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Abstract—The high-temperature mechanical properties, specifically strength, fracture toughness, cyclic
fatigue-crack growth and creep behavior, ofiarsitu toughened silicon carbide, with Al, B and C sintering
additives (ABC-SIiC), have been examined at temperatures from ambient t6CL50th 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 ugGo 1300
were essentially identical to those at’@5 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 betw28tC and 1300C, 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 beld40CC, 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-SIiC are attributed to crystallization
of the grain-boundary amorphous phase, which can occur eitls#u, 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 & 2fre increased slightlyl] 2000 Acta
Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION ment routes. One approach is to produce a composite,
As a high-temperature structural material, silicon caqETy pelcrzslI\yvhai‘glggrr;]%“rsrllz(tjelt;ilsIr:)iosfgc?cr)?]t(ljr-]gh;zztln;r(t)ilcj:fes
bide (SiC) ceramics offer many advantages, includin L piatelets, . phase partic

]. Critical to composites, besides the high fabri-

high melting temperatures, low density, high elasti i ts. is tailoring th trix/ d-oh
modulus and strength, and good resistance to cre ton costs, 1S tailoring the matrix/second-phase
terface to be weak enough to provide pull-out with-

oxidation and wear. This combination of propertie g . .
makes SiC a promising candidate for use in suchut sacrificing strength of the material; moreover, this
iNferface integrity must be maintained at elevated

applications as gas turbines, piston engines and h&de o= A
exchangers [1, 2], where load-bearing components dfénperatures. For monolithic ceramias,situ tough-

required to be subjected to temperatures up to 3600 €NINY can also be effective, as has been demonstrated

for extended periods of time; however, its applicatiof the silicon nitride (SiN,) system (e.g., [4]).

to date has been severely limited by its poor fracture USing the latter approach to achieve high toughness

toughness properties. in these inherently brittle materials, grains are pur-
The low inherent fracture toughness of convenPosely elongated by processing in the presence of a

tional SiC ceramicsK_ is typically ~2-3 MPa n#?) liquid phase. This results in a microstructure con-

can be improved by several processing and reinforcgisting of grains covered with a residual glassy film,
with pockets of glass at multiple-grain junctions.

Toughness values greater than 10 MP& have been
* To whom all correspondence should be addressed. Te __Chleved for SN, processed in this fashion; such

