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Abstract—The high-temperature mechanical properties, specifically strength, fracture toughness, cyclic
fatigue-crack growth and creep behavior, of anin situ toughened silicon carbide, with Al, B and C sintering
additives (ABC-SiC), have been examined at temperatures from ambient to 1500°C with the objective of
characterizing the role of the grain-boundary film/phase. It was found that the high strength, cyclic fatigue
resistance and particularly the fracture toughness displayed by ABC-SiC at ambient temperatures was not
severely compromised at elevated temperatures; indeed, the fatigue-crack growth properties up to 1300°C
were essentially identical to those at 25°C, whereas resistance to creep deformation was superior to published
results on silicon nitride ceramics. Mechanistically, the damage and shielding mechanisms governing cyclic
fatigue-crack advance were essentially unchanged between|25°C and 1300°C, involving a mutual compe-
tition between intergranular cracking ahead of the crack tip and interlocking grain bridging in the crack wake.
Moreover, creep deformation was not apparent below|1400°C, and involved grain-boundary sliding accom-
modated by diffusion along the interfaces between the grain-boundary film and SiC grains, with little evidence
of cavitation. Such unusually good high-temperature properties in ABC-SiC are attributed to crystallization
of the grain-boundary amorphous phase, which can occur eitherin situ, due to the prolonged thermal exposure
associated with high-temperature fatigue and creep tests, or by prior heat treatment. Moreover, the presence
of the crystallized grain-boundary phase did not degrade subsequent ambient-temperature mechanical proper-
ties; in fact, the strength, toughness and fatigue properties at 25°C were increased slightly. 2000 Acta
Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

As a high-temperature structural material, silicon car-
bide (SiC) ceramics offer many advantages, including
high melting temperatures, low density, high elastic
modulus and strength, and good resistance to creep,
oxidation and wear. This combination of properties
makes SiC a promising candidate for use in such
applications as gas turbines, piston engines and heat
exchangers [1, 2], where load-bearing components are
required to be subjected to temperatures up to 1500°C
for extended periods of time; however, its application
to date has been severely limited by its poor fracture
toughness properties.

The low inherent fracture toughness of conven-
tional SiC ceramics (Kc is typically |2–3 MPa m1/2)
can be improved by several processing and reinforce-
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ment routes. One approach is to produce a composite,
typically accomplished by incorporating continuous
fibers, whiskers or platelets, or second-phase particles
[3]. Critical to composites, besides the high fabri-
cation costs, is tailoring the matrix/second-phase
interface to be weak enough to provide pull-out with-
out sacrificing strength of the material; moreover, this
interface integrity must be maintained at elevated
temperatures. For monolithic ceramics,in situ tough-
ening can also be effective, as has been demonstrated
in the silicon nitride (Si3N4) system (e.g., [4]).

Using the latter approach to achieve high toughness
in these inherently brittle materials, grains are pur-
posely elongated by processing in the presence of a
liquid phase. This results in a microstructure con-
sisting of grains covered with a residual glassy film,
with pockets of glass at multiple-grain junctions.
Toughness values greater than 10 MPa m1/2 have been
achieved for Si3N4 processed in this fashion; such
high toughnesses are generally attributed to inter-
granular fracture and resulting elastic bridging and
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frictional pull-out as the interlocking grains separate
[4]. The problem for monolithic ceramics is that
although the glassy grain-boundary film is considered
to be critical in inducing good low-temperature tough-
ness, its presence typically limits properties at high
temperatures, such as oxidation, creep resistance
and strength.

The origin of the glassy film is associated with the
presence of sintering additives. Due to the nature of
the bonding, as well as vapor pressures, surface and
grain-boundary characteristics make densification in
ceramic systems difficult without such additions.
These additives promote mass transport either in the
solid state or by a liquid-phase formation. While
many have been employed in processing SiC, the
most common are B and C [5], Al2O3 [6], Al 2O3 and
Y2O3 [7]. However, in an attempt to avoid the trade-
off between low-temperature toughness and high-tem-
perature strength, recent research has focused on a
monolithic SiC which is hot-pressed with additions
of Al metal as well as B and C. This material, which
has been termed ABC-SiC, has been shown to have
an ambient-temperature fracture toughness as high as
9 MPa m1/2 with strengths of|650 MPa [8], mechan-
ical properties that are among the highest reported for
SiC. The high toughness, which should be compared
with that of a commercial SiC (|2.5 MPa m1/2), has
been attributed to various crack-bridging processes in
the crack wake resulting from the intergranular crack
path [9]; specifically, crack-tip shielding from both
elastic bridging and frictional pull-out of the grains
provides a major contribution, with the frictional pull-
out component likely to be the most potent.

