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A bstract 

Predictions of static and cyclic fatigue crack growth 
of indentation-initiated strength-limiting flaws in a 
Mg-PSZ material are compared with observations. 
The extent q/'environmental effects on ~Tclie loading 
l([i)time prediction is determined by integrating the 
cyclic stress cycle following determination q[" crack 
growth parameters.[i'om static fatigue data. The effect 
o/crack tip shielding as a result of  the crack resistance 
curve is also included. The true cyclic fatigue q/.fect is 
then determined. Crack growth dependence on the 
maximum stress in tensiO,, Kin,x, and A K and possible 
mechanistic e'cplanations q[" cyclic fatigue effect are 
also considered. 

Die Vorhersage des Riftwachstums in Mg-PSZ bei 
:tatischer oder bei zyklischer Ermfidung, das an 
~,erzahnungsartigen, festigkeitsmindernden Fehlern 
ehTgeleitet wird, wird mit experinwntellen Beobachtun- 
gen verglichen. Das Ausmaft umgebungsbedingter 
Eir!flfisse bei :vkliseher Beanspruchung auf die 
Lehensdauervorhersage wurde bestimmt, indem fiber 
einen Spannungszyklus integriert wird. Die Para- 
meter des Riftwachstums werden hierbei zuvor aus den 
Daten fiir den Fall statiseher Beanspruchung gewon- 
J?en. Der E~'ekt der Abschirmung hn Bereich der R(B- 
xpitze, wurde aus der Rift- Widerstandskurve bestimmt 
und mitherffcksichtigt. Der tatsdchliehe Eh~[tufl der 
-)'klisehen Ermfidung konnte damit bestimmt werden. 
Die Abhdngigkeit des R(flwachstums yon der maxi- 
malen Spannungsintensitdt K,,,~ und yon AK und 
mggliche meehanische Erkldrungsansdtze .[~ir den 
Effekt :vklischer Beanspruchung werden ebenfalls 
,berficksichtigt. 

Les auteurs comparent leurs observations expkrimen- 
tales avee les pr~;dietions de la croissanee des.[issures 

* To whom correspondence should be addressed. 

par./at~gue statique et cyelique, dans' le cas de dk.lbuts 
majeurs initi~;s par indentation dans un mat~;riau Mg- 
PSZ. L'in[tuenee des effets d'environnement sur la 
pr&tiction de la dur~e de vie en raise en charge cyelique 
est dbterminbe en int~grant le cycle de contraintes 
cycliques, suiwmt la dr'termination des paramOtres de 
croissance de fissure ~'t partir ~h's donn~es de .fatigue 
statique. L'effet de protection de [)'ont de fissure 
d&'oulant de la courbe R est Ogalement inclus. L'effet 
de fittigue cyclique vrai est ahn's dOterminO. La 
~Dpendance de la croissance de fissure vis-gt-vis du 
nlaximum d'intensitb de eontrainte, K,,,~, AK et des 
explications possibles relevant de la m&:anique sont 
Ogalement consid&'Oes pour expliquer l'qffbt deJatigue 
cyclique. 

445 

1 Introduction 

Ceramic materials have traditionally been thought 
of as being brittle in nature and exhibiting linear 
elastic behaviour. Observed strength degradation 
upon static loading has been associated with 
subcritical crack growth. Lifetime predictions for 
materials were based upon the cumulative time 
under static loading. 1'2 

Over the last decade there has been the develop- 
ment of a whole new class of toughened ceramics for 
structural applications. The toughening mechanisms 
used in these ceramics include: 

Fibre and whisker reinforcement 
Microcracking 

--Crack deflection toughening 
Crack bridging 
Phase transformation toughening 

Associated with these mechanisms there are energy 
dissipating processes about the crack tip which are a 
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consequence of non-linear stress-strain hysteretic 
behaviour. These mechanisms cause toughened 
ceramics to display crack resistance or R-curve 
behaviour. 

Recent work has shown that these materials suffer 
mechanical cyclic degradation and hence a shorten- 
ing of their predicted useful lifetimes under cyclic 
loading. This has been shown in a broad range 
of materials including aluminas,3-5 zirconia 
ceramics 6- I°  and silicon nitrides. ~1 The typical 
means of verifying cyclic fatigue degradation has 
been to compare material lifetimes and crack growth 
rates under static versus cyclic loading. 

