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Cyclic Fatigue in Ceramics: A Balance between Crack Shielding

Accumulation and Degradation

David S. Jacobs™ and I-W. Chen’

Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109-2136

Cyclic fatigue growth rates in R-curve ceramics have been
observed to depend very strongly on the maximum applied
stress intensity, K ,,., and only weakly on the stress intensity
range, AK. This behavior is rationalized through measure-
ment of crack wake shielding characteristics as a function of
these fatigue parameters in a gas-pressure-sintered silicon
nitride. In particular, evidence for a mechanical equilib-
rium between shielding accumulation by crack growth and
shielding degradation by frictional wear of sliding inter-
faces is found for steady-state cyclic fatigue. This equilib-
rium gives rise to a rate law for cyclic fatigue. The data
suggest that the accumulation process is the origin of the
strong K ..., dependence, and that the degradation process is
the origin of the weak AK dependence. These features are
shown to be related to the “cyclic”” R-curve and to the cyclic
crack opening displacement, respectively.

I. Introduction

STABLE crack growth under cyclic loading has been observed
in many ceramics which exhibit rising toughness (R-curve)
behavior. Crack growth rates in these materials are seen to
depend strongly on the maximum applied stress intensity, K.,
and rather weakly on the stress intensity range, AK. Specifi-
cally, Liu and Chen' have found that a modified Paris Law of
the form

da/dr = AK,,.)" (AK)" D

best describes fatigue data for Y-TZP, with n = 19 and m = 2.
A similar strong K., and weak AK dependence was found by
Dauskardt et al.>* for an Al,0,/SiC,, composite. This behavior
contrasts with that of metals and polymers, for which crack
growth is governed mainly by AK.* One would expect that the
different behavior of brittle and ductile materials in fatigue is
related to the micromechanics of crack growth.

Under monotonically increasing loads, stable crack growth
in ceramics is associated with mechanisms which shield the
crack tip from the applied load. Frictional pullout of grains or
secondary phases in the crack wake has been identified as a
dominant shielding mechanism at low temperatures for non-
transformable ceramics.>™* The R-curve results from the accu-
mulation of shielding as the crack grows and the wake zone
increases in size. Furthermore, the interfacial frictional force, T,
has been identified as the key parameter governing the shielding
capacity of the crack wake zone.”''~"*"> This T can arise from
such sources as thermal expansion anisotropy,”''~'>'>'¢ surface
roughness,'*"*'” or geometric interlocking.”'"*

Compelling evidence indicates that degradation of crack
shielding, or T, occurs during cyclic loading of these materials.
A decrease in 7 during cyclic fatigue was inferred by Lathabai
et al.* from in situ observations of wear debris at frictional
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interfaces in monolithic Al,O,. Evidence confirming this has
been reported in cyclic fatigue tests of glass ceramic/SiC fiber
composites.”*** In addition, a decrease in T due to reverse or
fatigue loading has been well documented through fiber push-
down and pushthrough tests in ceramic matrix composites.'”'**
Furthermore, Hu and Mai*® have measured an increase in speci-
men compliance during cyclic loading of Al,O,, which they
attributed to shielding degradation due to interfacial sliding.

As yet, however, the link between shielding degradation and
fatigue kinetics has not been established. Moreover, the sepa-
rate AK and K., dependencies in Eq. (1) suggest that multiple
mechanisms are active in cyclic fatigue. One possibility is that
static fatigue, an environmentally activated process sensitive to
K....» operates along with shielding degradation. However, this
is not consistent with reports that cyclic fatigue can occur even
in the absence of measurable static fatigue.”>*” In addition, the
K., sensitivity of static fatigue is usually much higher than that
seen in cyclic fatigue,”” and it would be expected to be higher
still if concurrent shielding degradation were occurring. Finally,
if mechanisms such as these were acting in series or in parallel,
a transition between AK control and K., control would result,
not a multiplicative law such as Eq. (1). So, although environ-
mental interactions have been shown to affect cyclic fatigue,?*
this mechanism appears incapable of explaining the observed
kinetics.

