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The microstructural basis of cyclic fatigue-crack propagation in monolithic alumina has been 
investigated experimentally and theoretically. A true cyclic fatigue effect has been verified, 
distinct from environmentally assisted slow crack growth (static fatigue). Microstructures 
with smaller grain sizes were found to promote faster crack-growth rates; growth rates were 
also increased at higher load ratios (i.e. ratio of minimum to maximum applied loads). Using 
in situ crack-path analysis performed on a tensile loading stage mounted in the scanning 
electron microscope, grain bridging was observed to be the primary source of toughening 
by crack-tip shielding. In fact, crack advance under cyclic fatigue appeared to result from 
a decrease in the shielding capacity of these bridges commensurate with oscillatory loading. 
It is proposed that the primary source of this degradation is frictional wear at the boundaries 
of the bridging grains, consistent with recently proposed bridging/degradation models, and 
as seen via fractographic and in situ analyses; specifically, load versus crack-opening- 
displacement hysteresis loops can be measured and related to the irreversible energy losses 
corresponding to this phenomenon. 

1. Introduction 
Unlike metals, ceramics have traditionally been con- 
sidered to be immune to fatigue damage under cyclic 
loading, a notion justified by the low mobility of 
dislocations in ceramic materials and corresponding 
lack of crack-tip plasticity [1]. Despite several early 
observations to the contrary [2-6], crack advance 
observed under cyclic loading was commonly at- 
tributed to environmentally assisted growth (static 
fatigue or stress-corrosion cracking) integrated over 
the loading cycle [-7]. Over the last several years, 
however, there have been numerous demonstrations 
of a true cyclic fatigue effect in many polycrystalline 
ceramics; specifically, at equivalent stress-intensity 
levels, rates of subcritical crack growth under cyclic 
loads at ambient temperatures have been shown to be 
far in excess of those measured under quasi-static 
loads [,8-16]. The dominant microstructural mecha- 
nisms, however, remain poorly understood, and 
quantitative descriptions of such behaviour are gener- 
ally lacking. 

Although most "high-toughness" ceramics are 
known to develop toughness through resistance or 

R-curve behaviour [-17 22], where mechanisms such 
as in situ phase transformations [,21], crack bridging 
[18, 19, 22], or microcracking [-20] act to locally shield 
the crack tip from applied stresses, it has become 
apparent that the degradation of such toughening 
mechanisms (particularly bridging) under cyclic load- 
ing may promote fatigue-crack growth [-23, 24]. For 
example, in many nontransforming ceramics, the prin- 
cipal contribution to toughening arises from crack 
bridging, whether by uncracked ligaments at inter- 
locking grains in monolithic systems such as A1203 
and Si3N 4 [-25-31] or by intact whiskers, fibres or 
particles in many composite structures [-32, 33]. Effec- 
tive bridging in monolithic ceramics relies not only on 
sufficiently weak grain boundaries but also on thermal 
expansion anisotropy which leaves some grains in 
a state of residual compression after cooling from 
processing temperatures [,19,27, 34]. (Large radial 
compressive stresses can similarly be imposed on the 
fibre or whisker/matrix interface in many composite 
microstructures.) Upon encountering such compres- 
sive zones, a crack will tend to deflect around the grain 
in the tensile regions surrounding it, thereby leaving 
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TABLE I Properties of alumina ceramics 

AI2Oa Purity Grain Young's Bend 
(%) size, modulus, strength, 

dgs E o" o 
(gm) (GPa) (MPa) 

Initiation 
toughness, 
Ko 
(MPa m l/z) 

Maximum 
measured 
toughness, 
Kc 
(MPa m 1/2) 

At203-Coors I 99.5 a 370 260 - 5.1 
Al203-Coors II 95.5 a _ - -  5.3 
A1203-I 98.8 8 340 193 2.5 3.7 b 
A1203-II 98.5 10 365 2.5 4.4 b 
A1203-III 13 380 - 2.5 5.3 b 

a Highly non-uniform grain structures, with grains ranging in size from 2 30 pm. 
u Owing to large-scale bridging, these values represent the maximum measured toughness. 

an intact grain traversing the crack faces to act as 
a local bridge. Toughening then results from closing 
tractions acting across the crack flanks during both 
initial debonding of the grain and subsequent fric- 
tional grain pullout. 

