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Fatigue of Yttria-Stabilized Zirconia: |, Fatigue Damage,
Fracture Origins, and Lifetime Prediction

Shih-Yu Liu* and -\Wei Chen*

Department of Materials Science and Engineering, The University of Michigan,

Uniaxial tension—compression fatigue behavior of 3-mol%-
yttria-stabilized tetragonal zirconia polycrystals was investi-
gated. Hysteresis in the stress—plastic strain curve featured
cumulative plastic strain and weakened elastic stiffness.
Fracture statistics in terms of cycle-to-failure depends
strongly on the maximum stress and less on the stress am-
plitude. Preexisting processing flaws were identified as the
fracture origins in all cases. We suggest that microcracking
is the dominant mechanism of fatigue damage, that nuclea-
tion of fatigue crack is usually not necessary, and that fa-
tigue lifetime is primarily controlled by crack propagation,
which is most sensitive to the maximum stress. [Key words:
fatigue, fracture, zirconia, cracks, stress.]

I. Introduction

FATIGUE of ceramics, which involves the degradation of me-
chanical properties of ceramic materials under cyclic load-
ing conditions, has received increasing attention in recent
years. The majority of studies reported to date were on bend-
ing fatigue using smooth specimens,'™ and on fatigue crack
growth using compact tension specimens.’** These experi-
ments have provided direct evidence of mechanical fatigue
effects in ceramics. Nevertheless, mechanistic understanding
of fatigue damage and a methodology for lifetime prediction
are still lacking. Current understanding of fatigue behaviors
in other engineering materials such as metals and polymers®
states that nucleation of fatigue damage is surface related and
mostly controlled by the amplitude of cyclic strain. On the
other hand, propagation of a fatigue crack is divided into
three regimes (threshold, striation controlled, and fast frac-
ture), each having a rather different dependence on loading,
material, and environmental parameters. Fatigue lifetime pre-
diction can proceed by following a conservative methodology
considering crack growth only, or by a more realistic method-
ology allowing for both nucleation and growth. The intent of
the present paper and its companion paper is to provide a
better understanding of fatigue in ceramics and to relate it to
the above concepts developed for other engineering materials.
In the present paper we will focus on the results of uniaxial
tension—compression experiments using smooth-surfaced
specimens. Fatigue crack growth experiments using speci-
mens with controlled flaws will be described in the com-
panion paper.*

Uniaxial, tension-compression fatigue experiments are
conducted in the present study to clarify the role of crack
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nucleation, surface effects, and fracture statistics in the fa-
tigue of ceramics. With few exceptions,”? many previous fa-
tigue experiments on smooth specimens were conducted in
bending. These experiments suffer from several fundamental
drawbacks, which are all related to the fact that the maxi-
mum stress in bending falls on the specimen surface, so that
fatigue damage is by necessity surface-related. It is thus im-
possible to ascertain whether surface nucleation of fatigue
cracks is a general and preferred mode of fatigue damage. As
will become clear later in this paper, fatigue damage does not
seem to originate from the surface in uniaxial tension-com-
pression testing. This being the case, the previous experimen-
tal data from bending fatigue collected to date must be
regarded as having limited statistical value for the engineer-
ing design of realistic structural ceramic components. Fur-
thermore, it is inherently difficult to detect small changes in
compliance or accumulation of permanent strains in bending
(which may be indicative of fatigue damage), due to the very
small sample volume which is being highly stressed. Little in-
formation is thus afforded by these experiments regarding the
diffuse fatigue damage taking place in the bulk.