An alternative explanation has been suggested by Hu and
Mai,” who postulate that crack growth in cyclic fatigue main-
tains a mechanical equilibrium between the degradation in
shielding due to cyclic damage in the wake zone and the addi-
tion of shielding at the growing crack tip. In this paper, we more
fully develop the idea of such a mechanical equilibrium and
explore its implications for cyclic fatigue in ceramics. Experi-
mental evidence consistent with this concept is sought, using a
high-toughness silicon nitride. Values are obtained for shielding
accumulation and degradation rates in this material, and the
data suggest unique K,,,, and AK dependencies for these pro-
cesses. When taken together, these dependencies can account
for the characteristic fatigue equation given by Eq. (1).

II. Theoretical Development

We assume here that fatigue crack growth is a continuous
process which, under steady-state conditions, proceeds with a
constant shielding stress intensity, K, for a given applied K,,,,
and R-ratio (K,;,/K,.). We also assume that the crack will
propagate only when the stress intensity at the crack tip exceeds
the intrinsic toughness, K,, of the material. In this case, the
applied K needed to cause propagation, K, ;, must be

K., =K, + K,

appl

2

Under monotonic loading, K, normally increases during crack
growth if the shielding zone is not fully evolved, as evidenced
by the R-curve. Under cyclic loading, we assume that K, may
increase or decrease, but that a steady-state K, may be reached
so that the crack grows at a constant velocity under conditions
of constant (K., K...,)- This is possible if, at steady state, there
is a cyclic-loading-induced degradation of K, that balances the
accumulation of K, due to crack growth.
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To physically model this process, we consider that an
increase in K, is accomplished by propagating the crack an
increment, da, while a decrease in K, is obtained by allowing
the grains in the shielding zone to undergo frictional sliding
over a period of time, ds. At equilibrium, these accumulation
and degradation processes balance so that the net change in
shielding, dK, is zero, and this can be written as
_JK,, oK,

dK,, = 9a da + o

dt=0 3

By rearranging, we obtain

da  [—9K,) (0K,

s (i) o
Thus, under steady-state conditions, this equilibrium naturally
leads to a cyclic fatigue rate law.

In Egs. (3) and (4), 9K, /da and 9K /ot are the shielding
accumulation and degradation rates, respectively. If these terms
can be shown to have unique dependencies on K, and AK,
then Eq. (4) becomes equivalent to Eq. (1) in form. If these K.,
and AK dependencies are also found to be equivalent to those
for da/dt, then we have strong evidence that the competition
between shielding accumulation and degradation is the primary
mechanism for cyclic fatigue in our materials.

In this study, we have independently measured da/dz, 9K,/
da, and 9K, /0t and their dependencies on K,,,,, and AK for an in
situ toughened Si;N,. The data validate Eq. (4) and the postu-
lated mechanism for steady-state cyclic fatigue. The strong K.
dependence of da/dt is found to arise from 9K,,/da and can be
linked to R-curve behavior, while the weak AK dependence
arises from 0K, /0t and is associated with the frictional wear of
sliding interfaces.

III. Experimental Procedures

(1) Materials

Standard compact tension (CT) specimens (W = 25 mm, B
= 3.50 mm) were fabricated from a gas-pressure-sintered -
silicon nitride. The starting powder contained 10 wt% (Y,0; +
AlLO,) as sintering aids. The material was sintered at 1900°C
for 5 hin N, at 10 atm pressure. The resulting microstructure
contains randomly oriented, elongated (3-Si,N, grains embed-
ded in an intergranular glass phase. Grain lengths range from
1.5 to 40 pm and widths from 0.5 to 4 pm. Several important
material properties are E = 300 GPa, H = 14 GPa, and K- ~
7.5 MPa-m'? (estimated plateau of R-curve).

(2) Crack Length Measurement

Crack lengths were monitored in situ during testing using a
dc electric potential (DCEP) technique. A thin Ti film (=~0.1
wm) was evaporated onto one face of the CT specimen, and a
digital multimeter was used to monitor the film resistance and
relay these data to the controlling computer. The absolute crack
lengths on the front and back faces were measured before
and after each test, using a micrometer stage and an optical
microscope. The average of these was used as the “true” crack
length, with an uncertainty of about *5 wm. However, much
smaller increments in crack growth could be resolved using the
DCEP technique. Calibrations of the Ti film showed that for
every 10 wm of crack growth, the film resistance increased by
about 1 . Since the resistance was known to a resolution of
0.01 Q, crack increments on the order of 0.1 wm can theoreti-
cally be resolved by our system. In practice, some uncertainty
in the DCEP measurement is introduced, due to the meandering
nature of the crack and the possibility of incomplete separation
of crack faces in the wake zone. We therefore limit our resolu-
tion for Aa to 0.5 pm.