During cyclic loading, however, it is presumed that 
the shielding capacity of the bridging zone is reduced 
due to frictional wear degradation at the grain/matrix 
interface. This notion is supported by indirect evid- 
ence, such as the appearance of wear debris at active 
bridge/matrix boundaries [24, 30], as well as subtle 
rounding, debris products, and wear tracts observed 
on otherwise identical fatigue fracture surfaces [35]. 
The essential difference between static and cyclic fa- 
tigue-crack growth is therefore associated with an 
increase in the local crack-tip driving force under 
cyclic loads. This, in turn, suggests that the actual 
crack-tip advance mechanism may be identical during 
cyclic and static crack extension. 

Recent micro-mechanical modelling [23, 24] has 
shown that repetitive sliding wear of frictional grain 
bridges under cyclic loading can result in premature 
debonding of grains and reduced frictional pullout 
stresses, factors which markedly reduce the toughen- 
ing capacity of grain-bridging zones in cyclic fatigue; 
similar mechanisms are apparent for frictional bridg- 
ing by partially bonded whiskers or fibres in com- 
posite microstructures [36]. Such frictional-wear 
models not only permit calculation of fatigue-crack 
growth rate behaviour for ceramics, but also predict 
growth rates to be markedly sensitive to the applied 
stress intensity and to microstructural and mechanical 
parameters such as grain size and residual stress. 

The objective of the present study was to examine 
the cyclic fatigue-crack growth behaviour of a mono- 
lithic alumina, which shows significant R-curve 
toughening by grain bridging. It is shown that a fric- 
tional wear model for crack advance provides an accu- 
rate description of experimentally observed behaviour 
in several aluminas with varying grain size and pro- 
cessing conditions. 

2. Experimental procedures 
2.1. Mater ia ls  
Five grades of monolithic alumina were examined, 
namely two Coors commercial-grade materials (one 
with a purity of 99.5%, a highly non-uniform grain 
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size distribution, and a steady-state or plateau fracture 
toughness, Kc, of 5.1 MPam 1/2, the other with a pu- 
rity of 95.5%, a highly non-uniform grain size distri- 
bution, and a K~ of 5.3 MPaml/2), and three grades 
processed by isostatically pressing high-purity A1203 
powders at 1700 ~ in vacuo. The latter three micro- 
structures, which consisted of highly equiaxed grain 
structures with grain sizes of approximately 8, 10 and 
13 gm, displayed significant R-curve behaviour, with 
crack-initiation fracture toughness Ko values of 
~ 2 . 5 M P a m  1/2 and Kc values of 3.7, 4.4 and 

5.3 MPam 1/2, respectively. Specific properties of all 
five grades are listed in Table I; characteristic micro- 
structures (for the two Coors materials and the 13 gm 
material) are shown in Fig. 1. 

2.2. Cyclic crack-growth rate and closure 
measurements 

Cyclic crack-growth rate measurements were per- 
formed using compact-tension, C(T), specimens, con- 
taining "long" (> 3 mm) through-thickness cracks, in 
a controlled room-air environment (22 ~ 45% rela- 
tive humidity). Test pieces conformed to ASTM stan- 
dard geometry, with a width, W, of 20ram and 
a thickness of 3 mm. Specimens were cycled at load 
ratios (R = Kmin/Kmax) of 0.1 and 0.5 at a cyclic fre- 
quency of v = 25 Hz (sine wave) on computer-control- 
led servohydraulic mechanical testing machines, in 
general accordance with ASTM standard E647-91, 
modified for ceramics using procedures described else- 
where [37]. Prior to data collection, samples were 
pre-cracked under cyclic loading several millimetres 
beyond the wedge-shaped starter-notch; thereafter, 
crack lengths were continuously monitored (to within 
_+2gin) using electrical-potential measurements 

across thin ( ~ 100 nm) NiCr films evaporated on to 
the specimen surface. Measurements were checked 
periodically with a travelling microscope in order to 
minimize errors resulting from bridging-induced elec- 
trical contact behind the crack tip in the NiCr crack 
gauge. Data are presented in terms of the growth rate 
per cycle, da/dN, as a function of either the maximum 
or alternating applied stress intensity, Kma x o r  AK 
( = K m a x - - K m i n ) ,  respectively. Selected specimens 
were subsequently loaded monotonically at loading 
rates of ~ 0.25 pms-1 to obtain resistance curves. 
Stress/life (S/N) data were also obtained in the 99.5% 



Figure 1 Representative microstructures for (a) the Coors 99.5% pure A1203, (b) the Coors 95.5% pure AlzO3, and (c) the 13 gm grain-sized 
A1203. Notice the largely non-uniform nature of the two Coors microstructures relative to the equiaxed structure of the 13 lam alumina. Each 
surface was prepared by thermally etching in air at 1650 ~ for 2 h. 

