 1200 °C in ambient air
(ref. 6). It should be emphasized here that such transition should be taken
into account when reliability and lifetime analysis are made for the structural
components, as mentioned by Fett and Munz (ref. 24).

The results of the dynamic fatigue test with the monolithic material are
presented in figure 3. As seen in the case for the composite materials
(fig. 1), the fatigue strength decreases with both decreasing stressing rate
and increasing temperature. However, the fatigue parameter n decreases mono-
tonically from 50.8 to 40.4 with increasing temperature from 1100 to 1300 °C.
In contrast to the case for the composite material, the monolithic material
exhibited no "transition" in the dynamic fatigue curve at 1300 °C. However,
some limited creep deformation, although much less than exhibited by the com-
posite specimens, was still observed at this temperature from the specimens
tested at a very low stressing rate of o = 2 MPa/min.

The effect of temperature on the fatigue behavior of the two materials can
be seen more clearly in figure 4, where both the fatigue parameters n and A
are plotted as a function of temperature. At 1100 °C, the fatigue parameter n
of the composite is higher than that of the monolithic; while, from 1200 °C the
situation is reversed, resulting in lower n for the composite than the mono-
lithic material. For the fatigue parameter A, the composite exhibited a lower
A than the monolithic at low temperature (1100 °C); however, at temperatures
»>1200 °C, the parameter A is greater for the composite compared to the mono-
lithic. This result indicates that the temperature dependence of the fatigue
parameters n and A 1is very strong for the composite compared to the mono-
lithic counterpart. Since the higher n and lower A gives better fatigue
resistance (or less fatigue susceptibility), it can be concluded that resist-
ance to fatigue at temperatures >1200 °C is much greater for the monolithic
than the composite material. This means that whisker addition to the matrix
SigNy did not provide any favorable effect on fatigue resistance for this cho-
sen material system, as was the case for the strength, toughness and R-curve
behavior (refs. 13 and 19). Actually, whisker addition resulted in substantial
deterioration of the fatigue resistance inherent to the matrix base material.



For the indentation cracks, healing occurred in the monolithic specimens
at the low stressing rate of o < 20 MPa/min, yielding an unusually high n
value. Therefore, the fatigue result for the indented monolithic specimens
was not included in the analysis. Results of the dynamic fatigue test for the
indented composite specimens at 1100 °C in air are presented in figure 5. For
comparison, the fatigue curve of the as-received specimens is included. The
obtained fatigue parameter n = 50.8 for the indented specimens is lower than
that (n = 88.1) obtained from the as-received specimens. In other words, the
fatigue resistance of the inherent flaws is greater than that of the artificial
flaws produced by indentation. This result indicates that fatigue behavior of
well-defined cracks is somewhat different from that of the inherent flaws, as
seen in the fatigue data for the indented SigNy by Guan et al. (ref. 24). It
is believed that the inherent flaws have a less defined crack configuration
compared to the indent crack, thereby resulting in a more deviated crack propa-
gation behavior as compared to indent cracks.

A convenient way to show the effects of fatigue is to construct a lifetime
prediction diagram in conjunction with levels of failure probability. In this
section, a simple lifetime prediction will be described based on the experimen-
tal data in order to statistically compare fatigue behavior of the two materi-
als. The strength distribution of a brittle material is generally expressed
with a two parameter Weibull function of Ln Ln [1/(1 - F)] = m Ln(S{/Sg),
where F is the failure probability, and m and S, are the Weibull modulus
and scale parameter, respectively. By solving for S; from this Weibull func-
tion and substituting into equation (3), one can obtain the following time-to-
failure equation as a function of failure probability (ref. 23)

=Ln B + Ln Ln

Ln t

; “miz — =+ (n-2)InS_. -nlno, (5)
where m; and S,; are, respectively, the Weibull modulus and scale parameter
in inert (room temperature) strength distribution. One of the potential limi-
tations in applying equation (5) to structural components, e.g., heat engines,
is that external flaw population could be altered at high temperature via flaw
healing and flaw nucleation processes due to oxidation or other environmental
attack. In this case, the crack growth, flaw healing, and flaw generation
should be first quantified so that the combined failure probability, and the
total time to failure can be estimated, as noted by Ritter et al. (ref. 26).
This requires complete characterization of the combined effects of fatigue,
flaw healing and flaw nucleation on strength, which is beyond the scope of this
paper. In this analysis, however, we assumed for simplicity that initial flaw
population is unchanged at high temperature and that high temperature strength
is solely determined by one mechanism, that is, slow crack growth of the ini-
tial flaws that control the room temperature strength distribution. Evans sug-
gested that this fracture mechanics principle, equation (1), is also applicable
at high temperature even when limited creep deformation is exhibited (ref. 27).