(3) Cyclic Fatigue/R-Curve Tests

Prior to testing, all specimens were precracked to yield long
cracks (@ > 6 mm). All testing generally utilized a two-step
process. First, the crack was allowed to reach a steady-state
growth rate under a given set of cyclic fatigue parameters (i.e.,
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K,.., R-ratio, and frequency; see below). Steady state was gen-
erally obtained within 150 to 200 wm of crack extension. In the
second step, the initial portion of the R-curve was measured
under a monotonically increasing load to characterize either
dK . /oa or 9K /ot This two-step process was then repeated for
a different set of cyclic fatigue conditions. Cyclic fatigue was
performed under load control using a closed-loop servohydrau-
lic test system (MTS). Monotonic loading was performed under
strain control, utilizing an axial extensometer attached to the
crack mouth.

Three types of tests, shown schematically in Fig. 1, were
performed to probe the characteristics of fatigue kinetics (i.e.,
da/df) and shielding accumulation and degradation.

(A) K,,. Dependencies of da/dt and 9K ,/da: The crack
was first propagated in cyclic fatigue at a constant K., in the
range of 5.50 to 6.52 MPa-m'?, with the R-ratio and frequency
set at R = 0.1 and f = 4 Hz. After measuring the R-curve under
monotonic loading to determine dK/da, a different K, was
chosen, and the test was repeated using the same R-ratio and
frequency. In this way, the K,,,,, dependencies of da/df and 0K o/
da could ultimately be determined.

(B) AK Dependencies of daldt and 0K,/da: K, was
fixed at 6.25 MPa-m'?, and steady state was established under
cyclic fatigue at 4 Hz for a constant R-ratio in the range 0.1 =
R = 0.6. The R-curve was measured after reaching steady state
to determine 9K, /0a, and then a different R-ratio was selected
and the test sequence repeated. In this way, the AK dependen-
cies of da/dt and 0K ,/da were obtained.

(C) K, and AK Dependencies for 0K,/dt:  An R-curve
test was first performed until a selected level of crack resistance
(K* ~ 7.0 MPa-m'?) was developed. Next, the material was
subjected to cyclic loading at 4 Hz for a selected number of
cycles (generally between 1 000 and 50 000 cycles). Values of
K., and R-ratio were chosen such that no crack growth would
occur during the cyclic fatigue test segment (K, = 5.25 and
4.50 MPa-m'? and 0.1 = R = 0.6). This deactivates the accu-
mulation process so the degradation process can be isolated
and characterized. After cyclic fatigue, the R-curve was again
measured, and the initial K at which crack growth was first
observed, K,, was identified. The net change in crack shielding,
dK,,, was then (K* — K)), which was divided by the time of

Fig. 1. Schematic of test procedures. (a) R-ratio fixed at R = 0.1,
5.55 = K, < 6.52; (b) K, fixed at 6.25 MPa-m'?, 0.1 = R = 0.6;
(¢) K, fixed at 5.25 or 4.50 MPa-m'?, 0.1 = R =< 0.6 (no crack growth

occurs during cyclic fatigue portion of this test). f = 4 Hz for all
cyclic loading.
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cyclic loading to give dK,,/dt. By performing this test for differ-
ent values of K, ,, and R, the dependencies of 9K /0¢ on K.,,,,
and AK were obtained. Note that 9K, /d¢ is not obtained under
steady-state conditions; however, this is not expected to alter

the AK dependence significantly.

(4) Quantification of Shielding Accumulation Rates

To quantify shielding evolution, measured R-curves were fit
by the equation

Ky = K (1 + B Aa)’ ®

Here Ky is the measured fracture resistance, K, is the initial
toughness at the onset of crack growth under monotonic load-
ing, Aa is the crack growth increment, and § and p are con-

stants. We note that the Taylor expansion of Eq. (5) yields
K. =K, + f(Aa) (6)

where f(Aa) describes the change in K, with Aa. In this sense,
Eq. (5) is similar in physical meaning to Eq. (2). The initial
slope of the R-curve, i.e., 9K/da is the first derivative of Eq.
B)atAa = 0:

L :
aa_Bp‘ (N

This initial slope, found when the system is very slightly per-
turbed away from steady-state conditions, is the best available
measurement for 0K, /da during steady-state cyclic fatigue.
Shielding degradation rates were also obtained from R-curve
measurements, as described above.