001 510 486 5798: fax: 001 510 486 4995. igh toughnesses are generally attributed to inter-
E-mail addressroritchie@lbl.gov (R.O. Ritchie) granular fracture and resulting elastic bridging and
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frictional pull-out as the interlocking grains separat@es glassy phases at grain boundaries and multiple-
[4]. The problem for monolithic ceramics is thatgrain junctions [13, 14], degrading the high-tempera-
although the glassy grain-boundary film is considereire properties. Strength degradation igNgiis gen-
to be critical in inducing good low-temperature tougherally attributed to softening of the grain-boundary
ness, its presence typically limits properties at highhase [15]. Similarly, the creep rates of ceramics pos-
temperatures, such as oxidation, creep resistansessing a glassy grain-boundary phase are degraded
and strength. compared with the inherent creep resistance [16]. The
The origin of the glassy film is associated with thepresence of impurities, introduced as sintering addi-
presence of sintering additives. Due to the nature @fes, often also reduces the oxidation resistance of
the bonding, as well as vapor pressures, surface a8dN, and SiC [17].
grain-boundary characteristics make densification in Since the deleterious effects of the grain-boundary
ceramic systems difficult without such additionsand secondary phases on the high-temperature proper-
These additives promote mass transport either in tiies are well documented, several approaches have
solid state or by a liquid-phase formation. Whilebeen employed to improve creep and strength without
many have been employed in processing SiC, ttompromising the fracture toughness. These include:
most common are B and C [5], AD; [6], Al,O; and (1) crystallization of the grain-boundary phase [18,
Y .03 [7]. However, in an attempt to avoid the trade19], (2) changing the chemistry of the secondary
off between low-temperature toughness and high-terphase [20], and (3) reducing the amount of sintering
perature strength, recent research has focused omdditives to minimize the volume of glass present in
monolithic SiC which is hot-pressed with additionghe final microstructure [21]. The most important
of Al metal as well as B and C. This material, whichparameter governing several of the high-temperature
has been termed ABC-SIiC, has been shown to hapeoperties is the viscosity of the grain-boundary film.
an ambient-temperature fracture toughness as highBs increasing the viscosity, either by crystallization
9 MPa nt2 with strengths of-650 MPa [8], mechan- or by altering the additives to produce a more refrac-
ical properties that are among the highest reported ftory phase, the high-temperature properties, parti-
SiC. The high toughness, which should be comparenllarly creep and fracture strength, can be signifi-
with that of a commercial SiC~2.5 MPa n¥?), has cantly enhanced.
been attributed to various crack-bridging processes inIn the present work, we examine the first of these
the crack wake resulting from the intergranular cracktrategies, i.e., specifically how the elevated-tempera-
path [9]; specifically, crack-tip shielding from bothture mechanical properties of ABC-SiC are affected
elastic bridging and frictional pull-out of the grainsby the nature of the grain-boundary film/phase, and
provides a major contribution, with the frictional pull-investigate whether its superior room-temperature
out component likely to be the most potent. strength and toughness properties [8, 9] can be
In situ toughening in SiC results from the largeretained at high temperatures. Moreover, due to the
elongated, plate-like grains that are brought about lmontradictory nature [22—-32] and paucity of data on
exploiting the B-SiC (cubic) to a-SiC (hexagonal) creep and especially cyclic fatigue processes in SiC
phase transformation. This is akin to the mechanisntgramics at such temperatures, not to mention the lack
in the SEN, system where acicular, needle-like of mechanistic understanding, studies are focused on
grains are obtained under appropriate processing cdhe characteristics of creep and fatigue-crack propa-
ditions [10]. The microstructure of ABC-SiC consistsgation behavior from ambient temperatures up to
of such elongated grains with an aspect raticcaf 1500C.
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 2. EXPERIMENTAL PROCEDURES
film that promotes intergranular fracture; strips o ; ;
crystalline phases, identified asgBIC,, Al,O,C and 21 Material processing
Al,O;, are also present at grain-boundary triple ABC-SiC was processed with submicromef&r
points. SiC starting powders, which were mixed with
The sintering additives function in severaladditions of 3 wt% Al (as powder with a nominal
capacities inin situ toughened SiC ceramics. Inparticle diameter of-5 um), 0.6 wt% B (as powder)
addition to promoting densification, they also acceleiand 2 wt% C (as Apiezon wax) additions. The calcu-
ate thep (cubic) toa (hexagonal) phase transform-lated value of 2% C was doubled since the carbon
ation at temperatures below 18@ Several other yield upon pyrolysis was determined to bé&0%.
additive systems, including AD; [6] and yttrium This carbon source also served as a binder. The Apie-
aluminum garnet (YAG), also lead to an improvedon wax was dissolved in toluene, and the other pow-
resistance to fracture in SiC; however, these have ndérs were added; the resulting suspension was agi-
as yet resulted in a ceramic with a toughness as highted ultrasonically for 5-10 min to minimize
as that of ABC-SiC [7, 11, 12]. agglomerate formation, and then stir-dried. The dried
The sintering additives in SiC andBli, are effec- material was then ground in a mortar and pestle prior
tive densification aids, but the liquid tends to remaito sieving through a 200 mesh screen.
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Hot-pressing was conducted for 1 h at 1900at temperature to withirt1°C. The test environment at
50 MPa pressure in a flowing argon atmosphere, ineevated temperatures was flowing gaseous argon at
graphite die using green compacts that were pretmospheric pressure; corresponding tests aC25
viously formed by uniaxial compression at 35 MPavere conducted in room air. Crack lengths were con-
in a metal die. The resulting hot-pressed disks wet@uously monitoredn situ at elevated temperatures
surface-ground and polished to auth diamond pow- by a direct-current electrical-potential drop technique.
der finish, prior to the machining of samples. Use of this technique was made possible by the elec-
trical conductivity of SiC at elevated temperatures;
the resistivity of SiC is~10( cm above 60tC.

