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The characteristics of subcritical crack growth by cyclic fatigue have been examined in a
silicon carbide whisker-reinforced alumina composite, with specific reference to the role of
load ratio (ratio of minimum to maximum applied stress intensity, R = K;,/ K..., ); results are
compared with similar subcritical crack-growth data obtained under constant load conditions
(static fatigue). Using compact-tension samples cycled at ambient temperatures, cyclic
fatigue-crack growth has been measured over six orders of magnitude from

~107""-10"® mcycle ' at load ratios ranging from 0.05-0.5. Growth rates (da/dN) display
an approximate Paris power-law dependence on the applied stress-intensity range (AK), with
an exponent varying between 33 and 50. Growth-rate behaviour is found to be strongly
dependent upon load ratio; the fatigue threshold, AK;,,, for example, is found to be increased
by over 80% at R = 0.05 compared to R = 0.5. These results are rationalized in terms of a far
greater dependency of growth rates on K, (da/dN oc K32 ) compared to AK(da/dN occ AK®),
in contrast to fatigue behaviour in metallic materials where generally the reverse is true.
Micromechanisms of crack advance underlying such behaviour are discussed in terms of time-

dependent crack bridging involving either matrix grains or unbroken whiskers.

1. Introduction

Until recently, it had been the general perception that
ceramic materials are largely insensitive to mechanical
degradation under cyclic loads [1]. However, several
studies, primarily over the last five years, have pro-
vided conclusive evidence that indeed ceramics do
suffer cyclic fatigue under both tensile and compres-
sive loading (see [2—4] for review). Resuits for both
monolithic and composite ceramics have shown re-
duced lifetimes during stress/life (S/N) testing under
cyclic, compared to quasi-static, loads, and acceler-
ated cyclic crack-propagation rates at stress intensities
less than that required for environmentally enhanced
crack growth (static fatigue) during fracture-mech-
anics testing.

Compared to metals, cyclic fatigue-crack propaga-
tion data for a wide range of ceramic materials display
a marked power-law dependency of growth rates on
the applied (far-field) stress-intensity range (AK
= Kopax — Kmin ) In simple terms, the crack-growth

max

increment per cycle, da/dN, can be related to the
applied AK (for “long” cracks typically in excess of a
few millimetres in length) via a Paris power-law ex-
pression of the form [5]

da/dN = C(AK)" )

where C and the exponent m are experimentally meas-
ured scaling constants dependent on the material and
environmental conditions. Essentially, this behaviour
is qualitatively similar to metallic materials (between
typically ~ 107° and ~ 107® mcycle ™ !); however,
unlike metals, the exponent m can take values as high
as 50 and above in ceramics [2], compared to typical
values of between 2 and 4 in metals.

The very high exponents in Equation 1 reported for
ceramics result from a particularly marked sensitivity
of growth rates to the maximum stress-intensity fac-
tor, K., of the loading cycle (and likewise the load
ratio R = K;,/K,...) [6, 7]. As recently shown for
SiC-reinforced alumina [7], by explicitly including
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K ... in the growth-rate relationship, namely*

da/dN = C'(Ky.)" (AKY 2)

max

where C' is a constant equal to C(1 — R)" and (n + p)

= m, the power-law dependencics of the growth rates
on K,,,, and AK, as indicated by the exponents n and
p, were found to be 10.2 and 4.8, respectively; this is to
be compared with values of n =04 and p =3 for
metal fatigue of a nickel-base superalloy [9]. The
marked sensitivity of growth rates to K, (or the load
ratio) is similar to that seen in metals at high growth
rates approaching instability, e.g. where K, ap-
proaches the fracture toughness, K, ; under these
conditions, mechanisms of crack growth predomin-
antly involve static fracture modes (e.g. cleavage,
microvoid coalescence, etc.) akin to mechanisms that
occur under {quasi-static) monotonic loading [10].
Moreover, it is consistent with subcritical crack-
growth data for both fine-grained monolithic and
toughened (PSZ, whisker-reinforced alumina) ce-
ramics under constant loading (static fatigue, stress-
corrosion cracking), where crack velocities are given in
terms of the applied stress intensity, K by [11-13]

da/dt =v
= AK® 3)

Similar to the exponent # in the cyclic-fatigue relation-
ship in Equation 2, values of s are very high with
values up to ~ 100 [11-13].