IV. Results

(1) Crack Profile in Monotonic and Cyclic Loading

Figure 2 shows typical crack profiles for a long crack (a >
8 mm) after loading (Fig. 2(a)) and after monotonic loading
(Fig. 2(b)).The intergranular glass phase, which is yttrium-rich
and thus appears brighter due to Z contrast, is also apparent.
The regions shown in Figs. 2(a) and (b) are about 380 and
75 wm behind the crack tip, respectively, and were observed
unloaded in the scanning electron microscope (SEM). A resid-
ual opening is observed in both micrographs, attesting to the
load-bearing ability of the crack wake shielding zone. The
region in Fig. 2(b) had been freshly produced during an R-curve
test (Aa of this test was 180 pwm) and had not experienced any
cyclic loading.

The most significant feature distinguishing Figs. 2(a) and (b)
is that wear debris is seen only at sliding interfaces in Fig. 2(a)
(indicated by arrows). Fracture is seen to be mainly intergranu-
lar for both cyclic and monotonic loading, and sliding interfaces
(i.e., grains undergoing frictional pullout) are apparent in both
cases. Thus, the observed debris supports the belief that cyclic
loading produces frictional wear at sliding grains and promotes
shielding degradation.

(2) Steady-State Growing Rates in Cyclic Fatigue

(A) Establishing Steady State: The crack growth rate
measured in cyclic fatigue (after prior monotonic loading to
measure the R-curve) generally reached a steady-state value
after a period of transient acceleration, as seen in Fig. 3. We
interpret the transient region as an indication that K, decreases
during cyclic loading relative to its value at the end of the
R-curve test. Thus, as the crack grows under conditions of
constant (K., K.i») in cyclic fatigue, a degradation of K,
results in increasing growth rates. Furthermore, these data also
suggest that shielding accumulation occurs during cyclic
fatigue; otherwise the crack velocity would continue to increase
at constant (K,,,, K,,;,) until fast fracture occurs. Instead, a
constant da/dt is obtained after about 200 wm of crack growth,
and this is taken to be an indication that a mechanical equilib-
rium between shielding accumulation and degradation has been
attained. The small oscillations around the steady-state growth
rate seen in Fig. 3 may reflect an overshoot/undershoot process
in which the surface crack alternately leads, then lags, the
interior crack front. Further study is needed to confirm this.
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Fig. 2. Crack profile in Si;N, after (a) cyclic fatigue; wear debris at
the sliding interfaces is indicated by arrows, (b) propagation under
monotonically increasing load.
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Fig. 3. Establishment of steady-state da/ds during cyclic fatigue at
constant K, and R-ratio. The crack had previously been propagated
about 25 wm under monotonic loading to a peak K of 7.2 MPa-m'
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Fig. 4. AK dependence of steady-state cyclic fatigue growth rates.

(B) Dependence on AK: Figure 4 gives the dependence
of steady-state da/df on AK, from data obtained when tests were
conducted at different R-ratios but at a fixed K, (6.25 MPa-
m"?; cf. Fig. 1(b)). The data are plotted on a log—log scale, and
a power law exponent m = 2.6 * 0.8 is found from the curve
fit. Our m value is consistent with other reports on silicon
nitride®**' and other ceramics, *?® for which m is seen to be
characteristically small, on the order of 2 to 3, over a wide
range of K,

(C) Dependence on K,,: Figure 5 summarizes the
steady-state growth rates measured under fixed R-ratio and
frequency conditions (cf. Fig. 1(a)). These data are plotted
against K, on a log-log scale, and a power law curve fit yields
an exponent of 21.6 * 3.2. Referring to Eq. (1), and realizing
that AK = (1 — R)K,,,,, we see that

da/dr = A(1 = R)"(Kyp)"™ )

and thus n + m = 21.6. Since m = 2.6 from above, we see that
n = 19 = 3.2 in Eq. (1). This strong K, dependence of da/ds
is consistent with other reports on cyclic fatigue in silicon
nitride®**! and in other ceramics.'??®

(3) Shielding Accumulation from R-Curve Measurements

Figure 6 shows examples of the initial R-curves obtained by
monotonic loading after establishing steady-state shielding in
cyclic fatigue. The position and shape of the R-curve is clearly
influenced by the cyclic fatigue portion of the test. The first
increment of crack growth is seen at Ky = K, used in the
preceding cyclic loading, within experimental error. In addition,
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Fig. 5. Steady-state cyclic fatigue growth rates observed at various
K. (R =0.1).

max
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the initial slope of the R-curve, 0K /da, is seen to decrease as
the cyclic K,,,,, was increased.