Valid predictions of cyclic lifetimes have, how- 
ever, been very difficult to make due to a lack of 
understanding of the cyclic degradation mechanism. 
There are a number of theories that have been 
recently proposed and supported by experimental 
evidence to explain a cyclic degradation mechanism. 
In the case of alumina, SEM observations revealed 
that cyclic loading caused the frictional degradation 
of bridging grainsfl Subsequent models by the same 
workers 5'12 have proposed that frictional degrad- 
ation is the dominant fatigue mechanism. Recent 
analytical work performed by Hu & Mai 13 and Hu 
et al. 14 show that a simple compliance measurement 
method may be used to determine the degradation of 
bridging stresses by frictional sliding in alumina 
ceramics. In the case of zirconia transformation 
toughened PSZ and TZP materials the toughening 
mechanisms are due to a volume expanding phase 
change rather than crack bridging. For these 
materials it is expected that the fatigue mechanism is 
more closely related to damage development around 
the crack tip. Two theories explaining cyclic 
degradation have been proposed in the case of 
zirconia ceramics: 

(i) In-situ observations both at room tempera- 
ture and elevated temperatures have been 
made of  Mg-PSZ under cyclic loading 
conditions. 9 At lower temperatures, where 
material plasticity is greatest, the formation 
of slip lines has been observed at the crack 
tip. In a manner similar to that observed in 
metals, these slip lines have been seen to 
break down during subcritical cyclic loading, 
causing crack propagation. 

(ii) In a series of experiments on Y-TZP cycli- 
cally loaded under uniaxial conditions 1°'15 it 
has been proposed that during cyclic loading 
microcracks form throughout  the bulk of the 
material, shown by a compliance change. 
These authors proposed that crack initiation 
occurs from some form of natural flaw either 
in the bulk or on the surface of the material. 
Under cyclic loading localized stresses about 

this natural flaw lead to the nucleation of 
microcracks which then coalesce, producing 
fracture and consequently a significant 
strength reduction under cyclic loading. 

Studies have also been conducted on zirconia 
ceramics to observe fatigue in the small crack 
regime. Small cracks are defined as being of such a 
length that full crack tip shielding as a result of the 
toughening mechanism has not yet occurred, i.e. a 
plateau condition has not yet been reached in the R- 
curve. In the case of transforming materials, this 
refers to cracks that are shorter than five times the 
zone width. In the case of Mg-PSZ, tests under both 
static 16 and cyclic 17 loading have observed a 
negative sloping log(Kaop,ied) versus log(velocity) 
relationship, while crack tips have not yet a fully 
developed 'wake' zone behind them. In both cases 
material failure was observed to occur by a 
coalescence of small cracks. 

The formation of microcracks following material 
loading has also been observed under high- 
resolution microscopy in three types of zirconia 
ceramic: ZTA, Mg-PSZ and Y-TZP. ~8 The form- 
ation of these microcracks has been attributed to 
very large residual stresses as a result of martensitic 
transformation. Others argue that these large loc- 
alized stresses may also be the result of elastic 
anisotropy. 19 

A number of difficulties exist with predicting the 
fatigue lifetimes under both static and cyclic loading 
for toughened ceramic materials. Traditionally 
fatigue crack growth has been expressed in terms of 
a power function. In the case of ceramic materials, 
however, this exponent is usually relatively large. 
The difficulty here is that small errors in the 
determination of the crack growth exponent or 
crack tip stress intensity lead to a very large 
difference in lifetime predictions. 

A statistical approach to fatigue lifetime predic- 
tion has been developed by a number of 
authors2O - 22 which incorporate a crack resistance 
curve effect by considering its effect on a Weibull 
strength distribution curve. It is noted that the 
growth of individual cracks in accordance with a 
slow crack growth equation is also considered in the 
work of Mai and coworkers. 2°'21 

In the present paper the fatigue lifetime of Mg- 
PSZ is determined by integrating the velocity 
function of an indentation-initiated crack. The 
advantage of using an indentation crack is that 
unlike pre-existing flaws the crack dimensions can be 
predicted with reasonable accuracy to determine a 
crack tip stress intensity. In this study the crack was 
assumed to be of  embedded semicircular shape, z3 
Cyclic fatigue lifetimes are predicted as a result of 
environmental degradation determined from static 
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fatigue data. A sinh function, ~2 which more 
appropriately incorporates upper and lower crack 
velocity thresholds, is used to represent static crack 
growth and is consequently integrated to determine 
cyclic fatigue lifetimes as a result of environmental 
influences. Unlike the more commonly used power 
function this function incorporates the thermally 
activated bond breaking processes of environmental 
degradation of the material in determining crack 
~_rowth rates. Above the inert limit crack growth was 
t~nstable and independent of environmental effects 
and below the fatigue limit crack growth was zero. 
The effects of the material's crack resistance curve 
are also incorporated, with crack velocity being a 
function of the net crack-tip stress intensity factor. 