The intent of the present study is to investigate the
separate effects of K ,,, and AK on cyclic fatigue-crack
growth behaviour in an alumina ceramic reinforced
with strong, microscopic SiC whiskers. Cyclic crack-
growth rates are measured over a range of load ratios
and are compared with corresponding static-fatigue
data obtained under constant load. Implications of the
observed crack-growth dependence on both K, and
AK are discussed in the light of possible micro-mech-
anisms for crack advance and crack-tip shielding.

2. Experimental procedure

2.1. Material

Experiments were conducted on nominally fully dense
samples of a SiC whisker-reinforced alumina
(A1,0;-SiC,,), as shown in Fig. 1; whisker volume
fractions of 20% and 28% were examined. The com-
posites were prepared at Oak Ridge National Labor-
atory by hot pressing granulated powder consisting of
a mixture of high-purity alumina powder and SiC
whiskers in an inert environment. No other additives
were incorporated during processing. The resulting
microstructures consisted of < 10 um sized alumina
grains containing a uniform dispersion of ~ 0.8 um
diameter SiC whiskers; the whiskers had an as-re-
ceived aspect ratio of up to 40, were predominantly of
the o (hexagonal) form, and tended to be oriented
perpendicularly to the hot-pressing direction. Some
degree of local porosity was evident in the micro-
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Figure I Scanning electron micrographs of (a) the microstructure of
the SiC whisker-reinforced alumina, showing (b) local porosity
centred at whisker clusters.

structure, particularly at clusters of whiskers (Fig. 1b).
Further details of the processing techniques and
microstructure are reported elsewhere [14, 15].

Tests specimens for both cyclic and static fatigue
tests were prepared from a hot-pressed composite with
the specimen oriented so that the crack plane was
parallel to the axis of the hot-press die. The orienta-
tions of the long axis of the whiskers tended to lie near
normal to the axis of hot pressing but were randomly
oriented within the plane normal to the axis of hot
pressing. Therefore, the specimen orientation used
provided maximum interaction between the crack and
the SiC whiskers. Two different composite composi-
tions were tested; some of the characteristics of each
are shown in Table I, and are compared with those of
monolithic alumina.

2.2. Test methods

2.2.1. Cyclic fatigue

Cyclic crack-growth rates were determined under
computer-controlled K-decreasing and K-increasing
conditions using 3 mm thick compact-tension, C(T),

* This is equivalent to the empirical model of Walker [8] commonly used to normalize Joad-ratio effects in metal fatigue, where an effective
stress intensity, K, is defined such that K = K, (1 — R)", where n’ is a material property equal to p/(p + n).
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TABLE T Characteristics of SiC whisker®-reinforced alumina composites

Sample Whisker Density % Alumina Fracture Fracture
content (gem™3) theoretical grain size toughness strength
(vol %) density (um) (MPam'/?) (MPa)
WRA-10° 28 3.73 99.0 1.5 8.7+ 09 -
SC-83¢ 20 3.82 99.9 9 874+ 1.1 587 + 27
Al-CR10-13 0 396 99.5 4 46 +0.5 250
* SiC whiskers F-9, Advanced Composite Materials Corp., Greer, SC, USA.
® Alumina powder (CR-10), Baikowski Corp., Charlotte, NC, USA.
¢ Alumina powder (Linde A), Union Carbide Corp., Indianapolis, IN, USA.
D.c.
potential
£
o
c
. Q
0.1 pum thick x
metallic film 8
Q
Backface Time
strain

Applied &

Time

I PP S—

bt s

Compression strain

Figure 2 Experimental techniques used to measure cyclic fatigue-crack growth rates, showing compact-tension, C(T), specimen and
procedures used to monitor crack length and the stress intensity, K, at crack closure for “long” through-thickness cracks.