In situ toughening in SiC results from the large,
elongated, plate-like grains that are brought about by
exploiting the β-SiC (cubic) to α-SiC (hexagonal)
phase transformation. This is akin to the mechanisms
in the Si3N4 system where acicular, needle-like,
grains are obtained under appropriate processing con-
ditions [10]. The microstructure of ABC-SiC consists
of such elongated grains with an aspect ratio ofca.
3 to 7. These plate-like grains exhibit an interlocking
network, and are surrounded (in the as-processed
state) by a thin (|1 nm) amorphous grain-boundary
film that promotes intergranular fracture; strips of
crystalline phases, identified as Al8B4C7, Al4O4C and
Al2O3, are also present at grain-boundary triple
points.

The sintering additives function in several
capacities in in situ toughened SiC ceramics. In
addition to promoting densification, they also acceler-
ate theβ (cubic) to α (hexagonal) phase transform-
ation at temperatures below 1800°C. Several other
additive systems, including Al2O3 [6] and yttrium
aluminum garnet (YAG), also lead to an improved
resistance to fracture in SiC; however, these have not
as yet resulted in a ceramic with a toughness as high
as that of ABC-SiC [7, 11, 12].

The sintering additives in SiC and Si3N4 are effec-
tive densification aids, but the liquid tends to remain

as glassy phases at grain boundaries and multiple-
grain junctions [13, 14], degrading the high-tempera-
ture properties. Strength degradation in Si3N4 is gen-
erally attributed to softening of the grain-boundary
phase [15]. Similarly, the creep rates of ceramics pos-
sessing a glassy grain-boundary phase are degraded
compared with the inherent creep resistance [16]. The
presence of impurities, introduced as sintering addi-
tives, often also reduces the oxidation resistance of
Si3N4 and SiC [17].

Since the deleterious effects of the grain-boundary
and secondary phases on the high-temperature proper-
ties are well documented, several approaches have
been employed to improve creep and strength without
compromising the fracture toughness. These include:
(1) crystallization of the grain-boundary phase [18,
19], (2) changing the chemistry of the secondary
phase [20], and (3) reducing the amount of sintering
additives to minimize the volume of glass present in
the final microstructure [21]. The most important
parameter governing several of the high-temperature
properties is the viscosity of the grain-boundary film.
By increasing the viscosity, either by crystallization
or by altering the additives to produce a more refrac-
tory phase, the high-temperature properties, parti-
cularly creep and fracture strength, can be signifi-
cantly enhanced.

In the present work, we examine the first of these
strategies, i.e., specifically how the elevated-tempera-
ture mechanical properties of ABC-SiC are affected
by the nature of the grain-boundary film/phase, and
investigate whether its superior room-temperature
strength and toughness properties [8, 9] can be
retained at high temperatures. Moreover, due to the
contradictory nature [22–32] and paucity of data on
creep and especially cyclic fatigue processes in SiC
ceramics at such temperatures, not to mention the lack
of mechanistic understanding, studies are focused on
the characteristics of creep and fatigue-crack propa-
gation behavior from ambient temperatures up to
1500°C.

2. EXPERIMENTAL PROCEDURES

2.1. Material processing

ABC-SiC was processed with submicrometerβ-
SiC starting powders, which were mixed with
additions of 3 wt% Al (as powder with a nominal
particle diameter of|5 µm), 0.6 wt% B (as powder)
and 2 wt% C (as Apiezon wax) additions. The calcu-
lated value of 2% C was doubled since the carbon
yield upon pyrolysis was determined to be|50%.
This carbon source also served as a binder. The Apie-
zon wax was dissolved in toluene, and the other pow-
ders were added; the resulting suspension was agi-
tated ultrasonically for 5–10 min to minimize
agglomerate formation, and then stir-dried. The dried
material was then ground in a mortar and pestle prior
to sieving through a 200 mesh screen.
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Hot-pressing was conducted for 1 h at 1900°C, at
50 MPa pressure in a flowing argon atmosphere, in a
graphite die using green compacts that were pre-
viously formed by uniaxial compression at 35 MPa
in a metal die. The resulting hot-pressed disks were
surface-ground and polished to a 1µm diamond pow-
der finish, prior to the machining of samples.

