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Elevated-temperature crack growth in
polycrystalline alumina under static and
cyclic loads

L. EWART*, S. SURESH
Division of Engineering, Brown University, Providence, Rl 02912, USA

An experimental investigation has been conducted to study the crack growth characteristics of
a 90% pure aluminium oxide in 1050 °C air under static and cyclic loads. It is shown that the
application of both sustained and fluctuating tensile loads to the ceramic, tested in a pre-
cracked four-point bend specimen configuration, results in appreciable subcritical crack
growth. The crack velocities under cyclic loading conditions are up to two orders of
magnitude slower than those measured in static loading under the same maximum stress
intensity factor. Cyclic crack growth rates are markedly affected by the loading frequency, with
a decrease in test frequency causing an increase in the rate of crack advance. Detailed optical
and electron microscopy observations have been made in an attempt to study the mechanisms
of stable crack growth and the mechanistic differences between static fatigue fracture. Under
both static and cyclic loads, the predominant mode of fracture is intergranular separation. The
presence of a glass phase along the grain boundaries appears to have a strong effect on the
mechanisms of crack growth. Apparent differences in the crack velocities between static and

cyclic fatigue in alumina arise from crack-wake contact effects as well as from the rate-
sensitivity of deformation of the glass phase. Our results also indicate that the cyclic fatigue
crack growth rates cannot be predicted solely on the basis of sustained load fracture data.
While stable crack growth occurs in the 90% pure alumina over a range of stress intensity
factor spanning 1.5 to 5 MPa m'/2, such subcritical fracture is essentially suppressed in a
99.9% pure alumina, ostensibly due to the paucity of a critical amount of glass phase. Both
static and cyclic fracture characteristics of the 90% pure alumina are qualitatively similar to
those found in an Al,0;-SiC composite where in situ formation of glass phases, due to the
oxidation of SiC in high-temperature air, is known to be an important factor in the fracture

process.

1. Introduction

The increasing demand for lightweight materials with
good high-temperature properties and resistance to
corrosion and wear has led to a growing interest in
advanced ceramics for a wide range of structural
applications. Although such potential applications in-
evitably involve exposure of the ceramic materials to
high temperatures and cyclic loading conditions in
service, there is a serious lack of understanding of the
cyclic fatigue characteristics of ceramics at both am-
bient and elevated temperatures. This paucity of re-
search effort can be traced to several factors. First,
traditional interpretations of cyclic deformation and
fracture in metallic materials have centred around the
existence of cyclic slip (i.e. to-and-fro dislocation mo-
tion). The absence of appreciable dislocation plasticity
in ceramic materials is generally considered the reason
for the (presumed) absence of a cyclic fatigue effect.
Second, the limited amount of experimental informa-

tion available in the literature on monolithic ceramics
has given rise to conflicting conclusions on the exist-
ence of a mechanical fatigue effect. For example, some
of the work has shown that any stable crack growth
occurring in alumina is a consequence of stress corro-
sion cracking (static fatigue) and that it is not ascrib-
able to any true fatigue effects (e.g. [ 1, 2]). Some other
investigations (e.g. [3-8]) have merely provided
stress—life data indicating differences between static
and cyclic behaviour without establishing the underly-
ing mechanistic differences. There is also experimental
evidence (e.g. [9-117) suggesting that cyclic fatigue
effects take place in ceramics only under certain com-
binations of test temperature and loading variables.
However, in recent years there has been a large body
of emerging information which reveals that true cyclic
fatigue effects can take place in alumina (e.g. [12-22]).
Furthermore, direct evidence of crack growth, at-
tributable solely to fluctuating loads, has also been
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obtained for polycrystalline alumina subjected to cyc-
lic loads at room temperature [16-21].

While the majority of the above studies have cen-
tred around exploring room-temperature cyclic fa-
tigue effects in alumina, there is a more serious lack of
effort in elucidating the high-temperature cyclic fa-
tigue characteristics of ceramics. This situation is fur-
ther compounded by the inferences of a few studies on
the basis of limited experimental data that the crack
growth rates in ceramic materials under cyclic loads
can be predicted on the basis of the crack velocities
obtained from static load creep fracture (e.g. [1, 23]).
More recent work [20, 24-26] covering a broader
range of test variables and loading conditions has
shown that there can be significant differences in the
mechanisms of crack advance and crack-wake contact
between static and cyclic fracture in ceramic materials
at elevated temperatures. Detailed transmission elec-
tron microscopy of crack-tip damage in an Al,0;-SiC
whisker composite has revealed intrinsic differences in
the very mechanisms of damage induced by static and
cyclic loads [24]. These studies [20, 24-26] reveal that
the crack velocities under cyclic loads can be substan-
tially slower than those found under static loads.
Furthermore, cyclic stress-life data obtained in the
temperature range 1000-1200°C for Al,O; and Si;N,
show that the lifetime under cyclic loads is longer than
that under static loads when the static stress is equal to
the maximum cyclic stress [27, 28].