2.2.1. Strength and creep resistanceHigh-tem-  peails of this method and other experimental pro-
perature strength and creep tests were performed dqyres are given in Refs. [38] and [39].
four-point bend on 3 mB8 mnx30 mm beam speci-

mens; teSting was conducted with a graphite bend r;gg Microstructural characterization

in a furnace equipped with tungsten mesh heating

elements under a flowing argon atmosphere. CreepAll fracture surfaces and crack profiles were ana-
experiments were conducted with an initial outer-fibelyzed in a field-emission scanning electron micro-
stress of 100 MPa; the strain was calculated accordisgope (FESEM). The atomic and structural nature of
to the method developed by Hollenbeeg al. [33]. the grain boundaries was also examined using high-
The stress was fixed for all experiments at temperaesolution  transmission  electron  microscopy
tures between 1100 and 15@ Results were com- (HRTEM). Chemical compositions of any grain-
pared with those of various D, ceramics reported boundary phases were analyzed by using an X-ray
in the literature [34-37]. In addition, the effect ofenergy-dispersive spectrometer (XEDS) with a 8 nm
prior prolonged exposure to elevated temperaturg@sobe. In addition, the microstructure and damage in
(annealing) was considered; specifically, the benggions directly ahead of the crack tip were examined
strength was evaluated before and after thermby transmission electron microscopy (TEM).
exposures of up to 7 days at 18@0(in an argon Specifically, 3 mm diameter TEM foils were taken
atmosphere). from the crack-tip region of fracture and fatigue test

2.2.2. Fracture toughness and fatigue-cract?pedmens such that the crack line was parallel to the
growth.  Fracture toughnes¥() and cyclic fatigue- @xis of the foil with the crack tip located500um
crack growth tests were performed on disk-shapéV@y from the foil center. The foils, which were
compact-tension DC(T) specimens (28 mm wide, ground down to 20um using a precision dimpling
mm  thick), containing “large” (>3 mm) through- machine aqd further thmngd by argon-ion milling,
thickness cracks. Toughness testing was performed W§'e¢ €xamined on a Philips CM200 microscope,
fatigue pre-cracked specimens at temperatur@9erating at 200 kV.
between 25 and 130Q; in addition, the toughness
of as-processed samples was compared with that of
samples following a prior thermal exposure for 85 h 3. RESULTS AND DISCUSSION
at 1300C.

Cyclic fatigue-crack growth testing was performed.1. Microstructure prior to high-temperature testing
in general accordance with ASTM Standard E-647.

Specifically, DC(T) specimens were cycled at 550, The microstructure of as-processed ABC-SiC con-
850, 1200 and 130C€ under automated stress-intensisted of a network of interlocking plate-like grains
sity (K) control while maintaining a constant loadof 5 vol% B-phase (cubic polytype 3C) and 95 vol%
ratio (ratio of minimum to maximum applied loads)a-phase (49 vol% 4H and 46 vol% 6H hexagonal
of R=0.1 at frequencies ofv =3 and 25 Hz polytypes), with a maximum grain aspect ratiocat
(sinusoidal waveform); corresponding tests at@5 4 to 5. This grain morphology is quite distinct from
were carried out under the same conditions only #fat of toughened silicon nitrides, where the grains
frequencies of 25 and 1000 Hz. Cyclic fatigue-crackypically possess high aspect ratios and are acicular,
growth rates (e/dN) were monitored as a function of or needle-like, in shape [10]. Between the grains, an
applied strength intensity under decreasikiy con- amorphous grain-boundary film, typically-1 nm
ditions, with a normalizedK-gradient (1K-dK/da) set thick and rich in Al, O and C [40], can be seen in the
to —0.08 mm L. Limited crack-growth measurementshot-pressed material (Fig. 1). The remaining sintering
were also performed under sustained loading (stat@alditives were found to form bulk secondary phases
fatigue/creep) at 130C, with the stress intensity held at triple junctions and multiple-grain junctions; these
at the same ., level used in the cyclic tests. phases were identified as B8l,C; and Al,O,C [8, 41,

All toughness and crack-growth experiments werd?2]. In addition, in specifici-SiC grains, the presence
conducted on computer-controlled servo-hydrauliof isolated dislocations could be seen; these dislo-
mechanical testing machines. Elevated-temperatucations, which were always in very low densities, are
tests were performed in an environmentdikely to be partial dislocations bounding the stack-
chamber/furnace with graphite elements that maintaing faults.

