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Abstract. This paper provides an overview of sorne recent work on high temperature crack 
growth in ceramics and ceramic composites subjected to static and cyclic loads. First, general 
descriptions of mechanical fatigue effects in brittle solids are presented. Then, possible causes 
for mechanical fatigue effects in alumina-based ceramics and composites in the high temperature 
envíronment are discussed in terms of both crack-tip damage processes and crack wake effects. It 
is seen that crack growth rates under cyclic loads cannot, in general, be predicted solely on the 
basis of the known creep crack growth rates under static loads. Particular attention is focused 
on the effects on crack growth rates of the presence of intergranular and interfacial glass films, 
which either remain from the processing stage orare formed as a result of phase transformations 
in the high temperature environment. 

1. INTRODUCTION 

5 

The susceptibility of advanced ceramic materials 
to subcritical crack growth under staticfquasi-static 
and cyclic loading conditions has been the topic of 
considerable research in the recent past. Studies in 
this area have revealed the possibility of enhancing the 
damage tolerance of ceramic materials by recourse to 
a variety of toughening mechanisms (e.g., [1-4]). In 
addition it has become evident that ceramic materi
als can ~lso be prone to failure by true mechanical fa
tigue effects ( e.g., [5-10]), and that mechanisms which 
enhance the apparent fracture resistance under quasi
static loading conditions can, in fact, be detrimental to 
fracture behavior under cyclic loading conditions ( e.g., 
[11]). It is also found that in general, the cyclic crack 
growth behavior of ceramic materials cannot be deter
mined solely on the basis of information obtained on 
quasi-static fracture. 

The significant majority of available results per
tain to the fracture resistance of ceramic materials at 
room temperature and there is a critica! need to under
stand the high temperature crack growth characteris
tics of ceramic materials under testing conditions that 
are representative of potential service environments. 
This paper presents an overview of recent work [12-15] 
on the high temperature fatigue crack growth charac
teristics of polycrystalline alumina and alumina rein
forced with SiC whiskers. The discussion is necessarily 
brief because of space restrictions. 

2. MATERIALS AND EXPERIMENTS 

The materials discussed here are (i) a 90% pure 
polycrystalline aluminum oxide which is commercially 
available as Grade AD 90 from Coors Ceramics Co., 
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Golden, Colorado, USA, and (ii) an alumina ceramic 
reinforced with 33 vol.% SiC whiskers which is com
mercially available as Grade WG 300 from Greenleaf 
Corporation, Saegertown, PA, USA). In the monolithic 
alumina, the main impurities present as amorphous 
grain boundary films are composed of silica, magnesia, 
and calcia with trace amounts of iron oxide, sodium ox
ide and potassium oxide. The range of grain sizes found 
in the alumina is 2-10 pm with an average grain size 
value of 4 pm. The tensile and compressive strength 
values at room temperature are 221 and 2482 MPa, 
respectively, and the corresponding values at 1000°C 
are 103 and 517 MPa, respectively. In the cerarnic 
composite, the SiC whiskers have diameters largely be
tween 0.1 and 1 pm, and aspect ratios of 10-100; the 
grain size of the matrix a-alumina is 1-5 pm. The 
interface between the matrix and the reinforcement is 
mechanically bonded with only small amounts of pre
existing glass phase present at the interface as a result 
of processing. Full details of the microstructure for 
both materials can be found in [4,12-15]. 

Crack growth experiments in the high tempera
ture environments were conducted using single-edge
notched and fatigue-precracked four-point bend spec
imens of approximately 50 mm length, 10 mm width 
and 5 or 9 mm thickness. Tensile crack growth was 
induced in the bend specimens in the high tempera
ture air environment under either static loads or cyclic 
loads (sinusoidal waveform, frequency, Ve = 0.13 and 
2 Hz, and load ratio, R = 0.15). A fixed tempera
ture of 1050°C was used for the alumina specimens, 
while experiments were conducted at 1300, 1400, and 
1500°C for the ceramic composite. (Results for only 
the 1400°C tests are discussed here for the ceramic 
composite.) The damage at the tip of the static and 

fatigue cracks in the ceramics was studied in de
tail using transmission electron microscopy. Full de
tails of fatigue precracking, crack growth determina
tion, testing procedures and crack-tip mícroscopy for 
the high temperature creep fracture and creep-fatigue 
tests can be found elsewhere (4,12-15]. 