Coors alumina using a cantilever-beam specimen at 
a load ratio of R = -  1.0. Fig. 2 schematically 
illustrates the experimental techniques used for crack 
growth-rate measurements. 

Residual crack opening ("crack closure" in metals 
terminology), in the form of wedging contact of mating 
crack faces upon specimen unloading, was monitored 
in the 10 gm grain-sized alumina using back-face strain 
elastic compliance measurements from strain gauges 
attached to the back face of the C(T) specimens. The 
closure stress intensity, Kcl , defined at the point of first 
wedging contact of the crack surfaces during unloading, 
was estimated on load versus back-face strain curves 
at the point where the elastic unloading line deviated 
markedly from linearity (Fig. 2) [38]. 

2.3. In situ crack-path analysis and 
fractography 

Fracture surfaces of samples tested under both mono- 
tonic and cyclic loads were examined in the scanning 
electron microscope (SEM). In addition, crack profiles 
in a series of C(T) specimens were imaged in the SEM 
using an in situ miniature screw-driven tensile loading 
stage, which permitted measurements of the local 
crack-opening displacement, 2u, as a function of ap- 
plied load, P, in the microscope. 

t 
D.c. potential 

(J 

Time 

Backface ~ Time strain 

Kmax - l / 

Compression strain 

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

3. Results and discussion 
3.1. Resistance curve behaviour 
Typical resistance curves for the 8 and 13 tam grain- 
sized microstructures are plotted in Fig. 3 in the form 
of the resistance to crack extension, KR, as a function 
of normalized crack length, a/W, where W is the 
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Figure 3 Plot of crack-growth resistance (R-curves) for the 8 and 
l 3 p.m grain-sized microstructures, plotted in terms of crack-growth 
resistance, KR, as a function of normalized crack extension, a/W. 
Note the general increase in crack-growth resistance with increasing 
grain size, attributed to enhanced shielding due to larger grain- 
bridging zones which scale with grain size. 

width of the compact-tension specimen and a the 
crack length; these measurements indicate an increase 
in crack-growth resistance (toughness) with increasing 
grain size, as observed previously [17, 19, 25-28]. The 
elevation in toughness was found to be associated with 
crack bridging, involving the formation of unbroken 
ligaments (Fig. 4a), and in particular the development 
of extensive intact grain bridges behind the crack tip 
(Fig. 4b and c). Regions of crack bifurcation and 
secondary cracking were also observed, although less 
frequently, in the crack wake (Fig. 5); arrows in this 
figure mark regions where frictional tractions along 
the mating surfaces have opened new second- 
ary cracks not associated with the primary crack 
(labelled C). 

Following the classification by R6del [22], various 
types of crack-bridging geometries can be documented 
in the aluminas: intact elastic bridges, frictionally sli- 
ding inelastic bridges, and mechanically interlocked 
elastic-inelastic bridges (see schematic illustrations in 
Fig. 4). Intact elastic bridges are characterized by the 
reversible nature of their deformation, a property 
which renders them immune to degradation under 
cyclic loading conditions (Fig. 4a). Previous approx- 
imate calculations [27] demonstrate that these elastic 
bridges cannot fully account for the magnitude of the 
measured toughness. Inelastic bridges, as shown in 
Fig. 4b, result from frictional sliding at the 
grain/matrix interface. The frictional sliding resistance 
depends on the coefficient of friction, g, of the interface 
and the normal stress, cyN, acting across the interface. 
Typically, cyN = CYR, where CYR represents the residual 
stress which arises from thermal expansion aniso- 
tropy. The work performed against these frictional 
grain-bridging forces on crack opening has been 
shown to account for the majority of the observed 

Elastic/inelastic 

Figure 4 Examples of types of crack bridging in the Coors 95.5% 
alumina, showing (a) intact elastic bridges, (b) frictionally sliding 
inelastic bridges, and (c) mechanically interlocked elastic/inelastic 
bridges. (Classification after 1-22].) 