2.2. High-temperature mechanical properties tests

2.2.1. Strength and creep resistance.High-tem-
perature strength and creep tests were performed in
four-point bend on 3 mm×3 mm×30 mm beam speci-
mens; testing was conducted with a graphite bend rig
in a furnace equipped with tungsten mesh heating
elements under a flowing argon atmosphere. Creep
experiments were conducted with an initial outer-fiber
stress of 100 MPa; the strain was calculated according
to the method developed by Hollenberget al. [33].
The stress was fixed for all experiments at tempera-
tures between 1100 and 1500°C. Results were com-
pared with those of various Si3N4 ceramics reported
in the literature [34–37]. In addition, the effect of
prior prolonged exposure to elevated temperatures
(annealing) was considered; specifically, the bend
strength was evaluated before and after thermal
exposures of up to 7 days at 1500°C (in an argon
atmosphere).

2.2.2. Fracture toughness and fatigue-crack
growth. Fracture toughness (Kc) and cyclic fatigue-
crack growth tests were performed on disk-shaped
compact-tension DC(T) specimens (28 mm wide, 3
mm thick), containing “large” (>3 mm) through-
thickness cracks. Toughness testing was performed on
fatigue pre-cracked specimens at temperatures
between 25 and 1300°C; in addition, the toughness
of as-processed samples was compared with that of
samples following a prior thermal exposure for 85 h
at 1300°C.

Cyclic fatigue-crack growth testing was performed
in general accordance with ASTM Standard E-647.
Specifically, DC(T) specimens were cycled at 550,
850, 1200 and 1300°C under automated stress-inten-
sity (K) control while maintaining a constant load
ratio (ratio of minimum to maximum applied loads)
of R = 0.1 at frequencies ofn = 3 and 25 Hz
(sinusoidal waveform); corresponding tests at 25°C
were carried out under the same conditions only at
frequencies of 25 and 1000 Hz. Cyclic fatigue-crack
growth rates (da/dN) were monitored as a function of
applied strength intensity under decreasingDK con-
ditions, with a normalizedK-gradient (1/K·dK/da) set
to 20.08 mm21. Limited crack-growth measurements
were also performed under sustained loading (static
fatigue/creep) at 1300°C, with the stress intensity held
at the sameKmax level used in the cyclic tests.

All toughness and crack-growth experiments were
conducted on computer-controlled servo-hydraulic
mechanical testing machines. Elevated-temperature
tests were performed in an environmental
chamber/furnace with graphite elements that maintain

temperature to within±1°C. The test environment at
elevated temperatures was flowing gaseous argon at
atmospheric pressure; corresponding tests at 25°C
were conducted in room air. Crack lengths were con-
tinuously monitoredin situ at elevated temperatures
by a direct-current electrical-potential drop technique.
Use of this technique was made possible by the elec-
trical conductivity of SiC at elevated temperatures;
the resistivity of SiC is|10 V cm above 600°C.
Details of this method and other experimental pro-
cedures are given in Refs. [38] and [39].

2.3. Microstructural characterization

All fracture surfaces and crack profiles were ana-
lyzed in a field-emission scanning electron micro-
scope (FESEM). The atomic and structural nature of
the grain boundaries was also examined using high-
resolution transmission electron microscopy
(HRTEM). Chemical compositions of any grain-
boundary phases were analyzed by using an X-ray
energy-dispersive spectrometer (XEDS) with a 8 nm
probe. In addition, the microstructure and damage in
regions directly ahead of the crack tip were examined
by transmission electron microscopy (TEM).
Specifically, 3 mm diameter TEM foils were taken
from the crack-tip region of fracture and fatigue test
specimens such that the crack line was parallel to the
axis of the foil with the crack tip located|500µm
away from the foil center. The foils, which were
ground down to 20µm using a precision dimpling
machine and further thinned by argon-ion milling,
were examined on a Philips CM200 microscope,
operating at 200 kV.