In the case of both static and cyclic fatigue stable 
crack growth was deemed to occur between an inert 
limit and a fatigue limit. A true estimate of cyclic 
fatigue degradation can then be given independent 
of environmental effects. 

2 Experimental 

An explanation of the experimental work can be 
found in a previous paper. ? However, a further 
description will be given here. 

The material used was a TS-grade Mg-PSZ 
produced by Nilcra Ceramics containing 9"4 tool% 
MgO. The Young's modulus measured by flexural 
resonance method (Grindo Sonic) system was 
207 GPa. All tests were undertaken under ambient 
conditions. The measured flexural strength was 
approximately 450 MPa. Indeed, in flexural experi- 
ments using strain gauges on the tensile surface and 
loaded on an Instron 1195 machine using a 
crosshead speed of 0.05 mm/min, it was observed 
that the onset of non-linearity occurred at about 
350MPa and there was little non-linearity up to 
450MPa. All the subsequent time-dependent 
strength experiments were conducted largely at 
stresses near or below the elastic limit. 

Four-point bend specimens (with a 20 ram/30 mm 
inner to outer span ratio) were machined, ground 
and polished with 0-5-1 ]~m diamond pastes. X-Ray 
diffraction analysis showed that the monoclinic 
phase content was about 25% on the polished 
surface. Three Vickers indentations 5 mm apart were 
introduced on the polished surface of each specimen 
with a load of 20kg held for 15s. Prior to inden- 
lation the specimens were heated to 500~C and 
indented to reduce the phase transformation around 
~:he indentation and to enable the formation of larger 
radial cracks with minimal transformation about 
:he tip. Observations using Nomarski interference 
showed that this was successful. Under these 
conditions the initial indentation cracks were 
approximately 400/tm in length. 

Crack resistance curve experiments were perfor- 
med on the bend specimens in an interrupted fashion 
so that the crack sizes could be measured using a 
replica technique at increasing loads. In this way the 
crack resistance (KR) versus half-crack length (Aa) 
curves could be determined easily. In the replica 
technique an acetone-soluble cellulose-based replica 
material of 0.18-020mm thickness was pressed 
against the indented/crack surface. It was allowed to 
dry for 7 10 rain and the replica was peeled off and 
put on a microscope slide for measurement in an 
optical microscope. A size correction was made during 
this process to account for shrinkage of the polymer 
thin film upon drying. 

Constant stress rate and constant applied stress 
experiments were carried out in the usual way. 
Constant applied amplitude cyclic experiments were 
studied using a piezoelectric resonance frequency 
testing machine at a frequency of approximately 
220Hz. The required mean stress was controlled 
mechanically by an adjustable turning screw and the 
stress range by an applied voltage to the piezo- 
electric crystal. The cyclic fatigue experiments were 
all conducted in tension tension with a stress ratio 
(R) of 0'1. 

Full experimental results can be seen in Figs 1-3, 
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Fig. 1. Crack resistance curve for the material studied showing 
K, and K o as used in the m o d e l . . ,  Experimental data;  - -  

power law fit. 
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Fig. 2. Dynamic loading results showing comparison between 
( • ) experimental and ( ) predicted results. 
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Fig. 3. Time-dependent fatigue results showing a comparison 
between predicted and experimental cyclic and static loading 
data. I I ,  Static experimental; + ,  cyclic experimental; - - ,  

static; . . . .  , cyclic; - - - ,  predicted cyclic. 

showing the crack-resistance curve and static and 
cyclic fatigue tests. In the case of all the fatigue tests 
cracks grew from initial lengths of 200/~m to 
approximately 600 Itm, well in excess of the ceramic's 
grain size of 50/~m, 

3 Crack Growth Predictions 

3.1 Determination of K,  (crack-tip stress intensity) 
Crack growth due either to monotonic or cyclic 
loading is essentially governed by the crack tip stress 
intensity, K.. This is obtained by considering three 
components of stress intensity expressed as follows: 

K.=Kaq-KrJr-Kt (1) 

where K, is the applied stress intensity factor due to 
the applied load. For this study an embedded 
circular crack is assumed giving: 

/'2, = 0Gx/-a + Aa (2) 

where a is the initial crack length, Aa the crack 
extension and 0 = 2/nl/2.  23 

K r is the residual stress intensity factor which 
results from residual stresses which form around an 
indentation. This can be represented a s :  23 

,(E) lie P 
Kr = § H (a -t- A a )  3/2 (3) 

For the Mg-PSZ used in this test, §=0"016, 24 
E = 2 0 7 G P a ,  H = 9 G P a  for PSZ at 500°C, the 
indentation temperature, zs and P = 200 N. 