specimens containing long (> 3 mm) through-thick-
ness cracks (Fig. 2). Tests were performed using high-
resolution computer-controlled electro-servo-hy-
draulic testing machines in general accordance with
the ASTM standard for measurement of fatigue-crack
growth rates in metals [16], modified for ceramics
using the procedures outlined by Dauskardt and
Ritchie [17]. Specimens were cycled at a frequency of
25 Hz (sine wave) at selected load ratios (ratio of
minimum to maximum applied loads) of 0.05, 0.1, 0.3
and 0.5; the test environment was controlled room air
at 22 +2°C with 45% + 5% relative humidity.
Growth rates were measured over the range
~1075-10 " mcycle™! to approach a fatigue
threshold, below which crack growth could not be
experimentally detected. In the present experiments,
thresholds are operationally defined in terms of the
maximum and alternating stress intensity (K., tu,
AKqy) at which growth rates do not exceed
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10" mcycle™*. Further experimental details are

given elsewhere [17].

Crack lengths were monitored in situ to a resolution
better than + 2 um, using electrical-potential meas-
urements across ~ 0.1 pm thick NiCr foils evaporated
on to the specimen surface [17, 18]. Such measure-
ments were confirmed by periodically measuring the
crack length using optical techniques. Back-face strain
compliance measurements, from strain gauges bonded
on to the back face of the specimen, were used to
estimate the extent of fatigue crack closure [19]; the
closure phenomenon results from premature contact
of the crack faces on unloading due to the wedging
action of, for example, fracture-surface asperities be-
hind the crack tip [20, 211. The degree of crack closure
was assessed in terms of the closure stress intensity,
K., defined at first contact of the crack surfaces
during the unloading cycle; specifically, the value of
K. was calculated from the highest load where the



elastic unloading line deviated from linearity (Fig. 2)
[19]. Such measurements provide a global measure of
the closure stress intensity; however, they are typically
insensitive to changes in closure in the immediate
vicinity of the crack tip [22, 23], and, as discussed
below, are difficult to interpret in material systems
such as Al,0,-SiC where additional crack-surface
contact may occur due to non-wedging phenomena
such as crack bridging [24].

2.2.2. Static fatigue

Crack-growth rates under constant-loading condi-
tions were determined using precracked ( = 4 mm long
precrack) applied-moment double cantilever-beam
(AMDCB) specimens. For this specimen geometry,
the applied stress intensity is independent of the crack
length; thus for a given specimen size, the stress intens-
ity can be varied simply by changing the load. In the
current tests, the AMDCB samples were dead-weight
loaded to raise and lower the stress intensity, and the
crack-tip position was periodically monitored using
an optical cathometer system which could resolve the
crack tip to within + 2 pm on the mechanically pol-
ished side surface of the test sample. The temperature
and relative humidity were maintained at 22 + 2°C
and 55% =+ 5%, respectively.

2.2.3. Fracture toughness

Fracture toughness, K., values were obtained using
the multiple indent flexture strength test method [25].
Highly polished four-point flexture bars were used
with roughly five Vicker’s hardness indents located on
the tensile surface to provide the stress concentrator.
K, values were then estimated in the usual manner
from the (maximum) load and crack length immedi-
ately prior to failure. The indentation load used was
98.07 N (10 kg).

2.2.4. Fractography

Fracture surfaces were examined using optical and
scanning electron microscopy, and in profile using
planar sections cut perpendicular to the crack path in
the plane of loading.

3. Results and discussion

3.1. Static fatigue-growth rate behaviour

The results for the crack growth studies are shown in
Fig. 3 for alumina reinforced with 20 and 28 vol % SiC
whiskers and are compared to those for a dense
(99.9% theoretical density) alumina ceramic with an
average grain size of 4 pm (or about one-half that
of the composite with 20 vol % SiC whiskers). It is
clear that the onset of slow crack growth under con-
stant loading requires a much higher applied stress
intensity in the reinforced aluminas (which show es-
sentially identical v/K behaviour). In fact, the applied
stress intensity required to achieve a crack velocity of
~ 107" ms~! in the composites is twice that re-
quired for the unreinforced alumina. Analysis of the

TABLE II Static fatigue-crack growth parameters for Al,O; and
Al,O;-SiC,, composites

