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Cyclic fatigue of a sintered Al,O5/ZrO, ceramic
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A systematic experimental and theoretical study on the crack growth behaviour of a sintered
Al,0,/Zr0O, ceramic under cyclic loading is presented. It is found that in the cyclic fatigue
experiments conducted on the single-edge-notched beam (SENB) geometry, for similar
testing conditions, the crack growth rates are significantly faster than those under static
fatigue. Al,O3/Zr0O, therefore suffers genuine mechanical fatigue. Further experiments with
the compact tension (CT) geometry show that the mechanical fatigue effect arises mainly
from the degradation of the bridging mechanism. A theoretical analysis based on the
compliance technique and a power law relationship between the crack-wake bridging stress
and the crack-face separation is developed to evaluate quantitatively the degradation of the

bridging stress due to cyclic fatigue.

1. Introduction

Al,O3/Zr0O, ceramics exhibit much higher fracture
toughness than traditional ceramics because of the
addition of the zirconia (ZrO,) phase. The improved
crack tolerance mainly results from the microstruc-
tural changes induced by the transformation of tetrag-
onal ZrO, to monoclinic ZrO, during both loading
and fabrication upon cooling. This represents a new
class of ceramics known as “zirconia toughened
alumina” (ZTA). The major transformation-related
toughening mechanisms include microcracking and
transformation toughening, either separately or con-
jointly [1-4]. Experimental studies have also revealed
other toughening mechanisms which are not directly
related to the transformation of t-ZrO, to m-ZrO..
For example, it is found that the enhanced thermal
shock resistance in a sintered Al,O53/ZrO, is a conse-
quence of the microcracking mechanism, which is
caused by the interaction of the polycrystalline disper-
sed phase and the severe anisotropy of thermal expan-
sion of the monoclinic zirconia [35, 6], and that the
increased fracture resistance is mainly caused by
crack-wake bridging [7-9].

As a result of these crack toughening mechanisms,
Al,04/ZrO, ceramics usually exhibit a R-curve char-
acteristic, i.e. the fracture resistance (R) increases with
crack growth. The effects of the R-curve are known to
have improved the mechanical reliability of ceramic
materials by increasing the Weibull modulus [10-13]
and enhanced the resistance to environmental-assisted

slow crack growth [7-14]. Consequently, the lifetimes
of ceramic components are significantly improved
7,151

However, it has been reported that the same crack
toughening mechanisms which give rise to the R-curve
behaviour can be considerably degraded when sub-
jected to cyclic loading, i.e. the toughened materials
suffer genuine mechanical fatigue [16-24]. Many
studies on zirconia-containing ceramics reached this
conclusion because the crack growth rates under cyc-
lic stresses were substantially larger than those under
static stresses of the same magnitude. However, the
mechanisms for the increased crack growth rates were
not well understood though plasticity-related mecha-
nisms were suggested by Davidson et al. [25] who
observed the formation of slip bands like in metal
fatigue and by Liu and Chen [22, 23] who found the
damage accumulation as revealed by the hysteresis
loop of the stress—plastic strain curve for several par-
tially stabilized zirconia ceramics.

In a recent paper Mai et al. [15] have suggested that
mechanical fatigue in zirconia-based ceramics can be
caused by a reduction of the intrinsic fracture tough-
ness and/or a degradation of the crack-wake toughen-
ing mechanisms so that crack shielding is decreased.
For the Mg—PSZ ceramics Hoffman et al. [26] have
shown that mechanical fatigue is a direct consequence
of the decrease of the intrinsic toughness due to the
rupture of the tetragonal precipitates in the crack tip
region. In the present study an example is given on
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a ZTA ceramic for which the major mechanism for
cyclic fatigue is the degradation of the crack bridges
developed behind the crack tip. Experiments are first
conducted to demonstrate the mechanical fatigue
effect on crack growth and then a theoretical analysis
is performed to evaluate the reduction of crack bridg-
ing stress with cyclic loading.

2. Material and experiments

The ZTA ceramic was made in the CSIRO Division of
Materials Science and Technology. The alumina pow-
der with 8 wt % ZrQ, and 0.3 wt % PVA mixed ac-
cording to the procedures given by Garvie et al. [6]
was formed in the dies of various sizes and shapes
with ~ 10 MPa and isopressed with 120 MPa. The
green bodies formed were then sintered at 1600 °C for
1 hin air. The theoretical density of the samples after
sintering was ~ 96%. All the specimens were ground
and polished to 1 um to facilitate observations of the
microstructure and crack growth.