2.2. High-temperature mechanical properties tests
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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 abovell0CC for times in excess of
~5h. Moreover, the average thickness of grain-
boundary film decreased to less thah 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;Si,
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°Z5
was increased after the crystallization, as discussed in
detail elsewhere [45]. In addition, the toughness at
both 25 and 130C 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
Fig. 1. High-resolution transmission electron micrograph of as- . . . L
processed ABC-SIC, showing the amorphous grain-boundal arset grf'a.ln sizes In Csfl“ and SiC; howevgr, the
film. 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
3.2. Strength and fracture toughness below) can increase the resistance to cyclic fatigue

as well.
The fracture toughness of the as-processed ABC-

SiC was measured && = 6.2 MPa m’? at 25°C and
4.3 MPa m¥? at 1300C. However, annealing for 85
h at 1300C led to a~20% increase in toughness over
these values, witl, = 7.2 MPa n¥? at 25C and 5.2 _
MPa mi”? at 1300C. Fracture surfaces in all caseds //f
were predominantly intergranular. 4

lower at higher temperatures, specifically fro
~515 MPa at 2%C to ~100 MPa at 130TC, with

load/displacement plots at both temperatures rema
ing completely linear. Studies on g8, have shown

a similar reduction in strength with increasing temy
perature [14]. However, as with the toughnes
behavior, in ABC-SIiC thermal annealing treatment
tended to improve the mechanical properties, in th
case quite markedly. Specifically, annealing for

Ve

R

-

R
LTINS

strength at 130TC.
HRTEM examination of as-processed bend spedi@ds
mens tested at 136G showed that the grain-bound-##/#
ary phase was still fully amorphous (Fig. 1). Thusj#
whereas the room-temperature strength is governy
by the presence of flaws, the fivefold decrease
strength at elevated temperatures can be attributeds/ "
the softening of this phase and from grain-bounda %
sliding [15, 18]. Such observations are consistent witi*
published results on $N, with amorphous grain- _ ) ) o )
boundary phases [43]. Fig. 2. High-resolution transmission electron micrograph of a
grain boundary in ABC-SiC after high-temperature annealing

In CQntraSt, following prolonged h_igh'temperaturé(1400’C/84O h), showing that the amorphous layer has become
annealing, where the 1300 strength increased four- fully crystallized.
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3.3. Creep behavior

The creep properties of ABC-SIiC between 110 Tensile Axis
and 1500C, in the form of the logarithm of the strain
rate, loge, as a function of reciprocal temperature
1/T, are compared in Fig. 3 with bending creep teq
results for three grades of silicon nitride and SiC wit
0.3% Al [34-37]. It can be seen that the creep resi
ance of ABC-SIC is comparable to, or significantl
better than, the creep resistance of these ot
advanced ceramics. The apparent creep activati
energy,Q, was calculated to be-225 kJ/mol at a
stress of 100 MPa. In addition, Norton power-la
behavior, with a stress exponentad 1, was found
for tests conducted between 50 and 200 MPa [47],

Although creep rates at 1400 for ABC-SiC and
the best SN, [35] were comparable, the lower tem-
perature dependence and activation energy of ABEig. 4. Transmission electron micrograph of ABC-SiC showing
SiC meant that it exhibited lower steady-state Cre%slocations, Ioc_:ated in a residugiSiC grain, on the tensile
rates than any S, as the temperature was increase§?9¢ °f 2 Spec'menofrfgttstl%gﬁfgg 670 h under a stress
to 1500C. ABC-SIC also exhibited low creep rates '
at stresses that were a much higher percentage of its
fracture strength than the silicon nitrides; fooundary cavities were observed on the tensile, but
example, the $N,/SiC nano-composite had a similarnot compression, side of the beams (Fig. 5). Cavities
creep rate in bending at 1400, but with a bend were formed both at two-grain and multiple-grain

strength of 895 MPa, compared witlB00 MPa for junctions. Even at higher temperatures, while the dis-
ABC-SIiC. location density was higher, slip bands were still not a