Because of the obvious technical difficuities in performing
uniaxial, push—pull fatigue experiments on brittle ceramic
specimens, considerable emphasis has been placed in the re-
cent past on the attainment of a high degree of alignment,
say, of less than 0.5%. This is sometimes achieved at the cost
of stress reversal capability, in that several test fixture designs
allow tension—tension fatigue tests only.” There has been
little justification of attaining such good alignment, however,
other than the general and self-evident claim that ceramic
materials are brittle and thus susceptible to premature frac-
ture due to the added bending stress resulting from poor
alignment. In the course of the present study we have ana-
lyzed this issue from the viewpoint of fracture mechanism
and fracture statistics in order to determine the necessary
alignment. We have also placed more emphasis on precision
strain measurements during stress cycling to obtain direct evi-
dence of bulk fatigue damage in the form of irreversible
strains and degradation of elastic stiffness.

We have chosen an yttria-stabilized tetragonal zirconia
(3Y-TZP) for the present study. Fatigue behavior of two other
zirconia ceramics, Mg-PSZ and Ce-TZP, which exhibit exten-
sive plasticity by a mechanically induced phase transforma-
tion,”®® have been studied in the past.”#1%13161827 Op the
other hand, 3Y-TZP has only rather limited transformation
plasticity.”® As a result, its toughness is modest and its
strength, which is high, is primarily controlled by the
catastrophic propagation of preexisting flaws.*>** Also, unlike
the other two zirconia ceramics, it exhibits a steep fracture
resistance curve (R-curve) during crack propagation. Its very
fine grain size (less than 0.5 pm), nearly cubic symmetry
(with a tetragonality of only 1.013), and essentially single-
phase composition make available a homogeneous micro-
structure with very few internal stresses. In this respect, it
may be considered to be a model material representative of
brittle polycrystalline ceramics.
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II. Experimental Procedure

() Material

The material studied was a sintered zirconia containing
3 mol% yttria (3Y-TZP) with a grain size of about (.38 pm. At
this composition, fine-grained 3Y-TZP is known to contain
primarily a tetragonal phase plus a small fraction of cubic
phase. The chemical composition provided by the manufac-
turer and some reference mechanical properties measured by
us are listed in Tables I and II, respectively. The elastic con-
stant was measured directly by a tensile test. The fracture
toughness was measured by an indentation technique. Aver-
age bend strength and Weibull modulus were evaluated by
20 four-point-bending tests. These latter properties are rep-
resentative of fractures originating from surface or near-
surface flaws.

(2) Specimens

Smooth-surfaced uniaxial test specimens used in this study
had a 16-mm gauge length and a 6-mm gauge diameter which
was designed according to ASTM E606.>* A 220-grit diamond
wheel was used to grind the as-received cylindrical bars to
specification. In this operation, a large amount of material
was removed around the gauge section so that any surface
inhomogeneity introduced during sintering would not remain.
A final mirror surface finish was obtained by polishing with a
1-um-diamond paste.

(3) Uniaxial Fatigue Testing

Load-controlled uniaxial low cycle fatigue tests were con-
ducted using a computer-controlled servo-hydraulic testing
machine* with a load capacity of 100 kN. An axial exten-
someter having a gauge length of 8 mm was attached to the
central portion of the specimen by two springs. Since the
specimen surface was rather hard and smooth, a drop of
epoxy' was applied between the knife edge of the extensome-
ter and the specimen to prevent slippage. Since zirconia has a
relatively large coefficient of thermal expansion while small
strains were measured in the present study, special precau-
tions were taken to minimize the temperature fluctuation of
the specimen and the extensometer during the test. A foil-
type thermocouple was attached to the specimen to monitor
the temperature. Stroke, load, axial strain, and radial strain
were simultaneously recorded for each cycle. At the start of
each fatigue test, the specimen was first loaded between
+100 MPa for 500 cycles before increasing the peak stress and
stress amplitude to the desired values. This small stress cy-
cling procedure was used to calculate the apparent Young’s
modulus for subsequent use and to condition the extensome-
ters to their secure, stable position. A triangular cyclic stress
wave form was used, at a frequency of 1 Hz, for 10° cycles or
until failure occurred. Fracture surfaces of specimens were
examined by scanning electron microscopy to reveal fracture
origins and other notable features.