On the other hand, changing the R-ratio from 0.1 to 0.6 at
K, = 6.25 MPa-m'? does not significantly affect 9K,,/0a. As
seen in Fig. 7, the K, and the inirial slope for different R-ratios
are relatively consistent. There appears to be a tendency for the
curves to rise more strongly at higher R, suggesting that the
details of crack wake shielding are not fully independent of AK.
However, since no systematic dependence is apparent for K; or
dK/oa, we conclude that, to a first approximation, shielding
accumulation at Az = 0 depends mainly on K, and not on AK.

By fitting the R-curves to Eq. (5) and evaluating the initial
slopes at Ky = K., (i.e., Aa = 0), we obtain 9K, /da (the curve
fits are shown by solid lines in Fig. 6). These dK,,/da are plotted
in Fig. 8 against K,,,. A power law curve fit yields an exponent
of n = 18 * 6.5 showing that shielding accumulation is a strong
function of K,,. This K., dependence is consistent with the
value of n reported above for da/dt, suggesting that the strong
K., dependence of cyclic fatigue originates from the shielding
accumulation process.

To be convincing that our R-curves and measured 9K,/da
values are reasonable for ceramic materials, a comprehensive
review of R-curve data for a variety of materials is given in
Table 1. At large values of Aa, the slope of our R-curves cer-
tainly appears typical (our R-curves were extrapolated to Aa =
500 wm for this comparison). At smaller values of Aa, the very
steep rise seen at the beginning of our R-curves has also been
reported for indentation—strength tests on Si;N,* and AL,
and in theoretical predictions and notched beam tests for ZrO,.”
Other tests utilizing CT or similar geometries do not report such
high slopes.”*!%14253¢ However, these tests generally used crack
measurement techniques with insufficient resolution to collect
data at very small Aa. (The in situ SEM studies of crack growth
have no such limitation; however, these studies™® did not report
data at very small Aa, and in Ref. 8 the R-curve is calculated
rather than directly measured from Aa-load data. Thus, even
the SEM studies do not provide conclusive data for the initial
portion of the R-curve.)

We have further confirmed the steep initial slope in our data
by careful optical measurements done in situ using a high-
power microscope/video recording system (~1000X magnifi-
cation). These measurements show that, after cyclic fatigue at
K, = 6.25 MPa-m'?, the initial 9K,/da of the R-curve is at
least 1.8 X 10° MPa-m~"”. Thus, it appears that the very steep
initial slope of our R-curves is a real phenomenon in ceramics.

(4) Shielding Degradation

Evidence for shielding degradation during cyclic fatigue has
already been presented in Fig. 3 by the transient acceleration in
crack growth rates during cyclic loading. More directly,
shielding degradation rates, 0K,/0t, were measured as
described in Section III(3), above. These results are plotted in
Fig. 9 as a function of AK. Note that these data were obtained
for two values of K, and that no effect of K., is apparent in
Fig. 9.

The power law exponent from Fig. 9 giving the dependence
of 9K, /ot on AK is m = 2.9 £ 0.7. According to Eq. (4), this
dependence can account for the observed AK dependence of
da/dr (Section IV(2)(B), indicating that the weak AK depen-
dence of cyclic fatigue originates from the shielding degrada-
tion process.

(5) Confirmation of Fatigue Mechanism

Using the independently measured values for 9K, /da and
0K,,/dt in Figs. 8 and 9, we have calculated da/dz using Eq. (4)
for various K, at R = 0.1 (thus both K, and AK are varied).
A comparison with the measured steady-state growth rates is
shown in Fig.10. The computed values are generally within one
order of magnitude of the experimentally observed da/dr. This
is very reasonable, given the fact that the values for 9K /07 used
in the calculations were measured for a freshly generated rather
than a steady-state cyclic shielding zone. Thus the calculated
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Fig. 10. Comparison of measured da/dz values with those calculated
from Eq. (4) using independently measured values for 0K /0a and
K ,f0t.

da/dr would be expected to differ somewhat from the steady-
state data. Furthermore, the slopes of the measured and calcu-
lated curves are nearly identical, as one would expect. Thus,
these data appear to be self-consistent within the accuracy of
fatigue crack growth measurements, and the fatigue mechanism
represented by Eq. (4) appears to be very credible.