3. RESULTS AND DISCUSSION

3.1. Microstructure prior to high-temperature testing

The microstructure of as-processed ABC-SiC con-
sisted of a network of interlocking plate-like grains
of 5 vol% β-phase (cubic polytype 3C) and 95 vol%
α-phase (49 vol% 4H and 46 vol% 6H hexagonal
polytypes), with a maximum grain aspect ratio ofca.
4 to 5. This grain morphology is quite distinct from
that of toughened silicon nitrides, where the grains
typically possess high aspect ratios and are acicular,
or needle-like, in shape [10]. Between the grains, an
amorphous grain-boundary film, typically|1 nm
thick and rich in Al, O and C [40], can be seen in the
hot-pressed material (Fig. 1). The remaining sintering
additives were found to form bulk secondary phases
at triple junctions and multiple-grain junctions; these
phases were identified as Al4B7C8 and Al4O4C [8, 41,
42]. In addition, in specificα-SiC grains, the presence
of isolated dislocations could be seen; these dislo-
cations, which were always in very low densities, are
likely to be partial dislocations bounding the stack-
ing faults.
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Fig. 1. High-resolution transmission electron micrograph of as-
processed ABC-SiC, showing the amorphous grain-boundary

film.

3.2. Strength and fracture toughness

The fracture toughness of the as-processed ABC-
SiC was measured asKc = 6.2 MPa m1/2 at 25°C and
4.3 MPa m1/2 at 1300°C. However, annealing for 85
h at 1300°C led to a|20% increase in toughness over
these values, withKc = 7.2 MPa m1/2 at 25°C and 5.2
MPa m1/2 at 1300°C. Fracture surfaces in all cases
were predominantly intergranular.

Corresponding bend strengths were significantly
lower at higher temperatures, specifically from
|515 MPa at 25°C to |100 MPa at 1300°C, with
load/displacement plots at both temperatures remain-
ing completely linear. Studies on Si3N4 have shown
a similar reduction in strength with increasing tem-
perature [14]. However, as with the toughness
behavior, in ABC-SiC thermal annealing treatments
tended to improve the mechanical properties, in this
case quite markedly. Specifically, annealing for 7
days at 1500°C led to a fourfold increase in the bend
strength at 1300°C.

HRTEM examination of as-processed bend speci-
mens tested at 1300°C showed that the grain-bound-
ary phase was still fully amorphous (Fig. 1). Thus,
whereas the room-temperature strength is governed
by the presence of flaws, the fivefold decrease in
strength at elevated temperatures can be attributed to
the softening of this phase and from grain-boundary
sliding [15, 18]. Such observations are consistent with
published results on Si3N4 with amorphous grain-
boundary phases [43].

In contrast, following prolonged high-temperature
annealing, where the 1300°C strength increased four-

fold, HRTEM imaging indicated that a large majority
of the grain-boundary glassy films had become fully
crystallized (Fig. 2); this was found to occur at all
temperatures above|1100°C for times in excess of
|5 h. Moreover, the average thickness of grain-
boundary film decreased to less than|1 nm, with a
corresponding increase in the Al concentration
(revealed by the XEDS spectra [40]). Such crystalliz-
ation of the grain-boundary phase clearly would min-
imize softening and grain-boundary sliding and poss-
ibly induced flaw healing within this region, which
would account for the fourfold increase in strength.

Although crystallization is less common in Si3N4,
when it does occur it has been found to degrade the
subsequent low-temperature strength and toughness
[44]. Remarkably, in ABC-SiC the strength at 25°C
was increased after the crystallization, as discussed in
detail elsewhere [45]. In addition, the toughness at
both 25 and 1300°C was increased by some 16 to
21% by prior crystallization, as noted above [46].

Microstructural variations in ceramics often have
opposing effects on strength and toughness, e.g., the
decrease in strength and increase in toughness with
coarser grain sizes in Si3N4 and SiC; however, the
crystallization of the grain-boundary phase in ABC-
SiC acts to promote both strength and toughness, at
both low and high temperatures, and (as discussed
below) can increase the resistance to cyclic fatigue
as well.