In view of equation (5), lifetime prediction requires reliable data on the
inert strength distribution of test samples. Unfortunately, reliable room-
temperature Weibull strength data of the current composite and monolithic mate-
rials was not available in the previous study (ref. 13) due to the limited
number of test specimens (typically less than 10). However, Weibull modulus
and scale parameter were estimated approximately using the statistical reprodu-
cibility analysis proposed by Ritter et al. (ref. 28).
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where C.V is the coefficient of variation of the mean strength, S 1is the
mean strength, and I is the gamma function. Now using the room temperature
strength values (ref. 13) of S = 698+85 and S = 732+61 MPa, respectively,
for the composite and monolithic, one can obtain: mj = 9.8 and Ln Sy;

= 6.599 Ln(MPa) for the composite; mj = 14.4 and Ln Syi = 6.632 Ln(MPa) for
the monolithic. Despite the insufficient number of the test specimens, the
estimated Weibull modulus, however, is in a good agreement with the typical
range of mj = 7 to 15 commonly observed for sintered silicon nitride materi-
als at room temperature. It can also be seen that the estimated values of

mj = 14.4 and Ln Syi = 6.632 Ln(MPa) for the monolithic material compares very
well with .mj = 16.6 and Ln Sy = 6.624 Ln(MPa) that were evaluated from a
linear regression analysis of the actual strength data, as shown in figure 6.
Note that the number of the test specimens in this figure is limited to eight.

Using the estimated mj; and Sg; from equation (6) together with the
previously evaluated n and B constants (table II), a lifetime prediction
curve was constructed based on equation (5), and is given in figure 7. Here,
the prediction was made for failure probability of F = 10~% and 10-1 at
1300 °C. For the composite material, n = 20.1 was used. This figure clearly
illustrates that there exists great difference in fatigue behavior between the
two materials. At the high applied stress and low failure probability (10-4),
difference in lifetime between the two materials is small. However, with
decreasing applied stress and increasing failure probability, the difference
becomes greater, resulting in much shorter lifetime for the composite compared
to the monolithic material. To ensure a lifetime of 1 year, for example, the
applied stresses should be 103 and 217 MPa, respectively, for composite and
monolithic materials for the failure probability of F = 10-4; whereas, for
F = 10-1, the applied stresses should become 196 and 344 MPa, respectively, for
the composite and monolithic. If the lower value of n = 5.8, for the purpose
of conservative estimation of lifetime, is used for the composite material,
the applied stress should be decreased to the factor of 10 from the case of
n = 20.1 to ensure the same lifetime of 1 year. Although limited experimental
data and simplistic technique for analyzing the statistical data were used in
this prediction, this result shows again that fatigue resistance of the mono-
lithic material is superior to the composite counterpart for this chosen mate-
rial system.

Examination of the fracture surfaces of the two materials that failed at
temperature ¢1200 °C showed that most failures originated from surface porous
regions, coarse grain regions and agglomerates. However, at the temperature of
1300 °C, the flaw origins were not generally discernible since the fracture
surfaces were covered with glassy phases probably due to oxidation. The slow
crack growth phenomenon was not observed directly from the fractographs of the
specimens failed at 1100 °C due to the limited slow crack growth (note that
fatigue parameter n at 1100 °C is greater than 50 for both materials). A
typical example of fracture surface for the monolithic specimen failed at



1100 °C is shown in figure 8, where the fracture mirror and the flaw origin
associated with surface porous region are clearly seen.

The slow crack growth phenomenon can be observed more easily from the spe-
cimens that failed at the increased temperature of 1300 °C, especially for the
specimens tested at the low stressing rate of o = 2 MPa/min. Figure 9 shows
a comparison of the fracture surfaces of the composite specimens tested at two
different stressing rates of o = 2 and 2000 MPa/min at 1300 °C. At a high
stressing rate of o = 2000 MPa/min, the amount of slow crack growth is insig-
nificant; whereas, at the low stressing rate of o = 2 MPa/min the crack growth
becomes more dominant, which is reflected from the fatigue strength data shown
in figure 1. It was found that fracture surfaces were heavily covered with
viscous glassy phases. These glassy phases in the slow crack growth region
could be the result of long time exposure to high temperature air and then sur-
face oxidation. Also, note the appearance of rough surface in the slow crack
growth region. The mode of fracture in this region is thus believed intergran-
ular, which is a characteristic of slow crack growth.

The glassy phases on the slow crack growth region was observed to be more
severe in the composite than monolithic material, as shown in figure 10. It
is believed that this abundance of the glassy phases in the composite material
was due to silica on the surface of the whiskers. The addition of silica to
glassy phases already present at the grain boundaries could result in easier
separation of grains and cause rapid crack growth, thereby enhancing fatigue.
Based on the experimental results on fatigue strength and fractographic analy-
sis, it is inferred that the enhanced fatigue behavior observed in the compos-
ite material over the monolithic is attributed to more severe formation of
glassy phases at the crack tip. Nixon et al. (ref. 16) in their study of creep
behavior on SiC whisker reinforced silicon nitrides also showed that more sil-
ica formed in the whisker-matrix interfaces, thus resulting in inferior creep
resistance for the composite material. Further study using analytical method
(e.g., TEM) is needed to understand in more details fatigue behavior of the
composite material.