The objective of the present work was to investigate
the elevated-temperature cyclic fatigue crack growth
characteristics of polycrystalline alumina ceramics.
The crack velocities observed under cyclic loads are
compared with those seen under static loads, and the
mechanisms of static fatigue and cyclic fatigue at
elevated temperatures are examined in detail. Particu-
lar attention is devoted to investigating the possible
role of grain boundary amorphous films (introduced
during the processing of the material) in influencing
static and cyclic fatigue. Experimental results are also
obtained on the effects of cyclic frequency on fatigue
crack propagation rates. The fatigue behaviour of the
monolithic alumina is also compared with that of an
Al1,0;-SiC composite in an attempt to extract some
mechanistic information on the effects of viscous
amorphous films on stable crack growth. It is hoped
that the results of this study will lead to a better
understanding of the effects of cyclic loads on stable
fracture in ceramics at high temperatures.

2. Experimental procedure

The ceramic materials investigated consisted of two
grades of polycrystalline aluminium oxide, Al,O;,
commercially available as AD 90 and AD 999 from
Coors Porcelain Co., Boulder, Colorado. AD 90 and
AD 999 are 90% and 99.9% pure aluminium oxide,
respectively. The main impurities in the AD 90, added
as sintering aids, are silica, magnesia and calcia with
trace amounts of iron oxide, sodium oxide and pot-
assium oxide. Such impurities are expected to be
present to a significantly smaller extent in the AD 999
alumina. Fig. 1 shows an as-received microstructure of

5182

AD 90 alumina where the transmission electron
micrographs reveal the crystalline grains surrounded
by an amorphous phase.

The material properties of the AD 90 alumina are as
follows: tensile strength (25°C) of 221 MPa, tensile
strength (1000°C) of 103 MPa, compressive strength
(25°C) of 2482 MPa, compressive strength (1000°C) of
517 MPa, flexural strength (25°C) of 338 MPa,
Young’s modulus of 276 GPa, range of grain sizes of
2-10 pm with an average grain size of 4 um. For the
AD 999 alumina, the mechanical properties are: ten-
sile strength (25°C) of 310 MPa, tensile strength
(1000°C) of 221 MPa, compressive strength (25°C) of
3792 MPa, compressive strength (1000°C) of
1930 MPa, flexural strength (25°C) of 552 MPa, flex-
ural strength (1000°C) of 414 MPa, Young’s modulus
of 386 GPa, range of grain sizes 1-6 pm with an
average grain size of 3 pm.

All testing was done in a servohydraulic testing
machine on single-edge notched specimens measuring
50.8 mm x 10 mm x 9 mm. Notches {of root radius

~ 150 um) were introduced with a resin-bonded dia-
mond blade to a depth such that the notch depth to
specimen width ratio was 0.4: The side surfaces of the
specimens were polished down to a roughness of
better than 6 um. The specimens were precracked at

Figure 1 (a,b) Transmission electron micrographs of the as-re-
ceived microstructure of AD 90 alumina. The accompanying diffrac-
tion patterns in (b) reveal crystalline regions inside the glass pockets



room temperature in uniaxial cyclic compression us-
ing a procedure detailed elsewhere [16-19]. The
length of the self-arresting, through-thickness pre-
crack was typically 0.4 mm. High-temperature tests
were performed in a four-point bend fixture having an
inner span of 20 mm and an outer span of 40 mm. The
notch and precrack were placed in tension in the four-
point bend flexural loading arrangement. For high-
temperature mechanical testing a programmable fur-
nace was mounted on a servohydraulic testing ma-
chine. The furnace was programmed to heat up to
1050°C at 13°Cmin~ ' and to cool down to room
temperature at 21°C min~!. Specimens were not loa-
ded during heat-up or cool-down. They were allowed
to equilibrate at test temperature for at least 5 min
before the loads were imposed and the tests were
begun. Cyclic fatigue specimens were loaded to the
minimum stress intensity factor, K, ;,, and immedi-
ately cycled between this minimum load and the
predetermined maximum load. The number of cycles a
specimen experienced varied depending on the ex-
pected growth rates. Tests were run at frequencies, v,
of 0.13 and 2 Hz (sinusoidal waveform) and a load
ratio of 0.15. (The load ratio, R, is defined as the ratio
of the minimum load to the maximum load of the
fatigue cycle.) Static crack growth experiments were
also conducted in the same elevated-temperature en-
vironment, using the same specimen geometry and
pre-cracking techniques, in order to compare cyclic
fatigue and static fatigue behaviour. All the experi-
ments were conducted at least twice and the results
presented in this paper represent information derived
from duplicate experiments.