Sample A s Ky
(ms ' (MPam!/2)~%) (MPam'/?)
Al,O, 1.3x1073% 55 32
(~ 4 pm grain size)
Al,0;-20 vol % SiC,, 2.7x1078° 81 7.1
(~ 9 pm grain size)
AlL,O;-28 vol % SiC,, 7.2x1077% 75 70
( ~ 2 um grain/size)
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Figure 3 The onset of static fatigue-crack growth for crack velocit-
ies = 107 '°ms™ !isinitiated at higher applied stress intensities, K,
in SiC whisker-reinforced aluminas as compared to a monolithic
alumina ceramic (@). The rate of crack growth is very sensitive to
changes in the applied stress intensity in each material. Composite
data shown for ([0) A1,0;-20 vol % SiC,, and (A ) Al,0,-28 vol %
SiC,.

crack-growth response can be made based on the
power-law relationship in Equation 3; values of the
constant A and exponent s are listed in Table II.
Regression analysis of the data represented in this
form indicates a very strong dependence of the crack
velocity upon the applied stress intensity for both
materials, as indicated by the high s values in Table II.

3.2. Cyclic fatigue-growth rate behaviour

Corresponding cyclic fatigue-crack growth rate data
for load ratios of 0.05, 0.1, 0.3 and 0.5 are plotted in
Fig. 4 as a function of the applied AK. The Al,0,-28
vol % SiC,, composite displays extensive cyclic fa-
tigue-crack propagation over six orders of magnitude
in growth rates; in fact, similar to metals [26], the
growth-rate curves show a slightly sigmoidal shape
which was reproducible under both increasing and
decreasing stress-intensity conditions. Furthermore,
as in metal fatigue [26], growth rates are increased,
and fatigue threshold AKqy values decreased, with
increasing R; for example, AK 1y values are increased
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Figure 4 Variation in cyclic fatigue-crack growth rates, da/dN, in
A1,0,-28 vol % SiC,, ceramic composite with the applied stress-
intensity range (AK = K., — K i), for load ratios of (O) 0.05, (M)
0.1, (@) 0.3 and (J) 0.5. Tests are performed at 25 Hz frequency in
ambient temperature air (22 °C, 45% r.h.)

by over 80% at R = 0.05 compared to R =0.5. If
these data are fitted to a conventional Paris law
relationship (of the form of Equation 1), similar to the
static-fatigue data, growth rates can be seen to display
a marked power-law dependence on the applied stress
intensity ranging from 33-50; moreover, values of the
threshold K, ry were found to be approximately
65% K. Both observations are similar to behaviour
reported for other ceramic materials [2, 3]. Values of
C, m and AK 1y at the selected load ratios are listed in
Table IIL.

To examine the specific dependence on K_,, and
AK, growth-rate data were also fitted to Equation 2.
In these terms, it is apparent that the steep Paris law
exponents, m, are associated with a marked sensitivity
of growth rates to K ,,, rather than AK; correspond-
ing values of n and p are ~ 30 and 5, respectively.
Resistance to cyclic fatigue-crack growth, as indicated
by the value of AK g, is clearly sensitive to the load
ratio and the entire growth-rate curve is shifted to
lower values on the abscissa with increasing values of
R. While such behaviour is similar to near-threshold
growth rates in metallic materials where AK y levels
are invariably decreased at higher load ratios (e.g.
[26]), behaviour at higher (intermediate) growth rates
(ie. ~107°-10"®mcycle ') is generally far less
sensitive to the load ratio.* In fact, the effect of load
ratio on growth-rate behaviour can be effectively nor-
malized by plotting the da/dN data as a function of
the maximum stress intensity, K ., (Fig. 5); the fatigue
threshold, expressed in terms of a maximum stress
intensity, K., ru, is essentially constant and inde-
pendent of R. By representing the current results in

TABLE III Cyclic fatigue-crack growth parameters for Al,O5—
28 vol % SiC,, composite

Load ratio C m AK 1y K pax.th
R (m cycle™?
(MPam!/2)™m) (MPam'?) (MPam'?)
0.05 59x 1073 33 53 5.5
0.10 1.6 x 1044 48 5.2 5.7
0.30 35x1073 37 41 5.9
0.50 7.3x 10734 50 29 5.9
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Figure 5 Comparison of cyclic fatigue-crack velocities, as a function
of time, da/dt, in Al,0;-28 vol% SiC,, ceramic composite in
ambient temperature air with the applied maximum stress intensity,
K ax (R = 0.05-0.5), with corresponding crack-velocity data for
both unreinforced Al,O5 and Al,O,;-SiC,, obtained under mono-
tonic loading (stress corrosion, static fatigue). Static fatigue data