Figure 5 Evidence of extensive crack bifurcation in the crack wake 
of the Coors 95.5% alumina. Note the regions of secondary crack- 
ing (labelled with small arrows) opened under the operation of 
frictional tractions acting along the mating crack surfaces. The 
primary crack is labelled c. Large arrow indicates direction of crack 
growth. 

toughening [27]. Elasti~inelastic bridges, are essen- 
tially a combination of the two idealized cases above 
(Fig. 4c); these incorporate elastic, reversible deforma- 
tion with irreversible frictional sliding behaviour, 
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Figure 6 Stress/life (S/N) data, at R = --1.0, for the bimodal 
grain-sized alumina (99.5% purity), plotted in terms of the stress 
amplitude, Ac~/2, and cycles to failure, Nf. 

a combination which depends upon the tilt angle, o~, of 
the bridge. 

3 .2 .  C y c l i c  f a t i g u e  
3.2. 1. Stress/lifo behaviour  
Typical stress/life (S/N) data for the Coors I alumina 
are shown in Fig. 6, where the applied stress ampli- 
tude, Acy/2, is plotted as a function of cycles to failure, 
N, for a tension-compression loading schedule 
(R = - 1 . 0 ,  v = 25 Hz); arrows indicate tests inter- 
rupted prior to specimen failure at 107 cycles. These 
data are generally described by an equation of the 
form A~"N = C, where n and C are scaling para- 
meters. A least-squares fit to the data in Fig. 6 yields 
a value for n of 16.1, consistent with results reported 
elsewhere [39, 40]. 

3.2.2. Crack-growth behaviour 
For the five alumina microstructures tested, rates of 
subcritical crack growth under cyclic loads were ob- 
served to exceed by far the corresponding growth rates 
under monotonic loading at equivalent stress-inten- 
sity levels, as shown in Fig. 7 for the Coors I alumina. 
Here crack length is plotted as a function of time for 
a series of block-loading experiments designed to dis- 
tinguish cyclic and static fatigue effects. This is 
achieved by comparing growth rates at a constant 
applied stress intensity, K . . . .  to those measured under 
cyclic conditions at the same Km, x (with R = 0.1). 

Cyclic fatigue-crack growth-rate data (da/dN versus 
AK) measured over four orders of magnitude are plot- 
ted in Fig. 8a for all five alumina microstructures at 
R = 0.1 and v = 25 Hz. Similar to metallic materials 
over the mid-range of growth rates, these data may be 
expressed in terms of a simple Paris-law relationship 
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Figure 7 Crack length, a, plotted as a function of time, t, demon- 
strating the effect of sustained loading conditions versus cyclic 
loading conditions (R = 0.1, v = 25 Hz) in the Coors I alumina 
specimen. Notice the increase in growth rates under cyclic loading 
compared to those observed under sustained loading. The data are 
characteristic of each of the five alumina microstructures and dem- 
onstrate the presence of a true cyclic fatigue effect. 

of the form [41] 

da/dN = C(AK) m (1) 

where C and m are scaling constants. The exponents, 
m, listed in Table II, are far higher than those reported 
for metallic systems (where m typically lies between 
2 and 4) [8]; values of C and the fatigue threshold, 
AKth (defined at a maximum growth rate of 
10-10 m cycle- i )  are also tabulated. For  the high-pu- 
rity isostatically-pressed aluminas, growth rates are 
seen to increase, and fatigue thresholds appear to 
decrease, with both decreasing grain size, dgs, and 
toughness, Kc; in fact, similar to many ceramic mater- 
ials [8], the growth-rate behaviour for all alumina 
microstructures can be normalized by plotting as 
a function of Kmax/Kc (Fig. 8b). 

Cyclic fatigue behaviour has been modelled [23] in 
terms of a reduction in the grain-bridging stress func- 
tion, p(u), used to characterize crack surface closing 
tractions developed in the bridging zone (Fig. 9c); such 
a zone is schematically illustrated in Fig. 9a, with 
a representative p(u) function under monotonic load- 
ing (Fig. 9b), where 2u is the crack-opening dis- 
placement. As grain debonding progresses under 
monotonic loading, p(u) rises steeply from an initial 
compressive residual stress, c~R, to a maximum tensile 
value representing complete detachment of the 
bridged grain from the surrounding matrix. This 
steady increase in p(u) is followed by a gradual de- 
crease dominated by frictional pullout (Fig. 9b), which 
is generally represented by a relationship of the form 
[23] 

p(u) = gcyN(1 - u/u*), (2) 

where g is the frictional coefficient and ~y the 
normal stress acting on the bridge/matrix boundary 
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Figure 8 Effect of grain size on cyclic fatigue-crack growth rate 
behaviour in the five alumina microstructures as a function of (a) 
applied AK, and (b) Kmax/Ko. ( x ) Coors II (O) Coors I, (Q) 8 gm, 
(~) 10 gm, (G) 13 gm. 