The microstructures of the sintered Al,03/ZrO,
ceramic were examined by using a 35C scanning elec-
tron microscope (SEM) on a polished, thermally
etched and carbon coated surface. Fig. 1 reveals that
the monoclinic ZrO, particles exist in the form of
agglomerates and are embedded in the Al,O, matrix.
As a result of the coarse agglomerates, the microcrack
density and size in the material were enhanced. Obser-
vations of the polished surface also confirmed the
existence of flaws. The microcracks in the material
were mainly located along the grain boundaries and in
the vicinity of the transformed ZrO, particles during
cooling. This ZTA ceramic material has been shown
to possess very good thermal shock resistance and is
most suitable for use as an advanced refractory [6].

In an earlier study [9] it has been demonstrated
that the material exhibits a pronounced R-curve be-
haviour and a nonlinear stress—strain curve due to
crack bridging and microcracking [8, 9]. Fig. 2 shows
the R-curves measured in several specimen geometries
including double-cantilever-beam (DCB), compact
tension (CT) and single-edge-notched beam (SENB).
Because of the large scale bridging in the crack
wake region the " R-curves show dependence on
both specimen geometry and size [27,28]. In-situ
crack growth observation and microscopic studies
have also confirmed the presence of a crack wake
bridging zone. Because of the pronounced R-curve
in this ZTA material, it is expected to suffer mechan-
ical fatigue.

The cyclic fatigue experiments were conducted on
two sizes of the SENB, ~ 3.5 x 6 x 35 mm? (referred
to as small SENB) and ~ 5.5 x 11.5 x 80 mm? (refer-
red to as large SENB) and CT geometrics. The stress
intensity factor (SIF) and crack-mouth-opening-dis-
placement (CMOD) expressions used in analysing the
experimental data for these two types of specimens
can be easily found in the literature. Cyclic loads with
sinusoidal waveform were used for all the specimens
and crack growth was monitored with an optical
microscope by periodically removing the specimen
from the fatigue testing machine.

Figure | The microstructure of a sintered Al,O3/ZrO, composite.
This SEM photograph was taken on a thermal-etched polished
surface.
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Figure 2 Crack-resistance curves for the ZTA ceramic showing the
effects of specimen geometry and size. @ DCB; O CT; A SENB.

The small SENB’s were loaded in a piezoelectric
bimorph actuator system via four-point bending with
5/30 mm inner/outer spans. The frequency used was
180 Hz, the load ratio (G4,;,/0max) Was fixed at 0.1 and
the relative humidity was 50 ~ 60%. The large SENBs
were tested with a sinusoidal stress at 20 Hz in an
Instron 8501 fatigue testing machine in four-point
bending with 20/40 mm inner/outer spans. Several
stress ratios, 0.1,0.3,0.5 and 0.9, were used and the
experiments were completed with a controlled temper-
ature, 22 ~ 23°C,

To identify the degradation mechanism due to cyc-
lic stress, environmental-assisted slow crack growth
experiments were performed with small SENB speci-
mens in a static loading device under a Ziess optical
microscope. The loading system consisted of a square
frame with a threaded bar which drove a four-point
bending fixture producing a deflection on the speci-
men [8, 9]. The strains were measured by four strain
gauges attached on the frame and converted into
a force using a calibration curve. The SIF can be
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calculated based on the force and crack length so that
a V-K curve may be plotted.

The CT specimen was first applied a monotonic
load so that a crack growth of approximately 4 mm
was produced and the bridging stresses built up. Then
this specimen was subjected to a sinusoidal load at
20 Hz and a stress ratio of 0.1. The maximum load was
chosen so that no further crack growth could occur
under cyclic loading. The fatigue test was periodically
interrupted and the compliance was measured by re-
loading to a maximum load less than that used in
cyclic fatigue.

3. Observed crack growth behaviour
under cyclic loading
3.1. Existence of genuine mechanical
fatigue mechanism

With small SENB specimens, the slow crack growth
rates under both static and cyclic loading conditions
have been measured and the results are plotted in
Fig. 3 against the maximum stress intensity factor
K ax- It can be seen that the crack growth rate sub-
jected to static loading was negligible if the applied
stress intensity factor K, was less than a critical value
~ 9 MPam?'?, which could be considered as the thre-
shold stress intensity factor for environmental-assisted
slow crack growth. However, under cyclic loading, the
threshold value is much lower than that for static
loading. Also, high crack growth rates could be meas-
ured in cyclic loading at maximum stress intensity
factors lower than the static loading threshold. These
results all indicate the existence of a genuine mechan-
ical fatigue effect in this ZTA ceramic.