“from Fig. 3.

this way, it is apparent that at a given stress intensity
the velocity (with respect to time) of cyclic fatigue
cracks in the Al,05-SiC,, composite far exceeds that
of static fatigue cracks in this material [11, 27], there-
by re-affirming the essential role of the unloading cycle
for the cyclic-fatigue process to occur. Crack velocit-
ies, however, are significantly slower than correspond-
ing static-crack growth in the unreinforced Al,O,
matrix.

3.3. Fatigue-crack closure

Similar to behaviour widely reported for metals
(e.g. [20,217) and in limited cases for ceramics [2, 7,
23], cyclic fatigue-crack growth behaviour in the
Al,0,-28 vol % SiC,, composite showed evidence of
crack-surface contact (i.e. “crack closure”) during the
fatigue loading cycle. Far-field crack-closure levels,

* Note that at very high growth rates z 10~ %m cycle ™ !) approaching instability, e.g. as K ,,, approaches K., the marked dependence of
growth rates on mean stress (or load ratio) often reappears in metallic materials as the mechanism of fatigue-crack growth involves the
occurrence of “static” fracture modes, i.e. microvoid coalescence, cleavage, intergranular cracking, all mechanisms which are strongly sensitive
to the tensile or hydrostatic stresses, rather than the alternating stresses per se [10].
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defined in terms of K, and corresponding to the
growth-rate data in Fig. 4 for each load ratio, are
given in Fig. 6. Such closure in Al,0,-SiC,, appears
to be caused by premature contact of rough asperities
on the crack surfaces during the unloading cycle prior
to minimum load. The resulting wedging effect acts
to raise the effective minimum stress intensity
(Kmin = K,), thereby lowering the effective range of
stress intensity AK ¢ (K oy — Ko, for K > K. ) ac-
tually experienced by the crack tip [20]. In metallic
materials, replotting the growth rates for various pos-
itive load ratios in terms of AK g, rather than AK,
generally will normalize the growth-rate data, as the
effect of load ratio on crack velocities, particularly ‘at
near-threshold levels, is primarily associated with
crack closure; higher R ratios minimize the wedging
effect of closure as they involve larger crack opening
displacements [19-21]. However with ceramics, this
approach can be seen in Fig. 7 to have only limited
success. Compared to behaviour in metallic materials
(e.g. [21]), the role of crack closure in influencing
cyclic crack growth in ceramic materials remains
poorly understood. There is little doubt that the
crack-wedging action of, for example, fracture-surface
asperities will tend to diminish the crack-driving force,
and as such act to retard crack-extension rates as in
metals. However, whether such phenomena can be
quantified in terms of a closure stress intensity remains
uncertain, given that the experimental measurement of
K., in terms of crack-surface contact may be clouded
in many ceramics by the occurrence of other shielding
mechanisms [28] such as whisker or matrix-grain
bridging.

3.4. Fractography
Scanning electron microscopy observations of the sta-
tic-fatigue fracture surfaces produced at crack velocit-
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Figure 6 Experimentally measured variation in the stress intensity
at closure, K., with the applied stress-intensity range, AK, in
Al,0;-28 vol % SiC,, ceramic composite during cyclic fatigue in
ambient temperature air for load ratios of 0.05, 0.1, 0.3 and 0.5.
Applied values of K ,, and K;, are shown for comparison. 25 Hz,
22°C, 45% r.h.

ies of ~10 3 ms™! reveal a substantial amount of

transgranular fracture through the alumina grains and
evidence of SiC whisker bridging and pull-out (Fig. 8).
Whisker pull-out is supported by the whiskers extend-
ing above the fracture surface and by the holes where
the ends of whiskers have been extracted from the
matrix during fracture.