T A B L E  II Paris-law parameters and fatigue thresholds for 
aluminas tested 

A1203 m C Threshold 
[(m cycle- i) AKth 
(MPa ml/2) - ' ]  (MPa m 1/2) 

Al2Os-Coors I 32 5.5 x 10 -56 2.8 
Al203-Coors II 47 6 . fx  10 -33 2.8 
A1203-I 17 2.3 x 10 -37 2.7 
AI203-II 16 1.1 x 10 -36 2.8 
A1203-III 16 1.0 x 10 -42 3.9 

(equivalent to the residual stress r The linear de- 
crease in frictional stress with increasing u is modelled 
by the term (1 - u/u*), where u* is the critical crack 
opening displacement at bridge rupture and is typi- 
cally about half the grain size. A measure of the energy 
dissipated during frictional grain pullout is given 
by the area under the p(u) function, where initial 

6 4 8  

debonding (which consumes far less energy) is gener- 
ally ignored [42]. The resultant increase in toughness, 
Gb, (i.e. the toughening capacity of the bridging zone) 
can be determined using energy-balance arguments 
[43]; moreover, the near-tip driving force, Grip, is 
given by Gti p = Gap p - Gb, where Gap p represents the 
applied, far-field loading. Equivalently, this can be 
expressed in terms of stress intensities as 

Ktip = (Ka2pp - Kb2) 1/2 (3) 

Accumulated wear damage at the bridge/matrix inter- 
face [-23, 24, 30] results in a reduction in the toughen- 
ing capacity of the bridging zone, K b ,  under cyclic 
loads, leading to an increase in the crack-tip driving 
fo rce ,  Ktip, (Equation 3). 

Such analyses are consistent with in situ SEM ob- 
servations of fatigue crack profiles. For example, the 
presence of irreversible deformation attributed to fric- 
tional wear can be seen in Fig. 10. When measuring 
the crack-opening displacement, 2u, as a function of 
applied load, P, in the proximity of a frictionally 
sliding bridge ~ 2 mm behind the crack tip in a crack 
in the 13 gm alumina, extensive hysteresis was ob- 
served. The bridge is shown fully loaded at ~ 140 N 
in Fig. 10a, and unloaded in Fig. 10b, reflecting com- 
pliance changes resulting from a transition between 
elastic and inelastic deformation [14, 27]. Upon initial 
loading, bridges behave elastically until loads are suffi- 
cient to overcome frictional resistance at the 
bridge/matrix interface, whereupon they are pulled 
from their sockets; as sliding continues the stiffness is 
reduced below the elastic value. With subsequent un- 
loading, the bridges first relax elastically, followed by 
frictional sliding as they return to their initial posi- 
tions, resulting in a hysteresis curve. The area under 
this curve reflects irreversible energy losses per load- 
ing cycle which can be related to the shielding capacity 
of the bridging zone, Gb [27]. The idealized p(u) be- 
haviour shown in Fig. 10d is assumed to occur for 
individual bridging grains; it does not include the 
effects of neighbouring grains on the measured p(u) 
curve shown in Fig. 10c. 

Direct observation of the evolution of active bridg- 
ing sites during cyclic loading suggests that this energy 
dissipation results from progressive elimination of the 
shielding capacity of bridging grains under the influ- 
ence of oscillatory load. Fig. l lb shows the same 
bridging grain imaged in Fig. 1 la (both at zero applied 
load), but after the application of --~ 2 x 106 loading 
cycles at R -- 0.1. There is clear evidence of damage to 
the bridge, involving micro-fracture and the removal 
of large particles; moreover, the secondary crack (in- 
dicated by the arrow) has closed relative to its position 
in Fig. l l a  due to a reduction in the local frictional 
traction acting along this boundary. 