In ceramic materials toughened by crack-wake
bridging such as coarse-grained alumina mechanical
fatigue is caused by the degradation of the bridges
which reduces the closure stress with the elapsed
cycles [29--31]. This effect can be confirmed by ob-
serving the compliance changes as the bridges are
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Figure 3 Crack growth of SENB ZTA specimen under cyclic (C)
and static (@) loading conditions.
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being progressively damaged. For the ZTA studied
here the bridge degradation mechanism was verified
by the following tests on a CT specimen. Firstly,
a monotonic load was exerted on the specimen to
produce a crack extension of about 4 mm and estab-
lish crack bridging as shown by the Kg-curve in Fig.
4(a). Subsequently, a cyclic load with the maximum
less than that required for further crack extension was
applied and the changes in compliance CMOD/P
were plotted against elapsed cycles N in Fig. 4(b). It is
seen that the measured compliance values increase
gradually with elapsed cycles N, which indicates that
the bridging stress built up during the monotonic
loading has been significantly degraded by the cyclic
stress. This experiment has further confirmed the exist-
ence of a true mechanical fatigue in the ZTA ceramic.

3.2. Crack growth rates under cyclic
loading

The crack growth rates, da/dN, under cyclic loading is

often expressed as a power law function of the stress

intensity factor range, AK, because of the dominant

role of AK in controlling the crack growth. However,

other factors such as load ratio Op,/Omay and the
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Figure 4 The results of a monotonic-cyclic loading test on a CT
specimen: (a) K g-curve obtained in monotonic loading; and (b) the
compliance change during cyclic loading (with no crack growth)
indicating the degradation of the crack wake bridges.
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Figure 5 Cyclic crack growth rates, da/dN of large SENB ZTA
specimens with different stress ratio plotted against (a) stress inten-
sity factor range, AK, and (b) maximum stress intensity factor, Kp,x-
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maximum stress intensity factor K,,,,, etc. can signifi-
cantly affect the crack growth. As a result, consider-
able effort has been spent to investigate these effects
on fatigue crack growth.

In this study, large SENBs have been subjected to
cyclic loads with several fixed load ratios,
Kin/Kmax = 0.1,03,05 and 09. The measured
da/dN data are given in Fig. 5 where it is seen that the
crack growth curves shift towards the left with increas-
ing load ratio when plotted against the stress intensity
factor range AK (Fig. 5(a)) and almost fall within the
same range against the maximum stress intensity fac-
tor K., (Fig. 5(b)), ie. the crack growth rates are
mainly controlled by K., rather than AK. The strong
dependence of cyclic crack growth on K., has also
been reported in other zirconia-bearing ceramics
[17,22,23] and was fitted by an empirical equation
which is written as [17]

da/dN

i

A(Kie/Ki)"[AK /(1 — R)]"
= AC(K?C/K[C)meaX (1)

where K{, and K|, are respectively the toughness of the
materials without and with toughening and R is the
stress ratio. For a given material, the K{ /K|, ratio is
a constant and the above equation can be simplified to

da/dN = BK™, = B[AK/(l — R)]* (2)
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Figure 6 Comparisons of da/dN-AK data with predictions from
Equation 2 for different stress ratios. ® R = 0.1; O R = 0.3;
AR =050 R = 09; — predicted.

By fitting the data on the rising portion of the
da/dN-K ., curves in Fig. 5(b) to Equation 2, the
values of B and m can be calculated through a regres-
sion procedure. The da/dN-AK lines for different
load ratios estimated from these B and m values are
plotted in Fig. 6 and there is reasonable agreement
with the experimental data. Careful scrutiny of the
experimental data in Fig. 5(b) shows the crack growth
rates to decrease slightly with increasing R. This has
also been observed by Liu and Chen [22, 23] on cyclic
fatigue of an yttria—stabilized zirconia. This weak de-
pendence of cyclic fatigue crack growth on the load
ratio implies that da/dN can be empirically expressed
as [22, 23]

da/dN = CAK?*KZ, 2 3)
Note that neither Equation 2 nor 3 can describe the
data for R = 1.0 which is the static fatigue case. It
should be noted in Fig. 5 that the cyclic crack growth
takes place in a discontinuous fashion which has not
been understood well. Equation 2 was only used to
give the best fit to the cyclic fatigue data obtained.