On the microscopic scale, a low density of dislodominant feature. As noted above, the grain-boundary
cations with no apparent slip bands could be observéitms became fully crystallized during the long hold-
occasionally in isolated grains in ABC-SiC (Fig. 4);ing times at creep temperatures, similar to behavior
the density of these dislocations increased witHuring pre-annealing and fatigue testing (Fig. 2).
increasing temperature. Evidence of cavitation, howAdditionally, the concentration of impurities in the
ever, was not found after creep (and fatigue) testigeundary film was found to increase slightly com-
at 1300C (and below). The threshold for creep cavitpared with the as-hot-pressed material; in addition,
iation appeared to be around 1400 where grain- the aluminum concentration increased as the creep

temperature increased [40].
Evaluation of the stress and temperature depen-
Temperature, T (°C) dence, in conjunction with the microstructural

1600 1500 1400 1300 1200 changes, indicated that the controlling creep mech-
T T 1 T 1 T T 1

10_4 3 anism in ABC-SiC was grain-boundary sliding
107 3

210 1

L A7 . . 3

& 10 SigNyg+30%SiC 3

C 4n-8 N

T 10 / N

) 10° SiC+0.3%Al
10" i 9 “

104/ Temperature (1/K)
Fig. 3. Comparison of creep rates for ABC-SiC (dashed lingfig. 5. Transmission electron micrograph of ABC-SiC showing

with various silicon-based ceramics (solid lines). All data wergrain-boundary cavities at two-grain junctions on the tensile
collected from bend creep tests at a load of 100 MPa. edge of a specimen crept at 14@0for 840 h under 200 MPa.
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accommodated by diffusion along the grain-boundaryracking ahead of the tip, balanced by shielding by
film/silicon carbide interface. A parallel mechanisngrain bridging in the wake, both essentially rate-

of cavitation was also operative above 1200n ten-

insensitive processes [49-51]. However, the absence

sile-loaded regions, but the low density of cavitie®f a frequency effect at elevated temperatures is much

present and the stress exponent of unity suggest tmbre surprising,

cavitation was not the dominant component in th

particularly since comparable
materials, such as $,, Al,O; and silicide-matrix

creep deformation at the temperatures and totaéramics, show a marked sensitivity to frequency at
strains examined. Further details on the creep mectemperatures due to the onset of creep damage above

anisms in ABC-SIiC are reported elsewhere [47].

3.4. Fatigue-crack growth behavior

~1000C [22, 25-27, 52]. As described below,
fatigue fracture mechanisms at 850 to 1300n the
present material were effectively identical to those at

Figure 6 illustrates the variation in fatigue-crackoom temperature, which is consistent with the

growth rates, ddN, with applied stress-intensity
range,AK, 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 fatigu

absence of significant creep phenomena below
130CC.

- The fracture toughness and fatigue-crack growth
eesistance of ABC-SiC were found to be far superior

behavior. It can be seen that at both ambient and elelo- those of commercial SiC (Hexoloy) at both room

ated temperatures, crack-growth rates display
marked sensitivity to the stress intensity regardless
the loading frequency; this is a common characterist

and elevated temperatures. Results at 25 to 4300
wfich are compared with ABC-SiC in Fig. 6, indicate
tbat Hexoloy fails catastrophically, with no cycle-

of monolithic ceramics at low homologous temperadependent cracking, at stress intensities some 40—
tures [48]. In terms of a simple Paris power-law for50% lower than the fatigue thresholds in ABC-SiC.

mation:

da/dN = CAK™ 1)

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

(where C and m are scaling constants), these datayclic and static (sustained) loading is shown in Fig.

show a Paris exponemh between 35 and 68.