Fractographic analysis of the Coors I AlzO3 (the 
99.5 % purity material) provides additional evidence of 
local bridge damage under cyclic loading. Unlike metals 
where fatigue surfaces exhibit striations associated 
with the unique mode of cyclic crack advance, both 
monotonic and cyclic fracture surfaces of the alumina 
in Fig. 12 show very similar intergranular morpholo- 
gies. Such similarities are consistent with the notion 
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Figure 9 Grain bridges in the wake of a growing crack, length a, forming a bridging zone of length, lb, are schematically illustrated in (a) [27]. 
The crack-opening displacement, 2u(x), is indicated at position x in the bridging zone. The grain bridging stress, p(u), is shown rising rapidly 
from the initial residual compressive stress, CYR, as the grain debonds, followed by frictional sliding which gradually decreases as the grain is 
extracted from the matrix under (b) monotonic,  and (c) cyclic loading conditions. Note the marked decrease in p(u) from wear at the 
grain/matrix interface under cyclic loading. After [23]. 

that the mode of crack advance is identical during 
cyclic and monotonic crack advance. However, evid- 
ence of wear damage on the cyclic fatigue surface is 
consistent with progressive reductions in the potency 
of grain-bridging phenomenon under cyclic loads. 

Lathabai et al. [24] have modelled reduction of the 
bridging zone capacity in terms of a decrease in the 
frictional coefficient, g, at the grain/matrix interface 
upon cyclic loading; the reduction in la necessary to 
predict the observed behaviour is obtained by fitting 
the model to experimental stress/life (S/N) data. Alter- 
natively, the degradation in p(u) can be modelled 
directly in terms of the effect of material removed from 
the bridge/matrix interface by sliding wear processes 
on the residual thermal expansion anisotropy stress, 
~ (while maintaining the frictional coefficient, g, at 
the boundary constant). In this approach [23], the 
normal stress, ~N, acting across the sliding interface is 
taken to be the residual stress, CYR, given by 

E 
(YR ~ 2(1 -- V 2) a* (4) 

where v is Poisson's ratio, E the Young's modulus, and 
a* the radial misfit strain arising from thermal aniso- 
tropy effects. Wear at the grain/matrix interface is 
simulated by adjusting a* to accommodate equal 
amounts of material being removed from either side of 
the interface during cycling, and is quantified in terms 
of a simple wear relationship, based on Amonton's 
Law, in terms of the normal stress at the interface, 

CYN = CYR, and the sliding distance, s. The volume of 
material removed, V, is given by [44] 

V = ~ c& s (area) (5) 

where ~ is the wear rate and area refers to the sliding 
contact area between the bridging grain and the 
matrix. Having developed equations which relate the 
amount of material removed at the grain/matrix inter- 
face to the change in misfit strain, ~*, and the residual 
normal stress, CYR, the frictional pullout function, p(u), 
where Cys = ~R (Equation 2), and subsequently the 
decrease in ttie shielding capacity of the zone, Kb,  c a n  

be calculated [23]. Based on the computation of Kb,  

the near-tip driving force, Ktlp, is determined from 
Equation 3, thereby providing a condition for crack 
growth at constant da/dN of the form Kt i  p = K 0 ,  

where Ko is the intrinsic matrix toughness. 
Growth rates in the three equiaxed aluminas (8, 10 

and 13 gm) are seen generally to increase with decreas- 
ing grain size or fracture toughness (Fig. 8a), consis- 
tent with predictions from this frictional wear model. 
In grains with smaller dimensions, not only is shield- 
ing reduced, but removal of material at the 
bridge/matrix interface has a marked effect on reduc- 
ing the misfit strain induced by thermal expansion 
anisotropy. As a result, the shielding capacity of the 
bridging zone is more sensitive to degradation via 
cyclic loading in smaller grained materials, and 
growth rates are therefore accelerated. This is borne 
out by the close comparison between the experimental 
growth-rate data for the 8 and 13 gm A1203 micro- 
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Figure 10 Scanning electron micrographs of a bridging grain in the profile of a fatigue crack ~ 2 mm behind the crack tip in the 8 gm 
grain-sized AlzOa at (a) maximum load of applied cycle, and (b) zero load. Included are applied load, P, versus crack-opening displacement, 
2u, curves showing (c) measured, and (d) schematically illustrated hysteretic behaviour resulting from frictional sliding of bridging grains. 
Notice the residual crack opening at zero load, indicating the presence of closure. 

structures and predictions from the above described 
frictional wear model (Fig. 13), calculated using the 
properties listed in Table I (2u* ~ dg s which defines 
the bridging zone length, although as discussed else- 
where [23], the frictional-wear model is not sensitive 
to this length scale) and a wear rate, ~, typical of 
alumina on alumina in air of 10- 7 mm 3 N -  1 m -  1 [45]. 