V. Discussion

The rate law expresed in Eq. (4), from consideration that
dK, = 0 at steady state, represents a decoupling of K, and AK
dependent processes that is equivalent to the empirical rate law
in Eq. (1). From our results, this is seen in three ways. First, the
shielding accumulation process, 0K,,/da, is a strong, decreasing
function of K, and is primarily responsible for the strong
K., dependence of da/ds. Second, the shielding degradation
process, 0K,/dt, is a weak, increasing function of AK and is
primarily responsible for the weak AK dependence of da/dr.
Third, the power law exponents found for these two processes
combine to yield the proper relationship for da/d¢, within exper-
imental error. Table II summarizes the n and m values measured
independently for fatigue kinetics and for crack shielding, along
with the 95% confidence interval for each. The conceptually
appealing decoupling between K, and AK dependent pro-
cesses suggested by the above considerations is further rational-
ized below.

(1) Accumulation of Shielding

If the “state” of shielding during cyclic fatigue is related
to the R-curve, then the inverse dependence of the shielding
accumulation process, dK,/da, on K., is not surprising. A
typical R-curve in ceramics has a concave downward curvature
and reaches a plateau, K., after a sufficiently large amount of
crack growth. We recall from Section IV(3) that, after reaching
steady state in cyclic fatigue at constant K, the first crack
growth in subsequent monotonic loading occurred near this
K .. We can therefore assume that, for our experiments, K.,

max*

corresponds to a point on the R-curve, K. Thus, if the applied

Table II. Summary of K., and AK Dependencies’

Measurements of

fatigue kinetics Measurements of shielding

n m n m
(dafdtvs K,,) (da/dt vs AK) (3K, /oavs K, (0K/dt vs AK)
19 £32 2.6 0.8 18 £6.5 29*+0.7

“Including 95% confidence intervals.
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K., during cyclic fatigue is near K, then 0K y/da should follow
the steeply rising portion of the R-curve, whereas if the applied
K., is near K.., then 9K, /0a should follow the plateau region.
Indeed, one can mathematically derive a “cyclic” R-curve
resembling the experimental curves from the power law fit to

the data in Fig. 8. We can write

0K,  dKg
da  d(Aa)

= AKp)™" €))

and by integrating find that
Ke = K"V 4+ (n + DA Aa]"" "V 10)

The above expression gives the R-curve a concave downward
shape for n = 1 and is the same form as Eq. (5) if we factor the
K, term out of the brackets. We can then calculate the “cyclic”
R-curve using n = 18 and A = 4.56 X 10" (from the curve fit
in Fig. 8, with units adjusted to micrometers), and K, = 4.0
MPa-m'? (from K, measurements of low-toughness Si;N,,
which has mainly equiaxed rather than clongated grains® “).
Note that this “cyclic” R-curve is actually the locus of the
initial 9K, /da values found from the R-curves obtained after
establishing steady-state cyclic fatigue. In this context, it is
analogous to the “cyclic” stress—strain curve (as opposed to the
monotonic stress—strain curve) in the fatigue literature.*!

In Fig. 11 we plot the calculated “cyclic” R-curve along with
two monotonic curves measured after cyclic fatigue at R = 0.1
(nearly all the R-curves measured in this study fall in the band
between these two curves). The two monotonic curves have
been shifted along the Aa axis so their origins, i.e., their K, lie
on the “cyclic” R-curve. We see that initially the agreement
between these R-curves is good, but that the “cyclic” R-curve
deviates from the monotonic R-curves as Aa increases. Note
that cyclic fatigue tests could not be performed above K, ~
6.6 MPa-m'” (because specimen failure would occur), so above
this point, the “cyclic” R-curve is an extrapolation of the actual
data. In addition, it is seen that after fatigue at lower K,,,, the
monotonic R-curve diverges earlier from the “cyclic” R-curve.