3.3. Effects of R-curves behaviour on
cyclic crack growth

It has been emphasized previously [15] that true
mechanical fatigue often results from the R-curve be-
haviour and our experiments found that the R-curves
have significantly affected the whole crack growth
process. A specific feature of the da/dN-K,,, curves
shown in Figs 3 and 5 is that the crack growth rates
initially decrease with increasing K, and then after
a certain amount of crack growth, rise again. This
descending—ascending characteristic is similar to that
observed for environmental-assisted slow crack
growth in other ZrO, ceramics which is caused by the
R-curve mechanisms operating during crack exten-
sion [14].

In a similar way the R-curve changes the crack
growth rate in a cyclically located ceramic component
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through its effect on the crack tip stress intensity
factor K;. The crack growth usually starts at a higher
speed when K, = K, because there is no toughening.
The subsequent resistance increase with crack exten-
sion makes K, apparently less than K,. Two situations
can occur with the crack growth. Initially, the resist-
ance increment AKy due to the crack toughening can
be larger than the increase in the K, due to the
increased crack length. Consequently, the macro-
crack growth rate decreases with crack extension.
When the crack extension resistance is close to the
plateau value, the increment in K, due to crack
growth overtakes the shielding term AKjy and the
crack growth rate da/dN increases with the advancing
crack. Hence the cyclic fatigue crack growth behav-
iour is as obtained in Fig. 5.

4. Estimation of bridging stress
degradation

4.1. Theoretical basis
It has been shown in Section 3 that mechanical fatigue
in the ZTA ceramic is caused by the degradation of the
crack-wake bridging mechanism under cyclic loading.
This damage effect can be modelled by the reduction
of crack closure stress with increasing elapsed cycles
using the compliance technique developed by Hu and
Mai [30, 31].

Let C(a) be the compliance of a specimen with
a crack length a without bridging and C,(x) the com-
pliance measured in an experiment for the same a but
with a bridging zone x. It is expected that

Cla) 2 Cu(x) )

The function C,(x) represents the compliance with an
unsaturated bridging zone developed during crack
extension or that with a bridging zone which has been
fully developed and then partially removed by sawcut-
ting [30]. The changes in compliance with crack ex-
tension can be related to the bridging stress o,(x) at
a distance x from the crack tip by [29, 30]
Op(X)

_ C*(a)C,
om  Cla)Ci

)

where o, is the maximum bridging stress. Usually, the
bridging stress o (x) is a function of the crack opening
displacement w(x). For ligament and grain bridging in
ceramic materials the ¢,—w relation generally obeys
a strain—softening law approximated by [32]

6y = Gm|:1 - -vﬁ]n 6)
WC

where w, is the critical crack opening displacement at
which point the bridging stress is zero. Once this
relationship is determined the theoretical crack—res-
istance (Kg) curve can be predicted based on proced-
ures described earlier [32]. However, an iterative tech-
nique is needed to determine G, and n to give the best
fit to the R-curve data.

For most ceramic materials, a further assumption
for simplification can be made in that the crack surfa-
ces remain straight as the crack propagates. Conse-
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quently, the above strain—softening equation can be

rewritten as
x n
op, = Gm|:1 — )—(] (7N

where X is the maximum bridging zone size. Substitu-
ting Equation 7 in to 5 and integrating both sides
leads to a ¢-function

¢ = [C(a)/C(a)][Cla)/Cy — 1]
B {X/(n + 1) Aa > X
X /n + DL - (1 —Ag/X)] Aa< X
)

This ¢(Aa) function allows the n value and the
saturated bridging zone X to be determined easily
from the experimental compliance data. When the K
data are given, the maximum bridging stress o, can be
determined so that the whole bridging stress function
is obtained [8, 9].

When a specimen containing a crack of length
a with a saturated bridge zone X developed in
a steady-state crack propagation test is subjected to
a given cyclic stress such that no further crack exten-
sion can be produced, the changes in ¢p-function with
elapsed cycles N can be written as [29, 30].