Fig. 2. High-resolution transmission electron micrograph of a
grain boundary in ABC-SiC after high-temperature annealing
(1400°C/840 h), showing that the amorphous layer has become

fully crystallized.
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3.3. Creep behavior

The creep properties of ABC-SiC between 1100
and 1500°C, in the form of the logarithm of the strain
rate, logė, as a function of reciprocal temperature,
1/T, are compared in Fig. 3 with bending creep test
results for three grades of silicon nitride and SiC with
0.3% Al [34–37]. It can be seen that the creep resist-
ance of ABC-SiC is comparable to, or significantly
better than, the creep resistance of these other
advanced ceramics. The apparent creep activation
energy,Qa, was calculated to be|225 kJ/mol at a
stress of 100 MPa. In addition, Norton power-law
behavior, with a stress exponent ofca. 1, was found
for tests conducted between 50 and 200 MPa [47].

Although creep rates at 1400°C for ABC-SiC and
the best Si3N4 [35] were comparable, the lower tem-
perature dependence and activation energy of ABC-
SiC meant that it exhibited lower steady-state creep
rates than any Si3N4 as the temperature was increased
to 1500°C. ABC-SiC also exhibited low creep rates
at stresses that were a much higher percentage of its
fracture strength than the silicon nitrides; for
example, the Si3N4/SiC nano-composite had a similar
creep rate in bending at 1400°C, but with a bend
strength of 895 MPa, compared with|300 MPa for
ABC-SiC.

On the microscopic scale, a low density of dislo-
cations with no apparent slip bands could be observed
occasionally in isolated grains in ABC-SiC (Fig. 4);
the density of these dislocations increased with
increasing temperature. Evidence of cavitation, how-
ever, was not found after creep (and fatigue) testing
at 1300°C (and below). The threshold for creep cavit-
iation appeared to be around 1400°C, where grain-

Fig. 3. Comparison of creep rates for ABC-SiC (dashed line)
with various silicon-based ceramics (solid lines). All data were

collected from bend creep tests at a load of 100 MPa.

Fig. 4. Transmission electron micrograph of ABC-SiC showing
dislocations, located in a residualβ-SiC grain, on the tensile
edge of a specimen crept at 1200°C for 670 h under a stress

of up to 175 MPa.

boundary cavities were observed on the tensile, but
not compression, side of the beams (Fig. 5). Cavities
were formed both at two-grain and multiple-grain
junctions. Even at higher temperatures, while the dis-
location density was higher, slip bands were still not a
dominant feature. As noted above, the grain-boundary
films became fully crystallized during the long hold-
ing times at creep temperatures, similar to behavior
during pre-annealing and fatigue testing (Fig. 2).
Additionally, the concentration of impurities in the
boundary film was found to increase slightly com-
pared with the as-hot-pressed material; in addition,
the aluminum concentration increased as the creep
temperature increased [40].

Evaluation of the stress and temperature depen-
dence, in conjunction with the microstructural
changes, indicated that the controlling creep mech-
anism in ABC-SiC was grain-boundary sliding

Fig. 5. Transmission electron micrograph of ABC-SiC showing
grain-boundary cavities at two-grain junctions on the tensile
edge of a specimen crept at 1400°C for 840 h under 200 MPa.
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accommodated by diffusion along the grain-boundary
film/silicon carbide interface. A parallel mechanism
of cavitation was also operative above 1400°C in ten-
sile-loaded regions, but the low density of cavities
present and the stress exponent of unity suggest that
cavitation was not the dominant component in the
creep deformation at the temperatures and total
strains examined. Further details on the creep mech-
anisms in ABC-SiC are reported elsewhere [47].

3.4. Fatigue-crack growth behavior

Figure 6 illustrates the variation in fatigue-crack
growth rates, da/dN, with applied stress-intensity
range,DK, at a load ratio of 0.1 for ABC-SiC under
different test conditions, showing the effects of tem-
perature and loading frequency on the cyclic fatigue
behavior. It can be seen that at both ambient and elev-
ated temperatures, crack-growth rates display a
marked sensitivity to the stress intensity regardless of
the loading frequency; this is a common characteristic
of monolithic ceramics at low homologous tempera-
tures [48]. In terms of a simple Paris power-law for-
mation:

da/dN = CDKm (1)

(where C and m are scaling constants), these data
show a Paris exponentm between 35 and 68.