The reason for the discrepancies between the “cyclic” and
monotonic R-curves is not readily apparent. One may speculate
that the physical reason arises from load history effects. If the
wake zone is previously degraded, as it is after cyclic fatigue,
then adding new bridges at the crack tip may have a more
pronounced contribution to K, than would be seen in an unde-
graded wake zone having the same initial K. Since the “cyclic”
R-curve represents the response of adding bridges to a degraded
shielding zone at various K, it would be expected to deviate
from the monotonic curves, which are dominated by an unde-
graded shielding zone, especially as Aa increases. Different
traction distributions in the wake zone after fatigue at high and
at low K,,,, are also expected, since in the latter case da/ds is
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Fig. 11. Comparison of monotonic R-curves with the “cyclic”
R-curve calculated from Eq. (10) using the parameters found in Fig. 8.
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small and sliding grains spend more time in the wake zone.
This may help explain the differences seen between the two
monotonic curves in Fig. 11 as well. The numerical or analyti-
cal treatment needed to resolve these issues is beyond the scope
of this paper.

(2) Degradation of Shielding from Frictional Sliding

In this section we will argue that, theoretically, a weak AK
dependence for K /ot (and thus for da/dt) is reasonable. For
a frictional pullout mechanism, the shielding energy, AG, is
given by*

L2
AG = V{r<7€—> (11)
Here 7 is the shear stress at the interface, L is the sliding length,
R is the radius of the grain undergoing pullout, and V; is the
volume fraction of grains participating in shielding. The
shielding stress intensity factor, K, in plane strain is thus*’

K, = VE' G, + AG) — JE'G, 12)

where E’ is Young’s modulus in plane strain and G, is the
energy release rate for a crack with no shielding (corresponding
to the base toughness of the material, K,,) and is a constant. The
variable of interest in the AG term is 7 (the other parameters are
assumed to be fixed by the microstructure in this analysis). This
7 has been found to decrease in value with reverse or multiple
loadings."”'***?* Therefore, we can relate the shielding degra-
dation process to degradation of T through the expression
0K, 0K, o7 du

at dt Jdu dt

_ 0K, ot

7t (D) (13)

Here, Au represents the amplitude of sliding distance, or crack
opening displacement, experienced in the shielding zone during
cyclic loading, and fis the cyclic frequency.

Inspection of Eq. (13) reveals that the AK dependence of
0K /ot arises from the Au term. The first term, 0K, /3T, can be
found from Egs. (11) and (12) and depends only on G, and T;
the second term, d1/du, can be approximated by

oT ,
Fl k't (14)
where &’ is a constant related to the wear coefficient, Young’s
modulus, and the radius of a grain (see Appendix); and the third
term, f, is a constant. Therefore, the only term with a AK
dependence is Au.

We do not attempt an exact solution for Au here. However,
several relationships exist in the literature suggesting that a
weak dependence of Au on AK is expected. For instance, in a
material with no wake shielding, Au at any point along the crack
profile varies proportionally with the applied AK according to
the Irwin relation.® For the case of a single bridging fiber,'****
Au has been shown to be proportional to AK.”> Shielding by
frictional pullout is expected to be an intermediate case, since
the traction acting to close the crack varies between that of an
elastic bridge (when u = u,,) and zero (when the grain is
pulled completely out of its socket at u = u_,;.,). However, for
long cracks there are many grains undergoing pullout in the
crack wake, and this introduces a set of complex interactions
that could also affect the AK dependence of Au. A more explicit
understanding of frictional pullout for a realistic wake zone
undergoing reverse loading, and of other effects such as
changes in sliding geometry and crack closure with progressive
wear, is needed to fully understand the AK dependence
described by the data. Nevertheless, a weak AK dependence
for shielding degradation by a frictional pullout mechanism is
generally expected, based on the above considerations.
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(3) Final Comments

The mechanical equilibrium process represented by Eq. (3)
is believed to be a fundamental feature of cyclic fatigue in both
monolithic and reinforced ceramic materials which possess
wake shielding and rising R-curves. This concept may also be
applicable to crack tip shielded materials, such as zirconias, if a
shielding degradation process can be identified for them or if
frontal zone shielding can somehow be coupled to bridging in
the crack wake. In principle, the approach utilized in this paper
makes it feasible to predict crack growth rates in fatigue from
knowledge of basic micromechanics. One simply needs a good
model describing how the shielding zone characteristics (i.e., o
or 7 distribution and zone size) change as the crack grows under
given cyclic loading conditions. However, to arrive at such a
model one must first solve complex problems relating each
increment of cyclic loading to displacement, wear, and bridge
failure within the shielding zone.