In the high-temperature environment, the speci-
mens were initially subject to a small tensile (static or
cyclic) load, depending on the experiment, with the
initial stress intensity factor (or stress intensity range
for the cyclic fatigue test) typically smaller than
0.5 MPa m'/2. If no crack growth occurred (at rates in
excess of 1071%m cycle™?!), the stress intensity factor
was incremented by approximately 10%. This proced-
ure was repeated until crack growth was detected;
following the onset of crack growth from the tip of the
precrack, static and cyclic fracture experiments were
allowed to proceed at constant far-field loads. After
the static test or load cycling, the load was removed;
the furnace was slowly cooled down to room temper-
ature and the specimen was removed for monitoring
crack growth.

Crack growth was monitored by periodically inter-
rupting the tests (using the procedure described above)
and making replicas of both side surfaces of the
specimen using an acetate replica film. Replica film is
known to shrink slightly and give smaller than ex-
pected values if measurements are taken over large
areas. To avoid this error, the change in crack length
between tests was measured instead of the total crack
length. Measurements were taken in an optical micro-
scope containing a calibrated eyepiece.

Mechanisms of static and cyclic fatigue crack
growth were investigated in detail by recourse to
scanning and transmission electron microscopy (SEM
and TEM, respectively). TEM specimens were made

by gluing together the fractured halves of the test
specimens. Thin slices were made perpendicular to the
plane of the crack and to the crack front. Circular
discs, about 3 mm in diameter, were drilled out from
appropriate positions along the crack profile. This was
followed by dimpling, ion milling and carbon coating,
prior to making observations in a Philips 420 scan-
ning transmission electron microscope.

3. Results
3.1. Crack growth behaviour in static and
cyclic tension

Fig. 2 shows the variation of fatigue crack growth per
load cycle, da/dN, as a function of the nominal value
of stress intensity factor range, AK, for the AD 90
alumina subjected to fatigue loads at R = 0.15 at test
frequencies of 0.13 and 2.0 Hz in 1050°C air. This
figure shows that subcritical crack growth occurs over
the AK range 1.5-5 MPam!/?2, Despite the normal
experimental scatter associated with batch variability,
good reproducibility was found between duplicate
experiments. Since the size scale of the inelastic dam-
age zone ahead of the advancing fatigue crack is small
compared to the dimensions of the specimen (includ-
ing the crack size and the size of the uncracked
ligament) for the conditions of the present experi-
ments, the stress intensity factor range was found to
characterize the growth rates. Furthermore, despite
the experimental scatter in the intermediate (Paris)
regime of fatigue crack growth, a linear dependence
exists between log (da/dN) and log (AK) such that
da/dN = C(AK)™. The constants C and m are listed in
Table I for the AD 90 alumina. At any given AK value,
a crack propagating under a cyclic frequency of 2 Hz
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Figure 2 Variation of fatigue crack growth rate, da/dN, as a func-
tion of the nominal stress intensity factor range, AK, for AD 90
alumina cyclically loaded in 1050°C air at R = 0.15 and (4A)v,
=0.13 Hz and (O)v, = 2 Hz.

5183



TABLE I Experimentally determined constants in the equation for cyclic fatigue crack rate growth, da/dN = C(AK)™, or static crack

growth rate, da/dt = A(K;)" of AD 90 alumina at 1050°C

Test conditions C(m cycle™! MPa™™) m A(mcycle"! MPa™™) n AK or K;(MPa m !/?)
Cyclic; R = 0.15, v, = 0.13 Hz 28x 10710 10 - - 1.0-3.0
Cyclic; R =0.15, v. = 2 Hz 6.3x 1071t 8 - -+ 20-35
Static — - 1.0x 1077 5 1.5-35
Nominal Kpqy (MPa m1/2) dicted on the basis of static crack growth data. Such
153! 2I . 1 i ? . ? 10 an approach is an outcome of the assumption that any
apparent cyclic fatigue effect is merely a manifestation
of static creep behaviour under varying loads. If this
1074 assumption were to be true, one possible means of
deriving cyclic crack growth rates entails integrating
the appropriate static growth rates over one cycle such
1073 that
< om6k 1 {*/da
4. o
- cyclic 0 static
3 107h
3 4 where the static crack velocity is an experimentally
1081 s determined function of the stress intensity factor, K,
(i.e. the solid curve in Fig. 3) and = = 1/v,. The crack
growth rates for cyclic loads, predicted on the basis of
1079 static fatigue data, are plotted in Fig. 3 (dashed line).
For the present set of results obtained for alumina, the
results of Fig. 3 clearly indicate that it is not feasible to
107102 2 — accurately predict the cyclic fatigue crack velocities

Nominal X (MPa m1/2)

Figure 3 Experimentally measured crack velocity, da/dt, as a func-
tion of the stress intensity factor, K;, for static load fracture of
AD S0 alumina in 1050°C air. Also shown are experimentally
measured crack velocities, da/da = v (da/dN), as a function of K,
= AK/(1 — R) for cyclic load fracture in 1050°C air at R =0.15
and v, = (A)0.13 Hz and (O)2 Hz. the dashed line (— — —)
indicates the prediction of cyclic crack growth rates on the basis of
static fracture data using Equation 1. See text for details.

shows slower growth rates, by more than an order of
magnitude, than under a cyclic frequency of 0.13 Hz.