3. MECHANICAL FATIGUE EFFECTS 

Recent work [11,13] on fatigue crack growth in 
brittle solids has demonstrated the existence of me
chanical fatigue effects ( attributable to load flucua
tions) whereby crack propagation mechanisms and/or 
crack growth rates under cyclic loads are significantly 
altered as compared to those under static loads. Avail
able information on the static and cyclic fatigue of ce
ramic materials clearly shows the possibility of fatigue 
behavior which conform to one of the following cate
gories: 

l. Mechanical fatigue in which the macros copie mode 
of fracture under cyclic loads is distínctly different 
from that seen under static loads at both room and 
elevated temperatures. This type of fatigue occurs 

under uniaxial cyclic compressive loads which are 
imposed on notched plates ór cylindrical rods of 
ceramic materials [8,10,11,14,16]. 

2. Differences between the micromechanisms of crack 
tip deformation subjected to static and cyclic loads. 
Such differences are commonly observed during 
the high temperature fracture of both monolithic 
ceramics and cerarnic composites [12,14]. 

3. Micromechanical cyclic fatigue effects induced by 
the kinematic irreversibility of mícroscopic defor
mation, analogous to slip irreversíbility in fatigued 
metals. This effect can arise from crack-tip defor
mation processes ( such as rnicrocracking, marten
sitic phase transformation, creep cavitation, vis
cous deformation of glassy films, or frictional slid
ing along interfaces) which promote differences in 
the fracture resistance seen under static and cyclic 
loads [8-12]. 

4. Micromechanical fatigue effect induced by crack
wake contact. This effect can be promoted by such 
factors as grain-bridging or fiber-bridging of crack 
faces, roughness-induced crack closure and the as
sociated locking of crack-face asperities, pumping 
of the amorphous films within the crack walls by 
repeated cyclic loading, or bridging of the crack 
faces by debris particles created by repeated con
tact [11-15,17]. 

The results and discussions presented in this paper 
illustrate the existence of mechanical fatigue effects on 
the basis of the last three phenomena listed above. 

4. RESULTS AND DISCUSSION 

Figure 1 shows the fatigue crack growth rates, 
dafdN, as a function of the nominal value of stress 
intensity factor range, D.!{, for the alurnina ceramic 
subjected to cyclic loads in 1050°C air. For the partic
ular set of results shown in Fig. 1, the stress intensity 
factor range provides a reproducible characterization 
of crack growth response because of the small inelastic 
( creep) zone at the tip of the crack. In the mid-range 
of crack growth, a Paris-type relationship is seen where 
daf dN = e( D.K)m, where e is a material constant 
and m is the Paris exponent. The values of e are 
2.8x10-10 and 6.3x10-11 m/cycle·(MPa)-m, respec
tively, for Ve = 0.13 and 2Hz, (when D.I< is in units of 
MPav'ffi). m is approximately 10 and 8, respectively, 
for the two cases. At any given D.I< value, a frequency 
of 2 Hz causes a significantly slower crack growth rate 
compared to 0.13 Hz, with this difference being up to 
two orders of magnitude at certain f:.J( values. 

The results of Fig. 1 are re-plotted in Fig. 2 which 
shows the variation offatigue crack growth rates dafdt 
(= dafdN x ve) with the maximum stress intensity 
factor range of the fatigue cycle, I< max ( = !:::.!{ / ( 1 -
R)). Fig. 2 also includes the crack velocity dafdt for 
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sustained load fracture (static fatigue) plotted against 
the static stress intensity factor K¡. It is seen that 
at the same value of K¡ and Krnax, the static crack 
growth rates are significantly higher than the cyclic 
crack growth rates, with the difference in growth rates 
for the two cases increasing with decreasing K and in
creasing frequency. Also indícated in Fig. 2 (by dashed 
line) are the predictions of cyclic crack velocities solely 
on the basis of static crack growth data by integrating 
the static crack growth rates over the time period of 
the fatigue cycle ( which assumes that the mechanísms 
of static and cyclic crack growth rates are identical). 
A cornparison of the predícted crack velocities with ex
perimental data for cyclic fatigue clearly reveals sig
nificant differences. It can thus be seen that there is 
no unique correlation between static and cyclic crack 
growth behavior for ceramics in the high temperature 
environment. This inference is in contrast to sorne ear
lier conclusions r18,19] based on limited data where 
it was suggested that high temperature fatigue crack 
growth rates for ceramics could be predicted solely on 
the basis of static fracture data because any apparent 
cyclic fatigue was merely a manifestation of creep crack 
growth or stress corrosion cracking. 