CONCLUSIONS

The fatigue susceptibility parameter n for the composite SigN; decreased
rapidly from 88.1 to 20.1 with increasing temperature from 1100 to 1300 °C. A
transition in the dynamic fatigue curve occurred in the composite material at
1300 °C at the lowest stressing rate of o = 2 MPa/min, resulting in a very low
value of n = 5.8. This transition was ascribed to creep enhanced by a combi-
nation of both the high temperature and the very low deformation (stressing)
rate. For the monolithic material, the fatigue parameter n decreased mono-
tonically from 50.8 to 40.4 with increasing temperature from 1100 to 1300 °C.
In contrast to the composite, the monolithic material did not exhibit a transi-
tion in the dynamic fatigue curve at 1300 °C. It was also observed that the
temperature dependence of fatigue parameter A 1is much greater in the compos-
ite than the monolithic material. Fractographic analysis showed that more
glassy phase formed in the slow crack growth region of the composite as com-
pared to the monolithic, implying that SiC whisker addition promoted the forma-
tion of glass rich phases at the grain boundaries which in turn enhanced



fatigue. All of these results show that whisker addition to SigN4 matrix mate-
rial deteriorates fatigue resistance inherent to the matrix base material for
this selected material system. This contrasts with the results of a previous
study (ref. 19), where no appreciable difference in high temperature strength,
toughness, and R-curve behavior existed between the composite and monolithic
materials.
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TABLE I. - SUMMARY OF DYNAMIC FATICUE RESULTS OF COMPOSITE
AND MONOLITHIC SILICON NITRIDES

aThe parameters evaluated based on 9 =

The parameters evaluated based on 9 =

2000, 200, and 20 MPa/min.

20 and

12

2 MPa/min.

Temperature, Specimen Loading | Stressing Composi te Monolithic
2C condition rate, rate,
P, o, Number of Fracture Number of Fracture
N/min MPa/min specimen strength specimen strength
o, (a) of, (a)
MPa MPa
1100 As-received 2 2 5 598.9 63.1 3 609.2 | 35.1
20 20 584.5 82.0 4 649.0 45.3
200 200 l 615.9 54.8 3 675.3 41.8
I 2000 2000 641.5 33,8 4 697 .4 5.1
1200 2 2 4 463 .0 106 .4 3 537.2 48 .4
1200 2000 2000 4 558.9 19.5 4 621.5 63.4
1300 2 2 4 318.0 4.8 $13.3 49.3
20 20 3 445.2 44 .2 523.3 47.3
200 200 3 487 .6 48.5 596.4 75.1
l 2000 2000 4 6563.9 38.0 591.4 21.0
1100 Indented 4.2 2 3 351.5 4.8 - | = ———
42 - 20 3531 113 - | == —
420 200 l 372 .4 Tl - | —_——
{ 4200 2000 400.5 26.9 - | - -——
AThese numbers indicate *1.0 standard deviation.
TABLE I1. - SUMMARY OF FATICUE PARAMETERS OF COMPOSITE AND MONOLITHIC SILICON NITRIDES
Fatigue Temperature, °C
parameters
1100 1200 1300
Composite | Monolithic | Composite | Monolithic Composi te Monolithic
n 88.1 50.75 35.7 46.37 a20.1/b5.8 40.43
Ln B, -1.0219 6.0924 .2809 .5762 43,9784 .4346
MPaZmin
kn A, -151.31 -93.561 -61.40 -86.05 a_39 .58 -75.62
m/min
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Figure 1.—Dynamic fatigue results for 30 vol % SiC whisker-reinforced
SigN4 at temperatures of 1100, 1200 and 1300 °C in ambient air. Error
bar indicates +1.0 standard deviation.
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Figure 2. —Deflection curves of the composite specimens tested at stressing
rates of ¢ = 2 and 2000 MPa/min at 1300 °C.
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(b) Enlarged view of the failure origin showing that failure was associated with subsur-
face porous region.

Figure 8.—A typical example of SEM fractographs of the monolithic specimen
failed at 6 = 2 MPa/min at 1100 °C. Note that the amount of slow crack growth
was very limited at this temperature.
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(a) The slow crack growth region of a specimen tested at G = 2000 MPa/min.

(b) The slow crack growth region of a specimen tested at S =2 MPa/min.

Figure 9.—SEM fractographs of the composite specimens failed at high and low
stressing rates at 1300 °C. Note the dependence of slow crack growth on stressing
rate.
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(b) Monolithic specimen.

Figure 10.—SEM fractographs showing degree of the glassy phases on fracture surfaces
between composite and monolithic specimens. Roth specimens were tested at ¢ =
2000 MPa/min at 1300 °C.
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