Fig. 3 shows the crack velocities, da/dt, for the
fatigue tests (taken from Fig. 2) as a function of the
maximum stress intensity factor values, K,,,, during
the stress cycle. Note that da/dt = (da/dN)v, and that
K., = AK/(1 — R). Also indicated in Fig. 3 are the
crack velocities for sustained load {racture plotted as a
function of the stress intensity factor, K;. At the same
values of K; and K,,,,, the rate of crack growth under
sustained loads is significantly faster than that seen
under cyclic loads. This effect is particularly more
pronounced at lower stress intensity factor values and
higher values of cyclic frequency. The quasi-static
crack velocity can be characterized by the expression
da/dt = B(K,)" where B and n are material constants
which are listed in Table I,

Earlier studies (e.g. [1,23]) of high-temperature
fracture in ceramic materials indicated that crack
growth under cyclic loading conditions could be pre-
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solely on the basis of static fatigue data.

A significant result of earlier work [24] on stable
crack growth at elevated temperatures in Al,0,-SiC
composites is that grain boundary glass films, either
pre-existing or forming in situ in the high-temperature
test environment, play an important role in influ-
encing the crack velocities (see later discussions for
further details). To explore the implications of this
result for polycrystalline alumina, the results of high-
temperature crack growth in AD 90 (90% pure) alum-
ina were compared with those obtained from the same
experiments conducted on AD 999 (99.9% pure with a
significantly smaller extent of pre-existing amorphous
phase along grain boundaries). Fig. 4 shows a com-
parison of the crack velocity versus K| (or K,,,,) plots
for AD 90 and AD 999 alumina in 1050°C air under
cyclic (R = 0.15 and v, = 0.13 Hz) and static loading.
While a substantial amount of stable crack growth
occurs (over distances of more than 1 mm for the
present tests) in the AD 90 alumina over a AK range
1.5-5 MPam'/?2 under both static and cyclic loads,
the flexural tests on the fine-grained AD 999 alumina
do not reveal any detectable subcritical fracture
(above a growth rate of 1071°m cycle™!) in both
static and cyclic fatigue. For this latter material, only
catastrophic fast fracture occurs over the K; or K,
range 3.2-4.2 MPa m*/2, This scatter band over which
final failure takes place is denoted by the two solid
lines in Fig. 4. As will be shown in section 4, this trend
is also consistent with the results obtained in other
studies -on Al,O;-SiC composites and on low-cycle
fatigue tests in alumina.
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Figure 4 Crack velocity, da/dt, plotted against K; or K, for
(O, A) AD 90 and (A, B) AD 999 alumina under (O, A) cyclic
loading (R = 0.15 and v, = 0.13 Hz) and (A, W) static loading in
1050°C air.

3.2. Micromechanisms of subcritical crack
growth

Detailed observations of the microscopic mechanisms
of crack growth were made in the scanning and trans-
mission electron microscope for test specimens sub-
jected to static and cyclic loads in the elevated-temper-
ature environment. Crack growth in both static and
cyclic tension occurs by a predominantly inter-
granular mode of separation. However, some no-
ticeable differences also exist between the two cases
with regard to the manner in which crack faces con-
tact.

A typical crack profile observed on the side surface
of a cyclic fatigue specimen of alumina is provided in
Fig. 5a. Although this figure specifically shows a crack
profile of a specimen tested at v, =0.13Hz and
R = 0.15, this profile is typical of all the fatigue cracks.
The fatigue crack initiates from a precrack and propa-
gates in a direction generally parallel to the plane of
the notch. However, the crack path is microscopically
very tortuous. Crack branching is seen ahead of the
crack tip as well as along the crack wake.

Fig. 5b~d is a series of micrographs illustrating the
microscopic roughness of the crack path and the
occurrence of closure (specifically, roughness-induced
crack closure [297]) arising from the frictional sliding
and contact between the asperities of the mating crack
surfaces. While the intergranular mode of fracture
evident in Fig. 5 is common to both static and cyclic
fatigue in alumina, the conditions of crack wake con-
tact appear to be different. The following observations
deal with these issues.