III. Results

() Measurement of Bending Component

The amount of specimen bending in uniaxial tension—
compression testing is determined by the alignment of the
loading train and particularly the gripping mechanism. In the
present study, a precisely aligned hydraulic testing machine
with a hydraulically activated gripping system was used. To
measure the bending strains, three strain gauges at 120° inter-
vals were attached to the circumference of the sspecimen. The
maximum bending strain was calculated using®

les] = (2/3)(Ae)’ + (Ae2)? — A As,]¥? M

*MTS 810, MTS Systems Corp., Minneapolis, MN.
'Super Bonder 495, Loctile Corp., Newington, CT.
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Table I. Chemical Composition of 3Y-TZP*

Component Amount (wt%)
Y,0; 5.25
Al,Os 0.066
SiO; 0.015
Fe 203 0.009
Na,O 0.002
ZrO, Balance

*Product of Tosoh Manufacturing Co., Tokyo, Japan.

where &, is the maximum bending strain, and A¢, and Ae, are
the differences between any two measured strains from the
three gauges. The calculated maximum bending strain ac-
cording to Eq. (1) for a typical tension—compression cycle is
shown in Fig. 1. At an axial stress of 300 MPa, the bending
strain is about 2% of the axial strain. This value is compar-
able to those achieved by other workers using other gripping
systems.””® From Fig. 1, the bending stress can be calculated
and is found to be below 10 MPa at an axial stress of
600 MPa, which was the maximum stress used in the fatigue
experiment in the present study.

(2) Hysteresis Loop

For metals, the hysteresis loop is customarily constructed
by plotting the stress—strain response for each cycle.” This
practice is not suitable for ceramics, whose plastic strain is
just a small portion of the total strain. This is apparent from
the stress—strain curve of a typical tensile test, through frac-
ture, as shown in Fig. 2. Note that the total plastic strain at
fracture is only 2.2 x 107, whereas the elastic strain calcu-
lated from ofE jpparent is 3.5 X 1073, (o is applied stress and
E spparent is the apparent Young’s modulus determined from the
slope of the linear stress—strain curve at an amplitude of
(+)100 MPa at the start of each experiment.) Thus, the elastic
strain amplitude is much larger than the plastic strain ampli-
tude in this material.

An alternative way to illustrate the hysteresis during fa-
tigue is to plot the stress against the plastic strain. In Fig. 3,
the hysteresis loop of the first cycle and two later cycles, at
the same stress amplitude, are plotted. Several features of
these loops are noteworthy and are exemplified by the sche-
matic hysteresis loops shown in Fig. 4. The initial rise of the
stress—plastic strain loop is vertical in these plots because no
plastic strain is involved. This is most evident in Fig. 3 in the
first cycle with a pristine specimen. The subsequent curving
indicates plastic deformation, which is obvious in all of the
loops in Fig. 3. During unloading, the initial portion should
be vertical as well, if the stiffness of the ceramic remains un-
changed (Fig. 4(a)). A positive slope, on the other hand,
would indicate a decrease in elastic stiffness. The latter seems
to be the case in Fig. 3 (also Fig. 4(b)) and will be attributed
to microcracking, as discussed later. Finally, when the stress
decreases to a sufficiently low level, a smaller decrease in
plastic strain, corresponding to a recovery of elastic stiffness,
can be seen in Fig. 3 (also Fig. 4(c)). This may be attributed to
the closure of microcracks.

The hysteresis loops shown in Fig. 3 demonstrate an accu-
mulation of plastic strain. This is possible because of new
damage created in successive cycles. The reloading is ex-
pected to be elastic initially. If the elastic stiffness is the same
as that of the previous unloading cycle, the hysteresis loops
should appear as shown schematically in Fig. 4(d). However,
the loading portions of all the hysteresis loops in Fig. 3 are
actually vertical, which means an undegraded elastic stiffness

Table II. Properties of 3Y-TZP at Room Temperature

Elastic Fracture 4-point bend

modulus Poisson’s toughness strength Weibull
(GPa) ratio (MPa-m'?) (MPa) modulus
210 033 533 849 + 65* 1598

*Standard deviation.