For both static and cyclic loading of the alumina 
cerarnic, fracture occurs predominantly by intergranu
lar separation. However, there are significant mecha
nistic differences between the two cases whích promote 
apparent differences in the crack velocities seen in Fig. 
2 [15]. (i) The 90% pure alumina contains amorphous 
films along facets which undergo viscous deformation 
in the high temperature environrnent. Fig. 3(a) shows 
the presence of viscous films bridging the faces of the 
crack in the cerarnic. Fig. 3(b) shows a grain facet 
covered with molten glass phase [15]. Since the glass 
film is strain-rate sensitive, cyclic loading causes a dif
ferent deformation response than static loading. Fur
thermore, the deforrnation of viscous glass phase is ex
pected to be affected by the frequency of cyclic loading. 
(ii) The propensity for intergranular fracture causes mi
croscopically tortuous crack paths during both static 
and cyclic fracture, Fig. 3( e). However, the nature of 
frictional sliding and contact between the mating as
perities of the crack faces subjected to repeated cyclic 
loading is different from that for static loading. In the 
former case, repeated loading and unloading, in con
junction with rubbing along crack faces, leads to the 
formation of debris particles of alumina on the frac
ture surfaces, Fig. 3( e). Cyclic loading also exerts a 
pumping action on the viscous glass films present on 
the crack faces. 

These mechanistic differences for fatigue fail ure re
sponses between static and cyclic loads cause marked 
variations in the crack propagation rates, as seen in 
Fig. 2. The principal cause of subcritical crack growth 
seen in the alumina ceramic has been identified to be 
the presence of arnorphous glassy phases left from the 
processing of the ceramic [15]. The viscous creep of 
the glass phase in the high ternperature environment 

imparts a propensity for inelastic deformation, which 
is reflected in the extent of subcritical crack growth 
seen in Figs. 1 and 2. If the extent of glass formation 

is significantly reduced, as for example in the case of 
the AD 999 alumina (99.9% pure), the propensity for 
subcritical crack growth is also drastically diminíshed. 
Both static and cyclic fracture tests conducted on the 
AD 999 alumina reveal a high threshold for the on
set of fracture, which occurs catastrophícally as K¡ or 
Kmax approaches the fracture toughness, Klc· This is 
in contrast to the behavior seen in the 90% pure alu
mina where subcritical crack growth commences at K¡ 
or Kmax values that are as low as 0.25Klc· 

The glass phase in the monolithic alumina ceramic 
was formed during the processing of the ceramic mate
rial. While su eh pre-existing glass films are now known 
to play a significant role in influencing the fracture be
havior of cerarnics, it has also become evident that, 
even in initially glass-free brittle solids, significant lev
els of the glass phase could be formed as a result of 
in situ phase transformations during the high temper
ature test [11-14]. A dernonstration of thís effect is 
provided here with the aid of data obtained for alu
mina reinforced with 33 vol.% SiC whiskers. 

When the SiC whiskers in the A!z03-SiC compos
ite are exposed to oxygen at ternperatures typically in 
excess of 1250°C, they forma Si02 glass phase inítially 
along the interface with the matrix alurnina [11-12]. 
(Depending on the temperature, environment, loading 
and microstructures of the constituents of the cornpos
ite, the SiC whisker and the silica glass can also react 
with matrix to form alurnino-silicate glasses, mullites. 
For the particular set of experiments reported here, the 
primary reaction product is silica glass [4,20-22].) In 
an unnotched, uncracked block of the ceramic compos
ite, such oxidation will be confined to the near-surface 
regions of the material. However, in plates of the ce
ramic composite containing through-thickness notches 
or cracks, phase transformation leading to the forma
tion of glass will occur through the thickness of the ma
terial. As the glass phase becomes viscous in the high 
temperature environment, stress-assisted viscous flow 
of the glass in the near-tip regions promotes extensive 
cavitation along the interfaces and grain boundaries. 
The growth and coalescence of such cavities leads to 
the formation of a zone of rnicrocracks around the main 
crack tip. The development of interfacial cavities is ev
ident in the crack tip transmission electron micrograph 
of the cerarnic composite (Fig. 4) subjected to tension 
fatigue in 1400°C air [12]. Figure 5 shows an exam
ple of the creation of a zone of rnicrocracks ahead of 
a main crack tip in the Ah03-33 vol.% SiC compos
ite subjected to tensile loading in 1500°C air [4]. Note 
the presence of open microcracks in this micrograph 
taken in the fully unloaded condition which is indica
tive of the permanent strains developed in the crack-tip 
region. The permanent changes in the elastic proper
ties of the material in the crack-tip region due to mi
crocracking, along with microcrack-main crack ínter-
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actions, create cyclic damage zones to develop during 
fatigue loading [11]. These zones, analogous to cyclic 
plastic zones in metal fatigue, have a pronounced ef
fect on such phenomena as crack growth retardation 
in variable amplitude fatigue and nucleation of fatigue 
cracks from notches under cyclic compression loading. 