(i) Repeatedly unloading from and reloading to a
peak tensile stress in cyclic fatigue causes premature
contact (even at a far-field tensile stress) among the
fracture surface asperities, as shown for example in
Fig. 5b. It is known from the fatigue of metals that

Figure 5 Characteristics of cyclic fatigue cracks in AD 90 alumina.
(a) Typical profile of the fatigue crack. (b) Roughness-induced crack
closure. (c, d) Debris particles and glass phase being squeezed out of
the crack by the pumping action of the crack walls under cyclic
loading.

sliding (mode II) displacements between crack faces
can occur even for nominally pure mode I fatigue
loading as a consequence of a microscopically tort-
uous crack path (which promotes locally mixed-mode
loading conditions) and kinematically irreversible
microscopic deformation at the crack tip. Similar
trends are also seen during the high-temperature cyc-
lic fracture of polycrystalline alumina. From the
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micrographs of crack profiles, the extent of this closure
appears to be less pronounced under static loading
than under cyclic loading.

(ii) Repeated loading and unloading, in conjunction
with crack-face asperity contact, creates debris par-
ticles of the ceramic between the crack faces. Clear
evidence of this process is found in Fig. 5c and d. The
debris particles may further reduce the effective driv-
ing force responsible for crack growth. (Experimental
results [16, 17] reveal that the presence of debris
particles within cracks in alumina retards crack ad-
vance under cyclic compression loading at room tem-
perature.) In the case of static fatigue in alumina, the
formation of debris particles is substantially less pro-
nounced. Fig. 6 shows a microscopically tortuous
crack path in AD 90 alumina subjected to sustained
load fracture in the 1050°C air environment. Note the
absence of debris particles within the crack, such as
those seen in Fig. 5.

(i) As noted earlier, the AD 90 alumina contains
10% impurities which are retained, predominantly as
amorphous films along grain facets, after processing of
the material. In the elevated-temperature environ-
ment, the amorphous phase undergoes viscous creep.
Fig. 7a shows a typical intergranular fracture process
during static fatigue of AD 90 alumina at 1050°C. A
higher-magnification view of the grain boundary re-
gion reveals ligaments of amorphous films bridging

Figure 6 Microscopically tortuous crack path during static load
fracture of AD 90 alumina at 1050°C. Note the absence of debris
particles.

the faces of the crack (Fig. 7b). Similar amorphous
film ligaments were also seen under cyclic loading
conditions. Fig. 8 is a secries of scanning electron
micrographs of the cyclic fatigue fracture surfaces of
AD 90 alumina showing (a) predominantly inter-
granular fracture (Fig. 8a), (b) grain facets covered
with an amorphous phase (Fig. 8b) and (c) an occa-
sional occurence of transgranular cleavage (Fig. 8c).
Although the static load failure surfaces exhibited
features similar to those seen in Fig. 8, some possible
differences between the effects of glass phase in static
and cyclic fatigue are evident. This viscous flow and
deformation of the amorphous intergranular phase is
highly sensitive to the loading rate and test frequency.
Consequently, fracture along grain boundary facets
populated with the glassy phase would be expected to
be strongly affected by whether the loading is static or
cyclic and by the frequency of cyclic loading. Further-
more, under cyclic loading conditions, the amorphous
film can be “squeezed out” of the crack (similar to
Fig. 5d) thereby reducing the bridging of crack faces
by the glassy ligaments.

In addition to the above mechanistic processes, both
static and cyclic fatigue loading at elevated temper-
atures resulted in the formation of zones of distributed
microcracking along grain boundaries. Fig. 9a shows
a transmission electron micrograph of grain boundary
microcracking above the plane of the cyclic fatigue
crack in AD 90 alumina. Fig. 9b is an example of
intergranular microcracking in the same alumina spe-
cimen. Fig. 10a and b show distributed microcracking
seen on the surface of an AD 90 alumina subjected to
sustained load fracture at 1050°C. In addition to

igaments ot |
glass phase 7

Figure 7 Static fracture characteristics of AD 90 alumina in
1050°C air. (a) Crack growth by intergranular fracture. (b) Liga-
ments of amorphous grain boundary films bridging the wake of the
crack. The arrow indicates nominal direction of crack growth.

Figure 8 Scanning electron micrographs of cyclic fracture in AD 90 alumina in 1050°C air at R = 0.15 and v, = 0.13 Hz. (a) Predominantly
intergranular fracture mode. (b) Grain facets covered with amorphous films. (¢) Sporadic occurrence of transgranular cleavage. Arrow

indicates crack growth direction.
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Figure 9(a) Transmission electron micrograph of grain boundary
microcracking above the plane of the (cyclic) fatigue crack (T’
= 1050°C, v, = 0.13 Hz, R = 0.15) in AD 90 alumina. The white
region in the top centre is a hole created by ion milling. (b)
Intergranular nature microcracking just above the plane of the main
crack.

microcracking, the microscopically tortuous crack
path and crack deflection can be seen in these micro-
graphs.

From the above results it is readily seen that inter-
granular separation, aided by the presence of amorph-
ous films along grain facets, plays a dominant role in
influencing the subcritical growth of cracks in poly-
crystalline alumina in the high-temperature environ-
ment. The aforementioned results also point to some
distinct differences in the contact along the crack faces,
in the formation of debris particles within cracks, and
in the manner in which amorphous films and debris
particles are “squeezed out” of the cracks.