June 1991
30 )
T
1
- 25 1
fam) 4
é R 1
=~ 20 1
2 & !
== 7
w "
Gl —
Zz 10 J—-%
e v Y
(= 7 X
Z = /- X
SR
g <
0
-600 -400 -200 )} 200 400 600

STRESS (MPa)

Fig. 1. Ratio of bending strain to axial strain vs axial stress.

(higher than that of the previous unloading cycle). This
would be explicable if a friction that opposes the reversal of
plastic deformation exists in the material. Such friction may
again come from closure of microcracks and the reverse slid-
ing between contact surfaces. A schematic of such hysteresis
loops is shown in Fig. 4(e).

(3 Damage Accumulation

After unloading to zero stress, the hysteresis loop was found
to remain at a finite residual strain. In Fig. 5 the accumulated
axial plastic strain is plotted against fatigue cycle for a num-
ber of experiments. (In this figure, the R ratio refers to the
ratio of the minimum stress to the maximum stress during
cycling.) The accumulation slows down considerably with the
number of cycles. Meanwhile, the same R ratio, an increase in
maximum tensile stress, which means increases in both mean
stress and stress amplitude, causes more accumulated plastic
strain. Note also that at the same maximum stress, an in-
crease of R ratio (corresponding to a decrease of stress ampli-
tude) actually results in a higher damage. Thus, a higher
mean stress is more damaging than a higher stress amplitude.
This can be further demonstrated by a good correlation be-
tween the accumulated plastic strain and the mean stress,
shown in Fig. 6 by plotting the plastic strain accumulated
after the first 1000 cycles against mean stress for all positive
R ratios. The relatively large scatter of data in Figs. 5 and 6 is
mostly due to temperature fluctuation during long-time test.

There is a corresponding decrease of the elastic stiffness as
the fatigue damage accumulates. This is already apparent in
Fig. 3, where we note the decrease of the initial unloading
slope as the number of cycles increases (§; > S, > §3). To
demonstrate this effect, we have plotted additional data on
elastic stiffness, measured from the initial unloading slope,
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Fig. 2. Stress—plastic strain curve in uniaxial tension.
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Fig. 3. Hysteresis loops of 3Y-TZP. Note the slope change

(S1 > Sz > §3) and the shift of loops due to strain accumulation.

against fatigue cycles in Fig. 7. The change in elastic stiffness
is of the order of 1 GPa or 0.5% over the duration of the test.

It should be pointed out that while the strain accumulation
can be deemed as direct evidence of damage accumulation,
its absence does not necessarily imply the lack of damage. In
the extreme case of R = —1, not shown in Fig. 5, we have
found very little strain accumulation, even though the hys-
teresis loops expand under increasing stresses and are very
prominent at high peak stresses. Data on fracture statistics to
be presented next also indicate more severe damage at lower
R-ratio loading when the maximum stress is kept constant. It is
in this sense that the information of Fig. 7 on stiffness degra-
dation is more direct and definitive for assessing damage.

The specimen surface of the fatigued specimen was exam-
ined after testing. Before catastrophic failure, there was no
evidence of surface damage in the form of microcracks or
deformation bands. No trace of monoclinic phase was de-
tected by X-ray diffraction.
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Fig. 4. Schematic hysteresis loops: (a) unloading modu-
lus = loading modulus; (b) unloading modulus < loading modulus;
(c) same as (b) but later with crack closure; (d) same as (b) but with
further damage during reloading; (e) same as (d) but with crack
closure or friction during reloading.
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(4) Fracture Statistics

For a runout cycle of 10* failure loci are plotted in stress
amplitude and mean stress as shown in Fig. 8. Diagrams of
this kind are named after Goodman in the literature.” The
R ratios are indicated on the graph. In the figure, numbers
next to the symbols indicate the number of specimens tested.
They fall into three categories: all failed after 10* cycles, all
survived, and some survived. From these statistics, a failure
locus can be drawn. The failure locus may be represented by
the so-called Goodman relation, graphically shown by the
solid line with a negative slope in Fig. 8, which is