O(N) = [C(a)/C(a)][C(a)/Cu(N) — 1] (9)
= X(N)/(n + 1)

The above equation shows that the damage of bridg-
ing stress from cyclic loading is equivalent to a reduc-
tion of the bridging zone length X(N). Let N, be the
critical number of fatigue cycles elapsed for the given
cyclic loading system to destroy all existing bridges. If
N = N.,, X(N;) = 0 so that C,(N.,) = C(a) and
O(N.) = 0. The difference between the ¢-functions for
monotonic and cyclic loading can be written as

A = bla) — &(N)

{[X — X(N)]/(n + 1)
Xfn + 1)

The length of bridging zone X (N} during cyclic fatigue
test can be determined by the changes in ¢ value, i.c.

X(N) = (n+ 1) x (V)
= X — (n + 1) x AG(N) (11)

N < N,
N = N,

(10)

4.2. Estimating the degradation of crack

bridging stress due to cyclic loading
We recall that the pronounced K g-curve behaviour of
this ZTA material shown in Fig. 2 is mainly caused by
crack wake bridging though microcracking may also
contribute to the increase in crack resistance [8, 9].
Based on the ¢-function theory [30, 31], the crack
bridging stress parameters, o, and n, are estimated
respectively at 91 MPa and 2.33.

Using the data in Fig. 4 and Equations 9 and 10, the
d(N) and AG(N) values of the CT specimen subjected
t0 Kpax = 3.16 MPam??, R = 0.1 and 20 Hz were
estimated as shown in Fig. 7. It can be seen that
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¢ decreases rapidly in the beginning with elapsed
cycles and then remains at a relatively steady value.
This indicates that after N, cycles, no further damage
of the crack bridges can be produced by the cyclic
loading. After all the bridges are destroyed, the ¢-
function assumes a negative value which reflects the
effect of the microcrack damage zone around the
crack tip [30, 31].

From Fig. 4, it is found that in the CT specimen, the
saturated bridging zone (X) was reached at a crack
extension of 3.84mm. Therefore, substituting
X = 384 mm and n = 2.33 in Equation 11, the vari-
ation of the bridging zone size X (N) with elapsed cycle
N becomes

X(N) = 3.84-333 Ad(N) (12)

Using Equation 12 and the data in Fig. 7 together with
the bridging stress equation (Equation 7), we obtain
the dependence of the bridging stress with elapsed
cycles N as shown in Fig. 8. It is obvious that the
bridging zone size decreases with cycle N if the func-
tional form of the bridging stress and the maximum
bridging stress o, remain unchanged.

The degradation of the bridging stress manifested
by the decreasing bridging zone size may contribute to
cyclic fatigue crack growth in two ways. Firstly, the
reduction of crack shielding due to cyclic loading leads
to an increase in the crack tip stress intensity factor so
that slow crack growth due to environmental cor-
rosion 1s enhanced. Secondly, when the crack resist-
ance Ky is degraded too much so that it is less than the
applied stress intensity factor K,, a crack increment
must be created to maintain mechanical equilibrium.
Consequently, the measured crack growth rate in cyc-
lic loading is larger than that in static loading.

5. Conclusions

Both experimental and theoretical studies have shown
the existence of a genuine mechanical fatigue effect in
a ZTA ceramic for advanced refractory applications.
Experiments with SENB specimens showed that the
crack growth rates in cyclic loading were faster than
those in a statically loaded specimen and had a much
lower cyclic fatigue threshold. It was also confirmed
by the observation that the measured compliances
CMOD/P of a CT specimen with a crack extension
produced by prior monotonic loading increased with
elapsed cycles N. Since no crack extension was pro-
duced by the cyclic loading the increase in compliance
must come from the degradation of the crack bridges
in the wake region.

Further cyclic loading tests of SENB specimens
over a range of load ratios from 0.1 to 0.9 showed that
the cyclic crack growth of this ZTA ceramic was mainly
dependent on the maximum stress intensity factor
K ..« and slightly on the stress intensity factor range
AK. The R-curve behaviour obviously played an im-
portant role in the whole cyclic crack growth process.
Thus, the measured da/dN—K,,, curves exhibit a
descending—ascending characteristic and crack growth
was intermittent rather than continuous. The ¢-func-
tion technique by Hu and Mai [30,31] has been
successfully used to analyse and predict the degrada-
tion of the bridging stress due to mechanical fatigue.
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