Corresponding micrographs of the fracture surfaces
during overload fracture and fatigue-crack propaga-
tion at R =0.05, 0.3 and 0.5 are shown in Fig. 9.
Fracture surfaces are again characterized by two
primary features, namely transgranular cleavage of the
matrix grains (A in Fig. 9) interdispersed with the
fracture and pull-out of the SiC whiskers (B in Fig. 9).
The fracture morphology is only marginally changed
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Figure 7 Variation in cyclic fatigue-crack growth rates, da/dN, in
Al,0;-28 vol % SiC,, ceramic composite at ambient temperature
with the effective stress-intensity range (AK s = K., — K), for
load ratios of (O) 0.05, (W) 0.1, (@) 0.3 and (1) 0.5. 25 Hz, 22°C,
45% r.h.

Figure 8 Extensive transgranular fracture of the alumina grains and
pull-out of the SiC whiskers are observed on fracture surfaces
produced at high crack velocities in the larger grained alumina
reinforced with 20 vol % SiC whiskers, during static fatigue-crack
growth.
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Figure 9 Scanning electron micrographs showing the fractography of cyclic fatigue-crack propagation in Al,0;-28 vol % SiC,, ceramic
composite at load ratios of (a) 0.05, (b) 0.3, and (c) 0.5, and (d) overload fracture. Regions of transgranular cleavage of matrix grains and SiC
whisker fracture/pull-out are indicated by A and B, respectively. Arrow indicates the general direction of crack growth for all micrographs.

at the differing load ratios and is, in fact, very similar
for failure under either monotonic or cyclic loading.
However, there is evidence of somewhat more whisker
pull-out in cyclic fatigue and more matrix-grain cleav-
age under monotonic loads (cf. Fig. 9d with 9a).
Moreover, for the cyclic fatigue surfaces, the propor-
tion of transgranular cleavage facets does appear to
increase slightly with increasing load ratio.

On examination of the cyclic fatigue fractures by
metallographic sectioning (Fig. 10), it is apparent that
the crack path frequently tends to seck out regions of
local porosity (C in Fig. 10). The interaction of the
fatigue crack with the SiC whiskers in general involves
either whisker fracture (D in Fig. 10) or debonding
along the whisker/matrix interface (E in Fig. 10), with
little change in crack-path direction; however, there
are examples of significant crack deflection where the
crack encounters the larger whiskers (F in Fig. 10). In
situ observations of crack propagation reveal the oc-
currence of matrix-grain bridging behind the crack tip;
however, no evidence of crack bridging by intact
whiskers could be detected.

3.56. Mechanisms of crack growth
Previous studies [14, 15, 28, 29] on monotonic crack
propagation and fracture-toughness behaviour have
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Figure 10 Scanning electron micrograph of the profile of a cyclic
fatigue crack in Al,O5-28 vol % SiC,, ceramic composite at a load
ratio of 0.05. Note that the crack path follows regions of local
porosity (C), and results in both whisker fracture (D) and failure
along whisker/matrix interfaces (E) with little evidence of crack
deflection, except at large SiC whiskers (F). Arrow indicates the
general direction of crack growth.

shown that the principal contributions to crack-
growth resistance in the present Al,0,;-SiC, com-
posite system result from crack bridging by partially
bonded SiC whiskers, subsequent pull-out of these
whiskers, bridging and pull-out of matrix grains, and
to a small extent from crack deflection. The increases
in toughness induced by the bridging processes derive



from tractions imposed on the crack surfaces by the
whiskers and grains, which vary with increases in the
crack opening displacement behind the crack tip.

For frictional bridging by partially debonded whis-
kers, large radial stresses are imposed on the debond-
ing interfaces by the thermal expansion mismatch
between SiC and Al,O5. Thus, although the whiskers
are relatively strong ( ~ 8-16 GPa) [30], the bridging
stresses supported by these whiskers increase very
rapidly as the crack opens such that whisker fracture
ensues a short distance behind the crack tip. This
implies that the zone of unbroken whiskers in the
wake of the crack tip (the frictional whisker-bridging
zone) is quite small; experimental measurements [29]
suggest dimensions of the order of 10 um behind the
crack tip. However, bridging via whisker pull-out,
where whisker rupture occurs well away from the
crack plane, can be active at distances several hun-
dreds of micrometers behind the crack tip [31]; this
process requires considerable energy as the mismatch
in thermal expansion imposes significant radial com-
pressive stresses on the sliding interface.