Oy = 0'5[1 - (o'm/au)] (2)

where o, is stress amplitude, o is fatigue strength at R = —1,
o is mean stress, and o, is tensile strength. Several special
cases are noted here. First, if fatigue life is governed by the
maximum stress only, then the failure locus should be a
straight line with a slope of —1 (maximum stress = mean
stress + stress amplitude). Second, if only the stress ampli-
tude is of consequence, then the fatigue failure locus should
be a horizontal line. The experimental results show that the
slope is —0.8; i.e., failure is mostly controlled by the maxi-
mum stress.

The S—N curves plotted as cycle to failure (N;) vs the stress
amplitude are shown in Fig. 9 on a log-log scale. This form is
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Fig. 7. Normalized stiffness decrease vs fatigue cycles.

a slight modification of the conventional S—N curve, which is
normally plotted on a semilog scale. The most notable feature
of these curves is that they are actually straight lines with the
same slope for all the R ratios. Thus, these data can be repre-
sented by the following expression:

log (Ng) = —m log (0,) + log (Z/A) 3)

where N; is cycles to failure, m is the reciprocal slope of
Fig. 9, and Z/A4 is a constant whose value depends on the
R ratio. From Fig. 9 we find /m to be around 21. The values of
Z/A are listed in Table III.

(5) Fractography

Several typical fatigue fracture surfaces of 3Y-TZP are
shown in Fig. 10. They allow for easy identification of the
fracture origins, but the finer features are indistinct in most
cases. At higher magnification, it was verified that the frac-
ture path was always intergranular. Although fracture origins
near the center of the fracture surface were found to be rela-
tively infrequent, one such example is shown in Figs. 10(a)
and (b). Among near-surface flaws, both closed pores
(Figs. 10(c) and (d)) and ones connected to the free surface
(Figs. 10(e) and (f)) have been identified as the crack origins.
The appearance of these fracture origins suggests that they
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Fig. 8. Goodman diagram of 3Y-TZP for specimens tested for

10* cycles. Numbers next to the symbols indicate the number of
specimens tested.
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formed during or before sintering and not by machining.
Lastly, we did not find these near-surface fracture origins to
be concentrated on a particular side of the specimens, which
would have indicated any systematic bending effect due to
misalignment.

The fracture surface was also examined by X-ray diffrac-
tion. A certain amount of monoclinic phase, of the order
of 30%, was observed. However, the phase fraction on the
fatigue fractured surfaces was no different from that on
uniaxially overloaded fracture surfaces from tensile test
specimens.

IV. Discussion

() Alignment and Fracture Statistics

During uniaxial testing of brittle materials, bending
stresses due to misalignment may cause premature failure.
Whether this is a serious problem in practice, however, is de-
pendent on the magnitude of bending stresses relative to the
statistical scatter of strength. Clearly, if the bending stress is
much smaller than the statistical scatter, it would have little
effect on the measured strength values. If the four-point bend
specimen data of Table I are used as a reference, then the
standard deviation in the bend strength of 3Y-TZP is 65 MPa.
In comparison, the misalignment in the present study causes a
much smaller bending stress, namely, 10 MPa in the worst
case. Thus, an even better alignment would not have any sig-
nificant effect on the measured strength values, which is sub-
ject to statistical scatter of a much larger magnitude anyway.