The above picture has emphasized mechanical equilibrium
and has ignored nonequilibrium conditions, where dK, # 0, as
well as kinetic factors influencing fatigue crack propagation.
Environmental interactions (i.e., static fatigue) must be consid-
ered to evaluate situations involving this thermally activated
kinetic process. In addition to promoting subcritical crack
growth, environment may modify the initial features of the
R-curve by altering the details of bond scission and debonding.
Environment may also affect shielding degradation via fric-
tional wear, providing another possible rationalization for envi-
ronmental effects on cyclic fatigue. In addition, characterization
of dK,, 0K /9a, and 9K ,/dt under nonequilibrium conditions,
where these quantities change over time, is also possible. By
incorporating these factors into the framework set out in this
paper, accurate predictions should result for cyclic fatigue
under more general conditions.

VI. Conclusions

(1) Steady-state shielding is established during cyclic
fatigue under constant K,,,, and R-ratio test conditions. This
develops within a crack growth increment of about 200 wm for
the gas-pressure-sintered Si;N, material tested here.

(2) Steady-state cyclic fatigue may be regarded as a
mechanical equilibrium for which the net change in shielding,
dK,, is zero. This equilibrium appears to reflect a balance
between a shielding accumulation process resulting from crack
growth and a shielding degradation process resulting from fric-
tional wear of sliding interfaces behind the crack tip.

(3) A “cyclic” R-curve has been found which describes the
9K /da response of our material after cyclic loading, and which
is distinguishable from a monotonic R-curve. The difference
probably arises from different distributions of crack face trac-
tions and displacements in the shielding zone produced by
cyclic and monotonic loading.

(4) The rate of shielding accumulation for a growing crack
under cyclic fatigue, 0K /da, is a strong function of the K,
used to obtain steady state. This strong K, dependence is
related to the “cyclic” R-curve, and it can account for the strong
K., dependence of da/dt observed experimentally for cyclic
fatigue in ceramics.

(5) The rate of shielding degradation, 9K ,/d¢, during cyclic
fatigue is only weakly dependent on the stress intensity range,
AK. This is rationalized by the weak AK dependence of the
cyclic crack opening displacement, which governs wear and
shielding degradation rates during cyclic loading. This degrada-
tion process can account for the weak AK dependence of da/ds
observed experimentally.

APPENDIX
Derivation of 97/0u from a Wear Law

The following is a first-order approximation for d7/du based
on wear considerations. We first assume the shear stress
between two sliding grains is described by the Coulomb law

T= MO, (A-1)
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where o, is the radial compressive stress acting on the grain
(Poisson’s ratio effects are assumed to be negligible). Tests on
ceramic/ceramic tribological couples indicate that p is often
constant over a considerable period of time and sliding dis-
tance.*** Warren et al.' have also inferred this from single-
fiber pushout tests. Then, by identifying o,, with a misfit strain,
€., due to thermal expansion anisotropy, surface roughness,
etc., we can expect wear to reduce o, and hence 7. This can be
shown by letting

o,=C'Eeg,, (A-2)
and thus

oT 90, s 9Eme

= My T WCES, (A-3)

where E is Young’s modulus and C' is a correction factor
(which equals 1/(2 — 2v) for the case of a fiber in an infinite
matrix,”” where v is Poisson’s ratio). Since the misfit strain
changes as material wears away at the interface, we can write

_ —aw,
dems - R

where R is the radius of the grain and —dW,_ represents the
incremental linear wear. We assume an incremental linear wear
law of the form

dw,
du

where P is the normal load, identifiable with ¢, and & is a wear
constant with units m/N. Combining Eqs. (A-1) to (A—4), we
arrive at

a1 _ (RC'E\ (—dW,
ou R du
— kC'EmRr = —k'v (A-6)

where k' includes all the constant terms. This implies an expo-
nential decay of T, which would be consistent with data reported
by Holmes and Cho? for ceramic mairix composites.

(A-4)

= kP = ko, mR? (A-5)
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