Although changing the cyclic frequency over the
range 3 to 1000 Hz had little effect on fatigue-crack
growth behavior, growth rates were accelerated with
increasing temperature. Indeed,DKth fatigue thresh-
olds were decreased from just over 5 MPa m1/2 at
25°C to between 3.3 and 3.4 MPa m1/2 at 1200°C;
interestingly, there was no further decline at 1300°C.
Mechanistically, the lack of a frequency effect in
ABC-SiC at ambient temperatures is expected as
crack advance occurs via predominantly intergranular

Fig. 6. Cyclic fatigue-crack growth rates, da/dN, in ABC-SiC
as a function of the applied stress-intensity range,DK, for the
tests conducted at temperatures between 25 and 1300°C, load
ratio R = 0.1, and frequencies between 3 and 1000 Hz. For
comparison, the crack-growth behavior of commercial SiC

(Hexoloy) is also illustrated.

cracking ahead of the tip, balanced by shielding by
grain bridging in the wake, both essentially rate-
insensitive processes [49–51]. However, the absence
of a frequency effect at elevated temperatures is much
more surprising, particularly since comparable
materials, such as Si3N4, Al2O3 and silicide-matrix
ceramics, show a marked sensitivity to frequency at
temperatures due to the onset of creep damage above
|1000°C [22, 25–27, 52]. As described below,
fatigue fracture mechanisms at 850 to 1300°C in the
present material were effectively identical to those at
room temperature, which is consistent with the
absence of significant creep phenomena below
1300°C.

The fracture toughness and fatigue-crack growth
resistance of ABC-SiC were found to be far superior
to those of commercial SiC (Hexoloy) at both room
and elevated temperatures. Results at 25 to 1300°C,
which are compared with ABC-SiC in Fig. 6, indicate
that Hexoloy fails catastrophically, with no cycle-
dependent cracking, at stress intensities some 40–
50% lower than the fatigue thresholds in ABC-SiC.
Such extremely brittle behavior is attributed to the
absence of toughening from crack bridging behind the
crack tip, resulting from its fully transgranular mode
of fracture.

A comparison of the crack-growth velocities under
cyclic and static (sustained) loading is shown in Fig.
7. It can be seen that at both ambient and elevated
temperatures, growth rates in ABC-SiC under cyclic
loads were significantly faster than under sustained
loading (static fatigue) at equivalent stress-intensity
levels. Such behavior has been observed previously
in Mg-PSZ [53, 54], Al2O3 [55] and Si3N4 [56], and

Fig. 7. Crack extension,Da, plotted as function of time,t, dem-
onstrating the effect of sustained loading versus cyclic loading
conditions, at a fixed maximum stress intensity (KI = Kmax).
Plotted is behavior at 25°C, whereKI = Kmax = 5.9 MPa m1/2,

and at 1300°C, whereKI = Kmax = 4.1 MPa m1/2.
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is consistent with the fact that at low temperatures,
crack-advance (damage) mechanisms are identical
under both types of loading; specifically, it is the cyc-
lic-loading-induced degradation in wake shielding
that accelerates growth rates under cyclic loads. In
contrast, the sustained-load mechanisms at elevated
temperatures are generally far more damaging in such
ceramics as Al2O3 and Si3N4 [22, 26–28] because of
the onset of creep damage, which can cause softening
and cavitation in the grain-boundary films [23]. Such
behavior was not seen in ABC-SiC at temperatures
up to 1300°C.

Scanning electron microscopy (SEM) of fracture
surfaces and crack profiles in ABC-SiC at 1300°C
revealed a predominantly intergranular fracture under
both static and cyclic loads [Fig. 8(a) and (c)], with
extensive interlocking grain bridging behind the crack
tip [Fig. 8(b) and (d)]. Also noticeable on the cyclic
fatigue surfaces was the presence of debris, formed by
wear and abrasion of the bridging crack faces during
cycling. Fracture surfaces at 25°C were essentially
identical [9], implying that a similar sequence of
mechanisms, namely intergranular cracking coupled
with degradation of the resulting wake zone of bridg-
ing grains, is active at both temperatures.