Our results do indicate that a majority of specimens failed
from fracture origins traceable to some preexisting processing
flaws in the near surface region. (Most reported studies of
bending fatigue found fracture originating from surface
cracks which are either surface initiated or machining flaw
initiated. This is not the case here.) The fact that near-
surface flaws tend to initiate fracture more frequently can be
explained by their higher effective stress intensity factor
compared to a central crack. Consider three circular cracks
subject to a uniaxial tensile stress at different locations, as
shown in Fig. 11. The effective stress intensity factors can be

Table III. Values of m, Z, and 4 in Eq. (7) for
Different R Ratios

R ratio m log (Z/A) z A*

-1 21 58.05 135 x 10® 1.20 x 1072
0 21 52.52 1.35 x 10% 406 x 1078
0.5 21 48.00 1.35 x 10® 135 x 1078
0.8 21 38.87 1.35 x 10% 1.82 x 107*

*Values for A given for AK in MPa- m'” and a in meters.
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written as
Ki = Mo(mwr)'? 4)

where r is the radius of a circular or semicircular crack and M
is a geometric factor which is dependent on the location of
the crack. For a circular crack far away from the free surface
(Fig. 11(a)), the M value equals 2/ (=0.637). As the crack
moves toward the free surface (Fig. 11(b)), M increases
monotonically. For an r/w ratio of 0.8, M becomes 0.708 at
point a and 0.647 at point b.*® As the crack approaches the
free surface further, i.e., r/d approaching unity, M at the
outer ligament may approach infinity. Similar consideration
of a semicircular crack at the surface (Fig. 11(c)} suggests an
M value of 0.663 and 0.729 at points ¢ and d, respectively.
Thus, the most severe stress intensity factor of a surface or
near-surface crack is about 10% to 15% higher than that of a
central crack in the bulk. For this reason, a surface or near-
surface crack is more prone to damage. Also, since the stress
intensity factor in the ligament just below the surface is al-
ways very high, near-surface failure origins can link up with
the free surface in the early stage of crack propagation. Such
observations have been frequent in our study. Therefore, even
though the sintering defects are distributed uniformly
throughout the sample, those which are near the surface do
tend to develop faster and lead to fracture.

From a statistical point of view, fractures may still originate
from a center crack. Fracture origins reponsible for such
failure should have a size 20% to 30% larger than the mean
defect size, so that its stress intensity factor is about 10% to
15% higher than that of the latter, in order to compete with
near-surface flaws. This can be translated to a decrease of
strength of 10% to 15% for such specimens. From the Weibull
modulus and the standard deviation of bend strength of
Y-TZP, the probability for this to occur is deemed significant
but not overwhelming, which is roughly consistent with our
experience.

(2) The Nature of Fatigue Damage

Our observations on the hysteresis loop of 3Y-TZP have
provided important clues to the nature of fatigue damage in
an essentially brittle ceramic. Previous compression studies
have indicated a very high yield stress, of the order of
1000 MPa, in polycrystalline 3Y-TZP. However, much of the
plasticity observed appears to be related to slip and not phase
transformation.” Qur own experience on compression defor-
mation has also confirmed the existence of a very high com-
pressive yield stress. In view of the above, it seems likely that
the microplasticity and the associated fatigue damage ob-
served in our study are from a different origin other than
phase transformation and slip.

We believe the most likely mechanism of fatigue damage in
3Y-TZP is microcracking. Such a mechanism would be consis-
tent with the decrease of the elastic stiffness, the closure
under a large stress reversal, the friction upon load reversal at
stress minimum, and the mean stress dependence of accumu-
lated strain. Both microcracking itself and, perhaps more im-
portantly, the closure and friction which render the plastic
strain irreversible are mechanically damaging as demon-
strated by the recent crack tip plastic zone calculation of
Suresh and Brockenbrough.”” Whether microcracks are trig-
gered by phase transformation or slip or simply a maximum
local stress which exceeds the crack nucleation threshold is
not known. However, they are probably distributed homoge-
neously in the bulk and are sufficiently severe in order to be
detectable by our strain measurement technique.