7. It can be seen that at both ambient and elevated

Although changing the cyclic frequency over thdemperatures, growth rates in ABC-SiC under cyclic
range 3 to 1000 Hz had little effect on fatigue-crackoads were significantly faster than under sustained
growth behavior, growth rates were accelerated witloading (static fatigue) at equivalent stress-intensity

increasing temperature. IndeedlK,, fatigue thresh-
olds were decreased from just over 5 MP&?nat
25°C to between 3.3 and 3.4 MPa'fhat 1200C;
interestingly, there was no further decline at 1300
Mechanistically, the lack of a frequency effect in
ABC-SIiC at ambient temperatures is expected ¢
crack advance occurs via predominantly intergranuli

F v=1000Hz
® 25C 1300°C
» o 850°C
- 25°C
(v=25H2)

N

Crack Growth Rate, da/dN (m/cycle)

-
o,

-
i

E R=0.1
E(Sine wave)

[e]
8
=]
°
O

Cémmen'cal
SiC (Hexoloy)

4
Stress Intensity Range, AK (MPam'?)

1 2 3
Fig. 6. Cyclic fatigue-crack growth ratesa/dN, in ABC-SiC

as a function of the applied stress-intensity rang€, for the
tests conducted at temperatures between 25 and°C308ad

levels. Such behavior has been observed previously
in Mg-PSZ [53, 54], AlO; [55] and SiN, [56], and

L L L B B
gl —0—25C. K=K, =59 MPam" ]
£ | o 1300°C, K, =K__ =4.1 MPam"?
E ]
© L ]
<06} __o—90—9° ]
.S i ‘) Static loading |
(2]
& I K=Kq ]
/D/EI ax
";".: 0.4 _0 4 ﬂ
Vot z _
XX [7]
S - ]
6 I £ Kmax 1
0.2 @ i
[0}
Cyclic loading # 1
(v=25, R=0.1) E——t—= 1
Time E
00 L 1 1 1 1 1 | ' N N 1 N N
0 50 100 150

Time, t (min)

Fig. 7. Crack extension\a, plotted as function of time, dem-
onstrating the effect of sustained loading versus cyclic loading

ratio R=0.1, and frequencies between 3 and 1000 Hz. Faronditions, at a fixed maximum stress intensik; € Ko,

comparison, the crack-growth behavior of commercial Si®lotted is behavior at 2&, wherekK,

(Hexoloy) is also illustrated.

Ko = 5.9 MPa m’2
Konex = 4.1 MPa M2

and at 130€C, wherekK,
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is consistent with the fact that at low temperaturegbservations. Akin to behavior at room temperature,
crack-advance (damage) mechanisms are identi@ahck extension at 130C under both sustained and
under both types of loading; specifically, it is the cyceyclic loading was predominantly along the grain
lic-loading-induced degradation in wake shieldindooundaries with no indication of cavitation damage
that accelerates growth rates under cyclic loads. bBhead of the tip or viscous-phase bridging in the wake
contrast, the sustained-load mechanisms at elevafgtdg. 9). HRTEM observations also revealed that the
temperatures are generally far more damaging in sughain-boundary films had fully crystallized (e.g., Fig.
ceramics as AD; and SiN, [22, 26—-28] because of 2) in situ during the high-temperature fatigue tests,
the onset of creep damage, which can cause softeniwgich typically lastedca. 3 to 10 days at 120C
and cavitation in the grain-boundary films [23]. Suctor 1300C.
behavior was not seen in ABC-SiC at temperatures The absence of creep damage and/or viscous
up to 1300C. softening of the grain-boundary phase at 13D0n
Scanning electron microscopy (SEM) of fractureABC-SiC is quite startling. In SN, [24, 25], Al,O;
surfaces and crack profiles in ABC-SIiC at 1300 [26] and silicide-matrix composites [52] at these tem-
revealed a predominantly intergranular fracture undgeratures, cavitation along grain boundaries,
both static and cyclic loads [Fig. 8(a) and (c)], withmicrocracking zones and viscous-phase bridging are
extensive interlocking grain bridging behind the crackommonly observed. The unique high-temperature
tip [Fig. 8(b) and (d)]. Also noticeable on the cycliccharacteristics of ABC-SiC appear to be a result of
fatigue surfaces was the presence of debris, formed the in situ crystallization of grain-boundary glassy
wear and abrasion of the bridging crack faces duringhase.
cycling. Fracture surfaces at 25 were essentially  Even though the primary mechanisms of damage
identical [9], implying that a similar sequence of(intergranular cracking) and shielding (grain
mechanisms, namely intergranular cracking coupldatidging) are apparently unchanged between 25 and
with degradation of the resulting wake zone of bridg1300°C in ABC-SIC, there is a small change in the
ing grains, is active at both temperatures. fatigue-crack growth resistance in that fatigue thresh-
TEM studies of regions in the immediate vicinityolds AKy, are approximately 30% lower at the higher
of the crack tip provided direct confirmation of theséemperature. This may be rationalized by considering