K t is negative and represents the reduction in the 
crack-tip stress intensity factor due to toughening 
effects in the material. 

3.2 Calculation of K t 
3.2.1 Analytical approaches 
Extensive analytical work has been done in deter- 
mining the toughening effect of transformation 
toughening (the recognized toughening mechanism 
in PSZ). The steady-state toughening effect can be 

quite accurately predicted from a prior knowledge of 
the zone shape and size as: 26 

K, = ~eT Efvx/-~o (4) 

where e v is the transformation strain, E the Young's 
modulus, fv the fraction of transforming material 
and H o the half-height of the transformed zone. c~ is a 
geometry factor which is equal to 0.22 for a 
hydrostatic stress profile and 0"25 for the semi- 
circular transformation zone profile observed in 
Mg-PSZ using Raman spectroscopy and optical 
interference imaging techniques. 2v 

In the case of the present study, however, it is 
necessary to determine the toughening effect during 
the development of the wake zone behind the crack 
tip. A considerable amount  of modelling work has 
been done to predict the toughening effect as the 
wake zone develops. 28-3° These models, however, 
have not been able to successfully explain the 
experimental R-curve profiles for a number of 
reasons. Firstly, experimental observations have 
revealed that the transformation zone shape does 
not follow a hydrostatic stress profile, as assumed in 
these models, but is more semicircular in shape. 31 
The same study also found that the percentage of 
material transformed near the crack tip was always 
less than the possible maximum, i.e. fv. Theoretical 
models have not considered this. Moreover, the 
determination of a toughening effect from observ- 
ations of strains throughout  the process zone 
concludes that, assuming a hydrostatic stress profile, 
the toughening effect determined accounts for only a 
part of the observed toughening in crack resistance 
curve tests. 32 A number of explanations exist for 
this, including the existence of non-hydrostatic and 
non-uniform strains in the process zone or that other 
toughening mechanisms may be present, e.g. micro- 
cracking, or that a significant component  of shear 
strain is not relieved by twinning. 33 

3.2.2 Calculation of  K t from experimental data 
Due to the factors mentioned previously, K t for this 
study is determined from experimental data, namely 
the measured crack resistance curve, rather than 
using analytical methods. While this assumes a 
saturated toughening component  for all crack 
growth, experience from previous work 12 has shown 
that this does not significantly affect the result and is 
a suitable estimation for the present model. 

Initially an empirical fit of the R-curve data was 
made using the following equation: 23 

(a9 KR = Ko (5) 

where a is the total crack length from the centre 
of the indent to the crack tip. A best fit was ob- 
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tained with K o = 5"14MPam 1'2, ao =0.37/~m and 
= 0.108. 
A maximum value of KR = 9"8 M P a x / m  was set 

for all modelling work; this being the apparent value 
of the R-curve. The initial crack length was assumed 
to be 200"37/~m which was the initial crack length 
plus a o as determined in eqn (5). 

From the R-curve K, was determined as a function 
of the crack growth Aa: 

- K ,  = KR - -  K o  (6)  

as seen in Fig. 1, with Ko being the intrinsic 
toughness of the material and K R = K a + K~. 

4 Crack Growth Velocity Predictions 

Traditionally crack growth velocity is expressed in 
the form of some power law relation. Recently, 
however, ~2 use has been made of  a sinh function 
which has a number of advantages over the power 
law concept for the present study. The form of the 
equation is: 

v(G,) = 0 (271 > G,) (7) 

v(G,) = v T (2y o < G,) 

where G, is the net crack-tip force and is equated by: 

K 2 
G, - (8) 

E' 

where K, is determined from eqn (1) and E' is the 
Young's modulus in plain strain. 

The fracture surface energies are 71 a n d / o  in the 
presence of reactive and inert environments respec- 
tively. This system can be best represented as in Fig. 
4. The two parameters c o and F represent the slope 
and intercepts of the crack growth profile respec- 
tively, vv is the velocity at which a crack grows in an 
unstable condition when G, exceeds the inert limit. It 
is set at 100m/s for this model, being a very large 
velocity relative to that which occurs during stable 
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Fig. 5. A schematic comparison of the stress cycles' effect on 

crack growth velocity incorporating crack-tip shielding. 

crack growth. The value of vv will have very limited 
effect on the final result, for when G, > 27o failure 
has already occurred. Below a certain net crack-tip 
force 2,'~ the crack will not progress, while above 
another net crack-tip force 270 crack growth will be 
in an uncontrolled condition. In between these two 
regions crack growth will be stable and follows the 
sinh equation. 