The density of microcracks can be estimated by noting
that, near the end of fatigue lifetime, the tensile elastic con-
stant has decreased by about 1 GPa or 0.5%. If we assume
that the more severe microcracks are perpendicular to the
tensile axis, then the axial Young’s modulus is given by*®

E = ET1 - 16(1 — v})Na*/3] 5)
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Fig. 10. Fracture origins of fatigue failure in 3Y-TZP: (a,b) a flaw near the center of the specimen; (¢, d) a close pore near the surface;
(e, f) a surface flaw. ’
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Fig. 11. Schematic of three circular cracks subjected to uniaxial
tension (tensile axis perpendicular to the paper).

where E° is the modulus of the uncracked solid, E is the
modulus of the microcracked solid, v is Poisson’s ratio, N is
the number density of microcracks, and a is the average
radius of microcracks. Taking v = 0.3 for 3Y-TZP, we esti-
mate Na* = 1073, This value represents an average damage in
the bulk and is not unreasonable for a fatigue-damaged ce-
ramic just before failure.

It has been customary in the fatigue literature on metals to
distinguish two regimes of fatigue in a smooth specimen.”
The low cycle fatigue regime is the one where the plastic
strain amplitude exceeds the clastic strain amplitude, whereas
the high cycle fatigue regime is the one where elastic strain
amplitude exceeds the plastic strain amplitude. It has also
been established® that in the high cycle fatigue regime, fa-
tigue lifetime is mostly spent in initiating a crack, at the sur-
face, through localized plastic deformation, such as persistent
slip bands. Fatigue lifetime in the low cycle fatigue regime, on
the other hand, is mostly spent in crack propagation. In the
current study, although the plastic component never domi-
nates, there is no evidence that the most severe fatigue dam-
age and the critical flaw ever originate from the free surface,
contrary to the case for metals. In the next section, we will
further argue that the fatigue lifetime of 3Y-TZP is probably
controlled by propagation of preexisting cracks and not by
crack initiation as in metals. In other words, fatigue lifetime
of 3Y-TZP is ambient temperature is dominated by propagat-
ing preexisting cracks while the bulk is still under primarily
elastic deformation.

(3 Growth-Controlled Fatigue Life

The observation in Fig. 9 of S-N curves with a common
slope of 21 may be rationalized in the following way (which is
a standard treatment for fatigue lifetime under crack growth
control).”® First, Paris’ empirical fatigue growth relation of
the following form may be used to estimate the fatigue life:

where da/dN is the fatigue growth rate, AK is the stress
intensity range (=2Ma,(ma)'?), and 4 and m are constants,
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which are dependent on material and testing conditions other
than the stress intensity factor. By integration

log (N9) = —m log () + log (Z/A) ()
where N is the cycle to failure and, for m = 2,
Z = [Zf(m _— 2)](4qur)"'|ﬂ{ao(2-—m]f2 _ aE{Z-m]fz] (8)

Here, ay is the initial crack length and a; is the final crack
length. Thus a linear relationship between log N; and log o,
should result if fatigue lifetime is growth controlled.

The material parameters in Eq. (7) can be directly esti-
mated from Fig. 9. For example, the reciprocal slope gives m,
and the intercept allows the estimation of Z/4. The m value
calculated from our experimental data is about 21. For such
a high m value, with a; > a,, the Z value in Eq. (8) is in-
sensitive to a; and is dependent mostly on the initial crack
length a,. From Figs. 10(c) to (f), we estimated an initial
length of 25 um for a typical crack flaw. Taking M = 0.65 for
a typical crack located midway between specimen circumfer-
ence and the center, we estimate Z to be 1.35 x 10%, From Z,
m, and the intercept of the log (o,)-log (Ny) lines in Fig. 9,
the value of 4 can be computed when a, and a; are expressed
in meters. These results are listed in Table III for different R
ratios,

The value of m is rather large compared to data known for
metals. However, it is comparable to the ones reported for
silicon nitride’ and alumina."” Such a large value is thought
desirable for engineering applications, since the fatigue
strength is relatively close to the monotonic strength for a
comparable sample volume under stress. On the other hand,
data shown in Fig. 9 are extremely sensitive to the R ratio,
much more so than is known for metals.” This strong de-
pendence is of course reflected in the prefactor 4 evaluated
above, which is found to correlate well with 1/(1 — R), as
shown in Fig. 12. Writing

log A = m’'log[1/(1 = R)] + log A’ 9)

where A’ is another constant, we find m’ = 19. Substituting
Eq. (9) into Eq. (7) and noting o,/(1 — R) = 0 pna, we find