3.2.3. Effect of  load ratio 
Growth rates are accelerated with increasing load 
ratio for the 8 pm grain-sized alumina when plotted in 
terms of AK (Fig. 14a). Although the slope, m, is 
essentially unchanged, the fatigue thresholds are de- 
creased from ~ 2.3 M P a m  1/2 at R = 0.1 to 

1.8 M P a m  1/2 at R = 0.5. This variation in AKth 
with R can essentially be normalized by plotting 
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growth-rate data as a function of Kmax (Fig. 14b). In 
fact, when Equation 1 is written in terms of both Kma x 

and AK, i.e. 

da/dN = C'(Kmax) n(AK) p (6) 

where C' = C(1 - R)" and (n + p) = m, it is apparent 
that, unlike metals, growth rates in alumina show a far 
greater dependence upon Kmax than AK. A regression 
fit to the data in Fig. 14 yields values for n and p of 

21.8 and 9.8, respectively; by comparison, values 
for a nickel-based superalloy are n ~ 0.4 and p ~ 3 
[46]. Such observations that growth rates show 
a marked dependence on Kmax and R and can be 
normalized by plotting in terms of Km,x/Kr 
(Fig. 8b), together with the observed similarity 
between static and cyclic fracture surface morpholo-  
gies, are consistent with the notion that the 



Figure 11 Scanning electron micrographs of a bridging grain in the 8 lain grain-sized A1203 (a) before and (b) after being subjected to 
2 x 106 loading cycles (R = 0.1, v = 25 Hz). Degradation of the bridge is apparent. The secondary crack (marked with an arrow) has closed, 

indicating a reduction in the local frictional traction along the boundary. Horizontal arrow indicates direction of crack advance. 

mechanisms associated with crack growth in ceramics 
(ahead of the crack tip) are similar for cyclic and static 
fatigue. 

Of particular note here is that by plotting growth 
rates as a function of Kma x (Fig. 14b), there is an 
apparent negative effect of load ratio, i.e. growth rates 
are accelerated with decreasing R at constant Kmax. 

This can be anticipated by relating the effect of R (and 
hence, the applied AK) on the grain/matrix sliding 
distance, s, through consideration of the crack-open- 
ing profile, 2u(x), where (a - x) is distance behind the 
crack tip (Fig. 9a). An edge-crack profile can be used 
to approximate the crack opening profile. Assuming 
small-scale yielding ~ (in this case, for a small-scale 
bridging zone length), the magnitude of the crack- 
opening displacements are fixed by the near-tip driv- 
ing force, Ktip,  such that [48] 

vIJ Ktip  2 
(7) 

where ~ ~ 2.1, and D ( x / a )  is a function dependent 
solely on x /a .  The sliding distance per loading 
cycle, s, can subsequently be defined in terms of the 
maximum and minimum crack-opening displace- 

ments during the loading cycle, 2U(X)[K~;X and 
2u(x) l K~r176 as 

s = 2u(x )  lK~;x, -- 2u(x) l /<,,.~,. = A [2u(x)] (8) 

This allows s to be expressed in terms of Equation 
7 and the applied AK, i.e. 

s =  A [ 2 u ( x ) ]  - ~ a l / 2  (a - x2) l /2  D (9) 

which reduces to 

UPKt~pX(1- R)(a2 _ x2)1/2 D(~) 
S = ~ a l / ~  (lo) 

Inspection of Equation 10 indicates that an increased 
load ratio (at constant Kmax) results in concurrent 
reduction of the sliding distance and boundary wear 
with each loading cycle (Equation 5); hence, as is 
consistent with experiments in Fig. 14b, growth rates 
decrease with increasing load ratio when plotted in 
terms of Kma x. 

However, observations of high levels of crack 
closure of up to 50% of Kmax in the 10 grn alumina 

�9 + Because the profile is greatly influenced by the nature of the grain-bridging stress function, p(u), as well as on specimen geometry and loading 
configuration, proper formulation of the bridged crack problem requires numerical solutions to an integral equation [47]. This approach is 
mathematically complex, however, and the shape of the profile is often assumed a priori to simplify calculations [42]. 
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Figure 12 Scanning electron micrographs of fracture surfaces bro- 
ken under (a) monotonic, and (b) cyclic loading conditions in the 
Coors 99.5% pure A1203. While the morphology of the surfaces is 
very similar (unlike analogous surfaces in a metal), evidence of 
damage exists on the fatigue surface which is not as readily observed 
on the monotonic surface. Arrow indicates direction of crack ad- 
vance. 
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Figure 13 Comparison of measured and predicted cyclic fatigue- 
crack growth rates, da/dN, in the 8 and 13 ~tm grain-sized aluminas 
as a function of the applied Kin,, (R = 0.1) using frictional wear 
model [23]. 
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Figure 14 Effect of load ratio (R = ([]) 0.1 and (N~) 0.5, v = 25 Hz) 
on the cyclic fatigue-crack growth rate, da/dN, behaviour of the 
8 Mm grain-sized alumina, plotted in terms of (a) AK, and (b) K,,ax. 
Notice the closer normalization of the data in (b), indicating a large 
growth-rate dependence on Km,x relative to AK. 