Finally, it is worth noting that in the AD 999 alu-
mina with a significantly reduced glass phase content
compared with AD 90 alumina, the fast crack growth
under both static and cyclic loads (Fig. 4) produces a
microscopic fracture morphology in which the ab-
sence of glass films on grain facets can be noticed
(Fig. 11).

4. Discussion

The results of this work demonstrate that significant
levels of subcritical crack growth occur in polycrystal-
line alumina under both static and cyclic loads. The

Figure 10(a,b) Distributed microcracking and multiple cracking
seen on the surface of AD 90 alumina subjected to static load
fracture in 1050°C air. Crack growth directions for the main crack
(larger arrows) and the secondary cracks (smaller arrows) are
indicated.

Figure /1 Scanning electron micrograph of the fracture surface of
AD 999 alumina subjected to cyclic loading in 1050°C air at R
= 0.15 and v, = 0.13 Hz.

primary mechanisms of static and cyclic fatigue frac-
ture are similar in that they are both induced predom-
mantly by intergranular separation. The presence of
amorphous films, deposited along grain boundaries as
a consequence of additives added during the pro-
cessing of the ceramic, plays a decisive role in influ-
encing the rates of fatigue crack growth. When the
content of this amorphous phase is drastically re-
duced, as in the high-purity AD 999 alumina, the
propensity for slow crack growth at low imposed
values of stress intensity factors is also noticeably
diminished.

4.1. Mechanisms
Despite the apparent similarities in the mechanisms of
intergranular fracture, the static and cyclic fatigue

5187



characteristics of polycrystalline alumina exhibit some
important differences:

(1) The rates of fatigue crack growth under cyclic
loading conditions are up to several orders of magni-
tude slower than those determined under sustained
loads.

(i) Cyclic crack velocities are strongly sensitive to
the loading rate (i.e. test frequency). An increase in test
frequency results in a decrease in crack velocities, as
the crack is subjected to a smaller amount of time at
the peak tensile stress. As the frequency is decreased or
the maximum stress intensity factor is raised, the cyclic
fatigue data begin to approach the static fatigue data.*

(iii) Static and cyclic crack growth behaviour are
characterized by microscopically tortuous crack paths
along grain boundaries, periodic branching and jump-
ing of the crack front, bridging of the crack faces by
ligaments of the viscous amorphous film, and bridging
of the crack faces by grain facets. However, under
cyclic loading conditions, further alterations to the
fracture process appear to occur as a result of (a) the
formation of debris particles due to repeated contact
between the crack faces, (b) fretting and enhanced
roughness-induced crack closure arising from locally
mixed-mode opening and closing (e.g. [29]), (c)
“squeezing out” of the debris particles and amorphous
films from within the crack by the pumping action of
the crack walls, and (d) sensitivity of the deformation
and flow of the amorphous film to the loading rate.

The results of our work also indicate that caution
should be exercised in attempting to derive cyclic
crack growth rates solely on the basis of static fatigue
data. The cyclic fatigue data may approach the static
fatigue data at extremely slow loading rates (low cyclic
frequencies, typically smaller than 0.01 Hz) or for long
hold times at the peak stress of the fatigue cycle.
However, at higher frequencies or at lower hold times,
our results show that simple correlations between
static and cyclic fracture do not hold (see the results of
Fig. 3).

It is interesting to note that the results of this study
are also consistent with recent work on the high-
temperature crack growth behaviour of Al,O5, Si3N,
and Al,0,-SiC composite under = cyclic loads
[24, 27-29]. In ali these studies, cyclic loading is found
to provide a more beneficial response than static
loading at high temperature. This trend is at variance
with the behaviour seen at room temperature in both
monolithic ceramics and transformation-toughened
ceramics where cyclic loading has a more deleterious
effect on resistance to fracture than static loading
{22, 30]. This difference can be attributed to the com-
bined effects of creep, deformation of the viscous phase
and the aforementioned processes of crack-wake
contact.

4.2. Role of glass phase

In the present tests on aluminium oxide, the amorph-
ous film at grain boundaries is a pre-existing phase left
from processing. However, in some ceramics and cer-
amic composites, an amorphous glass phase can also
form in situ during the high-temperature fracture test
because of the chemical interaction of the material
with an oxidizing medium such as air. An example of
such a material is a ceramic composite made up of an
aluminium oxide matrix with a reinforcement of sili-
con carbide whiskers, A comparison of the present
results on polycrystalline Al,O, with similar results
obtained by Han and Suresh [24] for an Al,0;-33
vol% SiC whisker composite provides interesting in-
formation on the role of glass phase in influencing
static and cyclic fatigue behaviour. (The results ob-
tained by Han and Suresh [24] involved flexural test
specimens, pre-cracking methods and loading condi-
tions that are identical to those employed in the
present study.)