Compared to frictional bridging via whiskers, crack
bridging by interlocking matrix grains results in much
lower bridging stresses; however, the crack-opening
displacement required to pull out a matrix grain is
much larger. Correspondingly, bridging zones for this
mechanism have been estimated to extend for several
hundred micrometres behind the crack tip [32, 33],
and are generally considered to provide a significant
toughening contribution. When the matrix grain size
is very fine (e.g. less than 2 um), however, matrix grain
bridging appears to be far less significant for tough-
ness than whisker bridging and pull-out [15].

These multiple bridging mechanisms have been
shown to combine to give an increased fracture resist-
ance equal to the sum of the toughening contribution
from each mechanism [15]. However, under cyclic
loading, their contribution to crack-growth resistance
may be progressively diminished due to a decay of the
frictional sliding resistance of the matrix/bridge inter-
faces. While detailed models of the micromechanics of
such time-dependent bridging phenomena are at pre-
sent not well developed, some preliminary observa-
tions [2, 7, 34-38] seem to suggest that wear processes
during repeated sliding under the action of the cyclic
loads may significantly reduce the bridging capacity of
the bridging zone.

In general, such wear degradation may be expected
to scale with the matrix/bridge sliding distance, res-
ulting in a more pronounced decrease in the bridging
zone capacity with increased cyclic crack opening
displacements, that is, with decreasing load ratio, R.
As discussed earlier, however, growth rates in this
ceramic composite are particularly sensitive to the
tensile stress state ahead of the crack tip and hence
the maximum stress intensity, K ,,,, and far less sens-
itive to the range of stress intensity, AK, as suggested
by the above time-dependent bridging mechanism.
Growth rates must therefore be interpreted in terms of
contributions from both fracture processes at or ahead
of the crack tip, which are particularly sensitive to
Kpax (da/dN oc K30,) and relatively insensitive to

AK, and wear degradation of the bridging zone capa-
city behind the crack tip, which is dependent on AK
(da/dN oc AK?). Plots of crack-growth rate data, pre-
sented in terms of K,,, should, therefore, be expected
to be shifted slightly to lower stress intensities with
decreasing stress-intensity range or increasing load
ratio. While such behaviour is only marginally appar-
ent within the overall scatter of growth-rate data
reported in the present study (Fig. 4), with improve-
ments in the accuracy of data and more homogeneous
materials, the effect is expected to be more apparent.

4. Conclusions

Based on a study of the role of load ratio in influencing
cyclic fatigue-crack propagation in SiC whisker-re-
inforced alumina-matrix composites (Al,O;-SiC,),
the following conclusions can be drawn.

1. Rates of cyclic fatigue-crack growth (da/dN)
over the range ~ 107*'~10"> mcycle ! are found to
be power-law dependent upon the applied stress-
intensity range AK, with an exponent varying between
33 and 50. Similar high dependencies on the applied
stress intensity are observed for static fatigue-crack
growth under constant loading conditions.

2. Crack-growth rates and the value of the fatigue
threshold AK 1y are found to be strongly influenced by
the load ratio (over the range R = 0.05-0.5); specific-
ally, values of AK;y are increased by over 80% at R

= 0.05 compared to R = 0.5. Values of K, ,, 1y are
approximately 65% K, for all load ratios.

3. The effect of load ratio on crack-growth behav-
lour is rationalized in terms of a far greater depend-
ency of growth rates on the maximum, rather than the
alternating, stress intensity; ie. da/dN oc K39 AK?.
Unlike metallic materials, considerations on the role
of crack closure in influencing the effective crack-
driving force do not provide a complete normalization
of the load-ratio data.

4. The driving force for cyclic fatigue-crack growth
in AL,O;-SiC,, is reasoned to be strongly affected
by micro-mechanisms of crack bridging from inter-
locking matrix grains and intact whiskers and sub-
sequent pull-out. Specifically, compared to crack
growth under monotonic loading, the near-tip stress
intensity in cyclic fatigue is enhanced by a diminished
effect of such bridging due to a time-dependent decay
in the strength of the matrix/bridge interfaces.
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