(Fig. 15) have not been accounted for. These measure- 
ments are consistent with the large degree of residual 
crack opening (e.g. Fig. 10b) resulting from premature 
contact of rough asperities on the fracture surfaces; 
interference between such asperities presumably arises 
from processes such as crack-tip shear displacements, 
wear debris, and stress relaxation. While it is widely 
understood that closure has marked effects on cyclic 
crack-growth rates in metals due to a local decrease in 
the effective stress-intensity range experienced at the 
crack tip (i.e. A K e f  f = Kma x - -  Kcl ,  where Kcl  > Kmi, 
[49, 50]), the role of closure in ceramic fatigue is still 
poorly understood. By reducing the boundary sliding 
distance at the bridge/matrix interface, it is conceiv- 
able that closure abates the severity of bridge degrada- 
tion during cyclic loading, thereby retarding growth 
rates in alumina as it does in metals. Because of 
the relatively small dependence of growth rates on 
AK, however, this effect is not expected to play as 
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Figure 15 Measured variation in the stress intensity at crack clos- 
ure, Kd, with applied AK, in the 10 tam AlzO3 during cyclic loading. 
Applied values of Kmax and Kmin are shown for comparison. Note 
the large closure levels, approaching ~ 50% of Kmax. 

scales directly with AK) on the degradation of the 
crack-tip shielding zone, a process which enhances the 
crack-tip driving force. At constant K . . . .  a higher 
load ratio leads to lower growth rates due to a com- 
mensurate reduction in the bridge/matrix sliding dis- 
tance. 

5. High levels of crack closure, approaching 
50% of K . . . .  were measured, consistent with the 

observed damage to bridging elements and fatigue 
fracture surfaces during cyclic loading. While this ef- 
fect is not accounted for in any of the frictional wear 
models for crack growth, it presumably limits the 
range of bridge/matrix sliding and subsequently the 
amount of wear per loading cycle. 

6. The observed dependence of cyclic crack-growth 
rates on mechanical and microstructural variables, 
such as load ratio and grain size, and fractographic 
and in situ crack path analyses, are consistent with 
a mechanism for crack advance in alumina involving 
the degradation of crack-tip shielding by grain bridg- 
ing due to cyclically induced wear along the 
grain/matrix interfaces. 

significant a role in alumina. The phenomenon is also 
obscured by the presence of bridging in ceramic ma- 
terials, which makes the interpretation of closure diffi- 
cult. Despite these difficulties, indications of extensive 
damage and micro-fracture of bridging elements ob- 
served at various sites along cyclically grown crack 
paths and the observed debris on fatigue fracture 
surfaces are consistent with the measured closure levels. 

4 .  C o n c l u s i o n s  
1. Rates of subcritical crack growth under cyclic 

loads are observed to be many orders of magnitude 
faster than corresponding growth rates under mono- 
tonic loading at equivalent stress intensity levels for 
each of the five A1203 microstructures. 

2. Cyclic fatigue-crack growth is rationalized in 
terms of a reduction in the shielding capacity of 
grain-bridging zones due to frictional wear at the 
bridge/matrix boundaries. Such degradation is consis- 
tent with in situ SEM observation of load versus 
crack-opening displacement hysteresis loops, damage 
to active bridging sites, and wear debris on fatigue 
fracture surfaces. 

3. Cyclic fatigue-crack growth rates are accelerated 
by a reduction in grain size. This can be rationalized in 
terms of the removal of grain-boundary material due 
to wear along bridge/matrix interfaces and the sub- 
sequent reduction in thermal expansion misfit strain. 
Not only is sheilding reduced for smaller grain sizes, 
but, the removal of boundary material more rapidly 
reduces the misfit strain in smaller grained aluminas, 
and so enhances cyclic crack advance. 

4. The large growth-rate dependence on Kma, is 
a result of the dominance of static failure modes on 
crack advance in both monotonic and cyclic subcriti- 
cal crack growth. The smaller AK dependence stems 
from the importance of frictional sliding wear (which 
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