SiC whiskers in the Al,O;-SiC composite oxidize
when exposed to air at temperatures typically in ex-
cess of 1250°C. A product of this reaction is SiO, glass
phase which penetrates the interface between SiC and
Al,05.' As the glass phase becomes viscous in the
high-temperature environment, stress-assisted viscous
flow of the molten glass results in extensive cavitation
along the Al,0,-SiC interfaces and at grain triple
junctions in the regions ahead of the crack tip. Creep
deformation arising from the formation -of interfacial
cavities is more pronounced when the viscosity of the
glass is low and when the glass phase wets or penetra-
tes the grain facets [32-34].

In an unnotched or uncracked specimen of the
Al,0;-SiC composite, the oxidation of SiC is con-
fined to near-surface regions because the oxygen in air
does not penetrate through the bulk of the material to
the interior sections by random-walk diffusion during
the test. However, in a notched and/or pre-cracked
specimen with a through-thickness crack, the trans-
port of the oxidizing species to the highly stressed
region of the crack tip promotes oxidation of SiC and
cavitation due to the viscous flow of glass, uniformly
through the thickness of the specimen. The nucleation,
growth and coalescence of cavities results in the
formation of a diffuse microcrack zone ahead of the
main crack-tip.

Fig. 12a is a transmission electron micrograph of a
SiC whisker located in the crack-tip region in the
Al,O;-SiC composite which was subjected to sus-
tained load fracture in 1400°C air. Prolonged expos-
ure of the SiC to the high-temperature oxidizing envir-
onment under the influence of a sustained peak stress
(K; ~ 3.5 MPam'/?) results in the conversion of a
significant fraction of the whisker to glass pockets (the
white regions denoted by arrows). However, if the

* Although the present study has focused on only one cyclic waveform (i.e. sinusoidal), it is to be expected that the waveform and the hold time
at the peak stress will have a marked effect on crack growth behaviour at elevated temperatures. Recent work [27] on stress-life response in
alumina at 1200°C reveals that cyclic loading with a short duration of maximum stress provides a beneficial effect on fatigue lifetime as
compared to static loading with the same maximum stress. Increasing the hold time at the maximum stress brings the fatigue life closer to the

static lifetime under comparable values of maximum applied stress.

*Full details of this reaction between SiC, Al,O5 and O, in air are not known at the present time. However, the matrix Al,O; can also react
with silica glass to form aluminosilicate glasses and SiC-rich or stoichiometric mullites, if given sufficient time [31]. For the conditions of the
experiments quoted here [24], the principal product of oxidation of SiC is SiO, glass.
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Figure 12 Transmission electron microscopy of crack-tip damage
in Al,03~33 vol% SiC whisker composite in 1400°C air [24]. (a)
Conversion of a significant fraction of the fracture surface (white
regions) into .glass pockets under sustained loads
(K; ~ 3.5 MPam'?). (b) A whisker broken by cyclic loading (R
=0.15 and v, = 0.1 Hz). Note the meniscus of glass within the
broken whisker (denoted by the arrow).

ceramic composite is subjected to cyclic loads (even
with the maximum stress intensity factor in the cyclic
test being the same as that in the static load tests), such
extensive oxidation of a single whisker of SiC is not
observed because of periodic unloading. On the other
hand, cyclic loading causes the SiC whiskers in the
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Figure 13 (M) Crack velocity plotted against the stress intensity
factor for Al,0,-SiC whisker composite subjected to static fracture
in 1400°C air [24]. Also shown are experimentally measured crack
velocities, da/dt = v(da/dN), as a function of K ,, = AK/(1 — R)
for cyclic load fracture in 1400°C air at R =0.15 and v,
= (4)0.1 Hz and (O)2 Hz.

crack-tip region to break. Fig. 12b is a transmission
electron micrograph showing a broken whisker from a
cyclic fatigue test (K., = 3.5MPam'? R =0.15,
v, = 0.1 Hz, 1400°C air). Note the meniscus of the
molten glass phase (indicated by the arrow) flowing
inside the broken whisker.

The variation of crack velocity, da/dt, in the
Al,0,;-SiC composite is plotted in Fig. 13 as a func-
tion of the applied stress intensity factor K, for the
static crack growth experiments conducted in air. Also
shown in this figure are the crack velocities, da/dt
= (da/dN) v,, as a function of the maximum stress
intensity factor, K., for the cyclic fatigue tests con-
ducted on the ceramic composite at 1400°C at
R =0.15, and v, = 0.1 and 2 Hz. As in the trend seen
for the alumina ceramic (Fig. 3), cyclic crack growth in
the ceramic composite is significantly lower than that
seen under static loads. Furthermore, an increase in
test frequency results in a reduction in the rates of
fatigue crack growth. It is also found that the cyclic
crack growth rates, predicted on the basis of static
crack growth rates (similar to the procedure used in
connection with Fig. 3), deviate markedly from experi-
mental results.