Fig. 8. Scanning electron micrographs of (a, c) fracture surfaces and (b, d) crack trajectories behind the crack
tip in ABC-SIiC at 1300C under (a, b) cyclic loading with frequenoy= 25 Hz, load ratioR=0.1 and
maximum stress intensitK.,=4.1 MPa n¥% and (c, d) static loading with stress-intensity factor

K, = 4.1 MPa m2. Arrows indicate direction of crack propagation.
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<— cyclic loading JyTagly) — static loading Y

Fig. 9. Transmission electron micrographs of the crack profiles at the crack-tip region in ABC-SiC &1300
under (a) cyclic loading R=0.1, v=25Hz, K, .,=4.1MPant? and (b) sustained loading
(K, = 4.1 MPa m¥?). Arrows indicate the general direction of crack propagation.

the nature of grain bridging [57, 58] and its degra 107
dation under cyclic loading due to frictional wear [59, E T=1300°C
60]. The pull-out resistance from frictional tractions___ i
generated via sliding contact of opposing crack face2 10*
[61] is proportional to the normal stress acting on th'g’
interface, which in turn is a function of the residua ®
stress resulting from thermal expansion anisotrop &
during cooling from the processing temperature [57 £
As the residual stresses will “anneal out” with® 10
increasing temperature, the normal stress wi
decrease. However, once crystallization of grair — 4q4¢ [ A L
boundary phase occurs abov&10CC, the frictional 2 4 6 8 10 12 14 16 18
coefficient may be expected to be higher. Thus, t- Fracture Toughness (MPam'?)
minimal change in cyclic fatigue properties between ) )
25 and 1300C can be related to: (1) the lack of anyF|g. 10. Summary of Ilte_rature da_lta on S|multaneous_ creep and
- - oughness values for SiC and;Sj at 1300C. ABC-SiC can
apparent change in mechanisms, (2) the fact that tfg

- : . : & processed to be significantly better than the general trend.
decrease in residual stress with temperature is com-

pensated by an increase in the frictional coefficienfyre and composition up to high temperatures. In
and (3) the absence of significant creep damage, tA@C-SiC, this can be achieveih situ at elevated
|atte|’ two effeCtS being associated W|th the Situ temperatureS, or by a hlgh_temperature annea'ing pro_
crystallization of the grain-boundary phase. Such @ess. Whereas high-temperature post-processing treat-
result is consistent with previous studies in other cefnents of this kind are relatively uncommon for
amics that show a beneficial effect of crystallizatiornhancing the properties of ceramics, their value is
on oxidation and mechanical properties at elevateslident here. It should be added that the beneficial

108

temperatures [62—65]. effects of the Al, B and C additives and the sub-
sequent heat treatments could not, at this time, have
4. CONCLUDING REMARKS been predicted from either first-principles compu-

] tations or existing lore, but rather resulted from exten-
Structural ceramics have often been regarded 8ge experimentation and application of general
exhibiting a conflict between toughness, strength angaterials science principles. It is hoped that, in the
fatigue resistance. Indeed, this conflict is not unlikg,iyre, computational efforts may assist in further
the competition between brittleness and strength ieveloping the necessary nature and role of the grain-
metallic systems. A summary of many results oBoundary films, to improve further the mechanical

creep and toughness at 13@0for SiC and SN pehavior of these high-temperature structural cer-
extracted from the literature, is shown in Fig. 10 tgymics.