Detailed transmission electron microscopy analy
ses of crack tip damage ha ve shown that there are sorne 
intrinsic differences in the very mechanisms of defor
mation at the crack tip seen under static and cyclic 
loads [4,12,14]. Figure 6(a) is a transmission electron 
micrograph of damage seen in the near-tip region in a 
specimen subjected to static fracture in 1400°C air at 
K¡ ~ 3.5 MPayTrrí. This figure reveals that under sus
tained loads, a significant fraction of the SiC whisker 
can be converted to glassy regions (white areas in the 
figure, such as the one indicated by the arrow in the 
center of the figure). Such bulk oxidation, however, is 
not seen when the tensile stress fluctuates. Figure 6(b) 
is a micrograph of the near-tip region from a fatigue 
test (2 Hz frequency and R = 0.15) in the same high 
temperature environment (at Kma.x ~K¡ in the static 
case). Cyclic loading causes the breakage of whiskers 
in the crack-tip region. Note the meniscus ( denoted by 
the arrow) of the molten glass phase flowing through 
the broken whisker and interfacial cavitation in Fig. 
6(b) (12]. 

Figure 7 shows the crack velocity dajdt for the ce
ramic composite as a function of ](¡ for static load
ing and Kmax for cyclic loading from crack growth 

tests conducted in 1400°C air. The trends seen in 
this figure are essentially the same as those found in 
Fig. 2 for the case of monolithic alumina. Further
more, similar to the case of monolithic alumina, pre
dictions of cyclic fracture behavior solely on the basis 
of static fracture data do not match experimental ob
servations. These results imply that the effects of in 
situ glass formation on high temperature crack growth 
under static and cyclic loads are similar to those of pre
existing glass films in ceramic materials. Experiments 
conducted at different temperatures and loading condi
tions show that the amount of glass formation in creases 
with an increase in temperature, stress intensity factor 
and time at peak load (for trapezoidal or square wave
forms) or with a decrease in the loading rate ( cyclic 
frequency) (23]. 

While the present discussion has focused exclu
sively on crack growth at high temperature, the results 
reported here are also consistent with those found by 
other researchers. Recent studies on stress-life fatigue 
response in polycrystalline alumina with glass phase 
suggest that cyclic loading with a short duration of 
maximum stress in 1200°C air provides a longer fail
ure life than static loading with the same maximum 
stress [24]. Furthermore, increasing the hold time at 
the peak stress or decreasing the frequency causes the 
fatigue lifetime to approach the lifetime for static load
ing. Such a trend would be expected in light of the 

data presented in this paper. Cyclic loading has also 
been found to provide a more beneficia! lifetime than 
static loading in the high temperature tests conducted 
on Si3N4 (25]. 

5. CONCLUDING REMARKS 

This brief overview has highlighted several differ
ent mechanistic processes by which subcritical crac]\: 
growth could be induced in ceramic materials at high 
temperatures under static and cyclic loads. It has been 
shown that differences in both crack tip damage evo
lution and crack wake contact play a significant role 
in causing apparent differences between crack veloc
ities under static and cyclic loads. The presence of a 
glass phase along interfaces, either formed in situ in the 

high temperature environment or left from processing, 
is shown to be an important factor in determining the 
extent of subcritical crack growth under both static 
and cyclic loads. While the discussion here pertains 
mainly to alumina and alumina-based composites, sim
ilar effects of glass phase are expected to occur in other 
ceramic systems. It should be pointed out that only 
a limited amount of experimental results is available 
in the literature on high temperature crack growth in 
ceramic materials under conditions that are represen
tative of potential in-service environments. Additional 
experimental is needed to clearly identify the appli
cability and limitations of different fracture parame
ters for characterizing creep fracture and creep-fatigue 
fracture in ceramics. Further detailed work involving 
different matrices and reinforcements, test frequencies, 
waveforms, specimen geometries and environments is 
also needed before the high temperature fracture mech
anisms in ceramics can be fully understood. 
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Fig. 2. A comparison of the static and cyclic crack 
velocities for AD 90 alumina in 1050°C air (15]. See 
text for details. 

Fig. 4. Interfacial cavitation in Ah03-33 vol.% SiC 
composite in 1400°C air (12]. 

Fig. 3. Micromechanisms of high temperature crack 
growth in AD 90 alumina in 1050° air [15]. (a) Viscous 
glass films bridging the grain facets. (b) Grain facet 
covered with molten glass film. (e) Roughness induced 
crack closure and debris within the crack. 

Fig. 5. A zone of microcracks created at the tip of 
a tensile crack in Ah03-33 vol.% SiC composite in 
1500°C air [[12]. 
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