108 (Nf) =-m' lCIg (‘Tma:} - (m - m') lOg (Ja]
+ log (Z/A") (10)

Since m' > m — m’ = 2, it is then clear that fatigue strength
is primarily controlled by the stress maximum and is weakly
dependent (quadratically) on the stress amplitude. In the
companion paper,” this dependence will be compared with
data on fatigue crack propagation to further assess its validity.
The value of A estimated above agrees with the crack growth
rate directly measured using controlled surface flaws of sev-
eral hundred micrometers in size.** This agreement justifies, a

0
.5 //
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g 15 // )
Q /
| 20 -
25

LOG [ 1/(1-R) ]
Fig. 12. Prefactor (A) in crack growth law vs 1/(1 — R).
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posteriori, our assumption of using Eq. (6) to estimate the
fatigue life.

(4) Implications for Other Ceramics

Although the present study was conducted for 3Y-TZP, we
have reasons to expect that its major findings concerning the
nature of fatigue damage in the bulk—the dominance of pre-
existing flaws and the extreme sensitivity to peak stress—are
probably applicable to other ceramics. Our basis for this ex-
pectation is founded on the following observations. First,
most crystalline ceramics are brittle at ambient temperatures.
Thus, their plastic strain in monotonic and cyclic loading is
always much smaller than their elastic strain. This seems to
rule out the possibility of crack initiation by plastic irre-
versibility, which tends to be accentuated at the free surface
and in deformation bands in metals and polymers. On the
other hand, nucleation of microcracks in the bulk can always
operate at high stresses, especially when heterogeneous crack
nuclei are available. A large internal stress due to thermal
mismatch (e.g., in coarse-grained alumina),” elastic an-
isotropy (e.g., in Mg-PSZ),* or phase transformation {e.g., in
Mg-PSZ and Ce-TZP)”~* would also favor the latter process
for causing fatigue damage. Third, a very strong stress de-
pendence on fatigue strength or, equivalently, a very strong
AK dependence on da/dN, has been reported in nearly all of
the ceramics thus far investigated.’* This implies a flat S—-N
curve so that the value of fatigue strength is rather close to
the monotonic strength. Therefore, the strength-limiting
flaws in fatigue need to grow only a relatively small amount
from their original length before catastrophic failure ensues.
In other words, the condition seems to favor the growth of
preexisting cracks in general rather than the nucleation of
new flaws.

V. Conclusions

(1) The bending component of less than 3% during the
fully reversed, uniaxial fatigue experiments performed on a
3Y-TZP material has been achieved. This bending effect is
insignificant compared to the scatter of strength for a typical,
low Weibuil modulus ceramic.

(2) Hysteresis observed in the stress—plastic strain curve
featured cumulative plastic strain and weakened elastic stiff-
ness. These and other related features can be accounted for
by microcracking, which is suggested to be the dominant fa-
tigue damage in ceramics.

(3) Mean stress and stress amplitude dependence of fail-
ure statistics followed the Goodman relationship, with a
strong bias toward maximum stress control. A similarly strong
dependence on the maximum stress has also been observed
for S-N curves, which also follow a weaker, quadratic stress
amplitude dependence.

(4) Fatigue failure originated from internal, preexisting
flaws. Surface nucleation was not observed, but stress concen-
tration due to the surface was important. The prevalent ob-
servation of near-surface or surface fracture origins can be
attributed to the higher stress concentration of these flaws
due to geometrical factors.

(5) Fatigue lifetime is probably controlled by crack propa-
gation. This is consistent with the S—N curve and the fracture
origins. A direct confirmation of this point by crack growth
rate measurement is reported in the companion paper.*
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