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-The high-temperature mechanical properties,
talline grain-boundary film that retains a stable strudncluding strength, fracture toughness, creep and cyc-

5. SUMMARY AND CONCLUSIONS
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lic fatigue properties, of ain situ toughened silicon bridging was degraded under cyclic loads, as evi-
carbide sintered with Al, B and C (ABC-SiC) have denced by the extensive wear debris on fatigue
been studied, and related to the corresponding micro- fracture surfaces. No evidence of creep cavitation
structural and mechanistic characteristics. Based on or any form of viscous-ligament bridging by the
this work, the following conclusions can be made. grain-boundary glassy phase was seen at all tem-
peratures up to 130C. The mechanistic sequence
1. High-temperature annealing at 1100 to 18D0  of intergranular damage ahead of the crack tip, and
was found to lead to a remarkable improvement the cyclic-loading-induced degradation of grain
in mechanical properties. For example, although bridging behind the tip, was considered to be
the bend strength of as-processed ABC-SIC was essentially unchanged between 25 and 2800
decreased from-515 to~100 MPa with increase 7. HRTEM observations revealed that the grain-
in temperature from 25 to 130G, prior annealing boundary film/phase in specimens which
for 7 days at 1500 resulted in a factor of four  underwent high-temperature ~ =(1100C)
increase in strength at 13W0. Similarly, the fatigue/creep tests or prior annealing treatments
~30% decrease in fracture toughness between 25 were all fully crystallized. Such crystallized grain
and 1300C was partially offset by prior annealing  boundaries are considered to be the primary reason
for 85 h at 1300C, which produced a-20% for the impressive mechanical properties of ABC-
increase of toughness at both 25 and T&8®uch SiC at elevated temperatures, involving simul-
annealing treatments were found to result in full taneous enhancements in high-temperature
crystallization of the glassy grain-boundary phase. strength, toughness, fatigue and creep resistance.
. The creep resistance of ABC-SiC was found to be
comparable to, or better than, that of most silicomcknowledgementsThis work was supported by the Director,
nitrides reported in the literature. Moreover, it dis-Office of Science, Office of Basic Energy Sciences, Materials
played a much lower temperature dependence §piences Division of the US Departmgnt of Energy under Con-
steady-state creep rates with a creep activati ct No. DE-AC03-76SF00098. Particular thanks are due to
. rs J. M. McNaney and C. J. Gilbert for helpful discussions
energy of~225 kJ/mol at an applied stress of 10

nd experimental assistance.
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.
. Mechanistically, dislocations (but not slip bands)
were seen in creep specimens in isolated grains,
with a density that increased with increasing tem-2.
perature. However, extensive creep damage in thé.
form of grain-boundary cavitation was not seen at®
any temperature below 14%0; isolated cavities
were observed above 14WD at two-grain and 6.
multiple-grain junctions, but only on the tensile 7.
side of the creeping beams.
. Based on these observations, the controlling cree%‘
mechanism in ABC-SiC was reasoned to be graing
boundary sliding accommodated by diffusion

along the grain-boundary film/SiC interface; cavi-10.

tation was not found to play a significant role in
creep deformation at temperatures up to P800 44
. Cyclic fatigue-crack growth rates in ABC-SiC
were only minimally increased, andlK, thresh-

ture from 25 to 1308C; behavior, however, was
independent of frequency. At equivalent stress-

intensity levels, crack-growth velocities under cyc45.

lic loads were significantly faster than those under
static loads at both 25 and 13@ The fatigue-
crack growth resistance of ABC-SiC was found to
be superior to that of commercial SiC (Hexoloy)
at all temperatures tested.

. Crack profile and fractographic studies showed a
predominantly intergranular cracking mode at bot

low and high temperatures, with crack-tip shield4g

ing by grain bridging in the crack wake. Such

12.
olds decreased by30%, with increase in tempera- 13-

17.
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