4.3. On mechanical fatigue effects in ceramics
The present work illustrates that, despite the similarit-
ies in many failure mechanisms between static and
cyclic fatigue in alumina, some mechanical fatigue
effects also occur in the elevated-temperature environ-
ment. On the basis of information available in the
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literature (e.g. [20,21,29]) and of the results of the
present work, the occurrence of cyclic fatigue effects in
brittle solids can be identified using the following
definitions:

(i) A mechanical (cyclic) fatigue effect in which the
macroscopic mode of fracture under cyclic loads is
distinctly different from that seen under monotonic
loads.

(ii) A microscopic fatigue effect in which the mech-
anism of deformation under cyclic loads is distinctly
different from that seen under static loads.

(iii) A micromechanical fatigue effect wherein kine-
matically irreversible cyclic deformation arises in cer-
amic materials as a consequence of microcracking,
phase transformations, creep, interfacial sliding or
crack bridging, analogous to slip irreversibility in
metal fatigue.

(iv) A mechanical fatigue phenomenon arising from
crack-wake effects wherein differences in crack clos-
ure, glass-phase deformation, crack bridging or grain
bridging result in apparently different crack growth
rates between static and cyclic fatigue, even though the
basic micromechanisms of deformation and failure are
similar.

The resuits discussed in this paper provide supporting
evidence for the existence of a mechanical fatigue effect
on the basis of the last two definitions given above.

4.4. Further considerations

This work has identified several key mechanisms of
elevated-temperature crack growth in polycrystalline
alumina subject to static and cyclic loads. However, a
more detailed understanding of this subject inevitably
calls for further work where the effects of test temper-
ature, load ratio, test frequency, cyclic waveform and
hold time on crack propagation rates are examined. In
addition, the effects of environment on crack growth,
particularly on the deformation of the glass phase,
need to be addressed in greater detail. The humidity of
the air environment is expected to have a detrimental
effect on the strength of the glassy phase. Water in the
air will react with the glass, especially at crack-tip
locations where the glass is highly stressed. The ens-
uing chemical reaction can be written as [35]

H,O (atmosphere)=H,O (in glass) 2
H,O (in glass) + [Si-O-Si}=2[SiOH] (3)

This reaction leads to a break in the Si—O bond in the
glass. The attendant reaction with the water molecule
proceeds according to Equation 3.

The experimental results on AD 90 and AD 999
alumina as well as those on the Al,0,-SiC composite
also point to appealing possibilities for the design of
ceramic materials with improved resistance to eleva-
ted-temperature crack growth. If the presence of
amorphous films along grain boundaries and inter-
faces has a significant effect on crack growth, judicious
manipulations of the chemistry, volume fraction and
distribution of such phases can provide enhanced
resistance to subcritical fracture. These issues should
form topics of future research.

5190

5. Conclusions

1. The application of static and cyclic loads to pre-
cracked four-point bend specimens of a 90% pure
polycrystalline alumina causes subcritical crack
growth over the (maximum) stress intensity factor
range 1.5-5 MPa m'/2 in 1050°C air.

2. The rates of crack growth under cyclic loading
conditions are up to two orders of magnitude slower
than those found under static loading (of the same
magnitude as the maximum stress intensity factor
from cyclic load). Cyclic crack velocities are markedly
influenced by the loading frequency, with an increase
in test frequency reducing the crack growth rate.

3. Crack growth under static and cyclic loads oc-
curs predominantly by an intergranular fracture pro-
cess, with the presence of the grain-boundary glass
phase playing an important role in the microscopic
separation of grain facets.

4, Apparent differences between static and cyclic
crack growth results can be, at least partially, at-
tributed to the following effects of cyclic loads: (i) the
formation of debris particles due to the repeated
contact between the mating fracture surfaces, (ii) con-
tact of fracture surface asperities and enhanced rough-
ness-induced crack closure due to locally mixed-mode
opening and closing of the crack, (iii) pumping action
of the crack walls which squeeze out the debris par-
ticles and the viscous glass films from the crack, and
(iv) rate-sensitivity of deformation in the glass phase.
Our results show that cyclic crack growth rates cannot
be predicted solely on the basis of static fracture data.

5. Subcritical crack growth at high temperatures in
a fine-grained alumina of high purity (AD 999) is
significantly less pronounced than in the 90% pure
alumina. This result implies that a certain minimum
amount of glass phase may be necessary to induce
marked levels of stable crack growth.

6. Both the static and cyclic fatigue crack growth
characteristics in 90% pure alumina are qualitatively
similar to those reported earlier for an Al,O;-5iC
whisker composite in the elevated-temperature envir-
onment. The present results are also consistent with
the conclusions of recent studies of high-temperature
fatigue life in alumina at 1200°C, where cyclic loading
results in a longer time to failure than static loading
with the same maximum tensile stress.
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