TEM studies of regions in the immediate vicinity
of the crack tip provided direct confirmation of these

Fig. 8. Scanning electron micrographs of (a, c) fracture surfaces and (b, d) crack trajectories behind the crack
tip in ABC-SiC at 1300°C under (a, b) cyclic loading with frequencyn = 25 Hz, load ratioR = 0.1 and
maximum stress intensityKmax = 4.1 MPa m1/2; and (c, d) static loading with stress-intensity factor

KI = 4.1 MPa m1/2. Arrows indicate direction of crack propagation.

observations. Akin to behavior at room temperature,
crack extension at 1300°C under both sustained and
cyclic loading was predominantly along the grain
boundaries with no indication of cavitation damage
ahead of the tip or viscous-phase bridging in the wake
(Fig. 9). HRTEM observations also revealed that the
grain-boundary films had fully crystallized (e.g., Fig.
2) in situ during the high-temperature fatigue tests,
which typically lastedca. 3 to 10 days at 1200°C
or 1300°C.

The absence of creep damage and/or viscous
softening of the grain-boundary phase at 1300°C in
ABC-SiC is quite startling. In Si3N4 [24, 25], Al2O3

[26] and silicide-matrix composites [52] at these tem-
peratures, cavitation along grain boundaries,
microcracking zones and viscous-phase bridging are
commonly observed. The unique high-temperature
characteristics of ABC-SiC appear to be a result of
the in situ crystallization of grain-boundary glassy
phase.

Even though the primary mechanisms of damage
(intergranular cracking) and shielding (grain
bridging) are apparently unchanged between 25 and
1300°C in ABC-SiC, there is a small change in the
fatigue-crack growth resistance in that fatigue thresh-
olds DKth are approximately 30% lower at the higher
temperature. This may be rationalized by considering
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Fig. 9. Transmission electron micrographs of the crack profiles at the crack-tip region in ABC-SiC at 1300°C
under (a) cyclic loading (R = 0.1, n = 25 Hz, Kmax = 4.1 MPa m1/2) and (b) sustained loading

(KI = 4.1 MPa m1/2). Arrows indicate the general direction of crack propagation.

the nature of grain bridging [57, 58] and its degra-
dation under cyclic loading due to frictional wear [59,
60]. The pull-out resistance from frictional tractions
generated via sliding contact of opposing crack faces
[61] is proportional to the normal stress acting on the
interface, which in turn is a function of the residual
stress resulting from thermal expansion anisotropy
during cooling from the processing temperature [57].
As the residual stresses will “anneal out” with
increasing temperature, the normal stress will
decrease. However, once crystallization of grain-
boundary phase occurs above|1100°C, the frictional
coefficient may be expected to be higher. Thus, the
minimal change in cyclic fatigue properties between
25 and 1300°C can be related to: (1) the lack of any
apparent change in mechanisms, (2) the fact that the
decrease in residual stress with temperature is com-
pensated by an increase in the frictional coefficient,
and (3) the absence of significant creep damage, the
latter two effects being associated with thein situ
crystallization of the grain-boundary phase. Such a
result is consistent with previous studies in other cer-
amics that show a beneficial effect of crystallization
on oxidation and mechanical properties at elevated
temperatures [62–65].

4. CONCLUDING REMARKS

Structural ceramics have often been regarded as
exhibiting a conflict between toughness, strength and
fatigue resistance. Indeed, this conflict is not unlike
the competition between brittleness and strength in
metallic systems. A summary of many results on
creep and toughness at 1300°C for SiC and Si3N4,
extracted from the literature, is shown in Fig. 10 to
illustrate this paradigm, and to show that ABC-SiC
can be processed to negate it. Essential in the success
of retaining simultaneously strength, toughness and
fatigue and creep resistance, is the creation of a crys-
talline grain-boundary film that retains a stable struc-

Fig. 10. Summary of literature data on simultaneous creep and
toughness values for SiC and Si3N4 at 1300°C. ABC-SiC can
be processed to be significantly better than the general trend.

ture and composition up to high temperatures. In
ABC-SiC, this can be achievedin situ at elevated
temperatures, or by a high-temperature annealing pro-
cess. Whereas high-temperature post-processing treat-
ments of this kind are relatively uncommon for
enhancing the properties of ceramics, their value is
evident here. It should be added that the beneficial
effects of the Al, B and C additives and the sub-
sequent heat treatments could not, at this time, have
been predicted from either first-principles compu-
tations or existing lore, but rather resulted from exten-
sive experimentation and application of general
materials science principles. It is hoped that, in the
future, computational efforts may assist in further
developing the necessary nature and role of the grain-
boundary films, to improve further the mechanical
behavior of these high-temperature structural cer-
amics.

5. SUMMARY AND CONCLUSIONS

The high-temperature mechanical properties,
including strength, fracture toughness, creep and cyc-
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lic fatigue properties, of anin situ toughened silicon
carbide sintered with Al, B and C (ABC-SiC) have
been studied, and related to the corresponding micro-
structural and mechanistic characteristics. Based on
this work, the following conclusions can be made.

1. High-temperature annealing at 1100 to 1500°C
was found to lead to a remarkable improvement
in mechanical properties. For example, although
the bend strength of as-processed ABC-SiC was
decreased from|515 to|100 MPa with increase
in temperature from 25 to 1300°C, prior annealing
for 7 days at 1500°C resulted in a factor of four
increase in strength at 1300°C. Similarly, the
|30% decrease in fracture toughness between 25
and 1300°C was partially offset by prior annealing
for 85 h at 1300°C, which produced a|20%
increase of toughness at both 25 and 1300°C. Such
annealing treatments were found to result in full
crystallization of the glassy grain-boundary phase.

2. The creep resistance of ABC-SiC was found to be
comparable to, or better than, that of most silicon
nitrides reported in the literature. Moreover, it dis-
played a much lower temperature dependence of
steady-state creep rates with a creep activation
energy of|225 kJ/mol at an applied stress of 100
MPa. Using a Norton power law to characterize
creep rates, the stress exponent was found to be
approximately unity for applied stresses between
50 and 200 MPa.

3. Mechanistically, dislocations (but not slip bands)
were seen in creep specimens in isolated grains,
with a density that increased with increasing tem-
perature. However, extensive creep damage in the
form of grain-boundary cavitation was not seen at
any temperature below 1400°C; isolated cavities
were observed above 1400°C at two-grain and
multiple-grain junctions, but only on the tensile
side of the creeping beams.

4. Based on these observations, the controlling creep
mechanism in ABC-SiC was reasoned to be grain-
boundary sliding accommodated by diffusion
along the grain-boundary film/SiC interface; cavi-
tation was not found to play a significant role in
creep deformation at temperatures up to 1500°C.

5. Cyclic fatigue-crack growth rates in ABC-SiC
were only minimally increased, andDKth thresh-
olds decreased by|30%, with increase in tempera-
ture from 25 to 1300°C; behavior, however, was
independent of frequency. At equivalent stress-
intensity levels, crack-growth velocities under cyc-
lic loads were significantly faster than those under
static loads at both 25 and 1300°C. The fatigue-
crack growth resistance of ABC-SiC was found to
be superior to that of commercial SiC (Hexoloy)
at all temperatures tested.

6. Crack profile and fractographic studies showed a
predominantly intergranular cracking mode at both
low and high temperatures, with crack-tip shield-
ing by grain bridging in the crack wake. Such

bridging was degraded under cyclic loads, as evi-
denced by the extensive wear debris on fatigue
fracture surfaces. No evidence of creep cavitation
or any form of viscous-ligament bridging by the
grain-boundary glassy phase was seen at all tem-
peratures up to 1300°C. The mechanistic sequence
of intergranular damage ahead of the crack tip, and
the cyclic-loading-induced degradation of grain
bridging behind the tip, was considered to be
essentially unchanged between 25 and 1300°C.

7. HRTEM observations revealed that the grain-
boundary film/phase in specimens which
underwent high-temperature ($1100°C)
fatigue/creep tests or prior annealing treatments
were all fully crystallized. Such crystallized grain
boundaries are considered to be the primary reason
for the impressive mechanical properties of ABC-
SiC at elevated temperatures, involving simul-
taneous enhancements in high-temperature
strength, toughness, fatigue and creep resistance.
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