The major advantage of this equation over others 
is that it incorporates upper and lower bounds to 
fatigue crack growth plus the effects of  crack-tip 
shielding, both of which are shown to exist with the 
material being observed in this paper. The advan- 
tages of  this can be seen schematically in Fig. 5. The 
applied load is shown schematically in the form of  a 
sine wave. Crack growth velocities vary not just as a 
function of the applied load but as a function also of 
the crack-tip shielding present, which is a function of 
crack growth. The effects of  incorporating the crack 
growth limits can be seen in the centre of the crack 
growth velocity plot where crack growth ceases at 
the trough of  the applied loading cycle as G, falls 
below the fatigue threshold then continues again as 
applied load rises. 

VT . . . . .  , . ."  

= l / 2 r  

Ne t  Crack -T ip  Force,  G~ 

Fig. 4. Velocity function, v(G.), showing the effects of para- 
meters used plotted logarithmically on the v-axis and linearly on 

the G.-axis. (Courtesy of S. Lathabai & B. R, Lawn.) 

4.1 Determination of crack growth parameters 
It is now necessary to determine the crack growth 

limiting energies, y~ and 70. 
From the static loading tests a lower fatigue limit 

of  250 MPa can be observed in Fig. 3. This represents 
the occurrence of a situation at the crack tip in which 
the crack will not progress any further, this being the 
fatigue limit. An applied stress value of 250 MPa can 
then be substituted and into eqns (2) and (9) to obtain 
the lower curve in Fig. 6. The lowest point of  this 
curve represents the minimum crack-tip force, 2yl, 
below which crack growth will not occur. 
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Fig. 6. Plot o f  G.(Aa) for the material used evaluated at the inert 
and fatigue limits as determined from experimental data. 

Similarly an upper inert limit was found from the 
constant  stressing rate data. In Fig. 2 an upper  
plateau of  390 MPa exists, represent ing the upper  
limit above which a crack will propagate  in an 
uncontrolled state independent  of  environment.  The 
principle here is that above a certain crack propag- 
ation rate the environment  has limited effect upon 
bond breaking and subsequent  unstable crack 
propagation.  Hence there is an inert limit. The value 
of  max imum crack-tip force is obtained in the same 
way as the lower limit by substituting the applied 
stress of  390 MPa into the crack-tip force equations. 
F r o m  this the upper  curve in Fig. 6 is obtained. The 
lowest point  on this curve is the inert limit crack-tip 
force equal to 27o. Thus 

and 

?o = 76"8 J/m z 

71 = 18"4J/m2 

As the inert limit corresponded to an applied stress 
of 390 MPa a plateau in all time-to-failure modell ing 
was obtained at that  value, as seen in Fig. 3. At 
3 9 0 M P a  crack propaga t ion  was unstable and 
independent  of  both  the loading method  and 
history. 

caused the gradient of  the line to decrease. A best fit 
was obtained with: 

v0 = 0-15 ~m/s 

and 

F = 0 . 3 1 6 J m  2 

4.3 Application to cyclic loading 
The application of  this system can now be made to 
cyclic loading. Applied load is administered in a 
cyclic form in the fashion of  a time varying sine wave 
with: 

(1 +R)  
a - 2 O'max -~ O'ma x sin (2n~t) (9) 

where the stress ratio R is defined by O'min/O'ma x. The 
loading cycle is represented in Fig. 5. The time step 
was held at a constant  value depending upon cycling 
frequency (~o) with approximately 100 steps per 
cycle. Failure condit ions were the same as in the 
static case. 

As in the static loading case the velocity function 
is integrated to obtain time-to-failure versus max- 
imum cyclic load plots as in Fig. 3. The stress ratio 
was set at 0" 1 and frequency at 220 Hz. A stress ratio 
of 0-5 under  the same frequency was also obtained 
for comparison.  

4.4 Application to dynamic loading 
The system was applied to the dynamic loading 
condit ion by applying stress in the form of: 

o- = ~t (10) 

where a is the stressing rate. Time steps were varied 
inversely with crack growth velocity and confirmed 
using an error checking routine at each step. The 
results in compar ison with experimental data  can be 
seen in Fig. 2. 

4.2 Application to static loading data and 
determination of v o and F 
Static loading lifetime versus applied load curves are 
now obtained by integrating eqn (7) numerically 
employing a four th-order  R u n g e - K u t t a  system 
using time steps. The time step was varied depending 
upon  crack growth velocity using an error checking 
routine. Failure was deemed to have occurred when 
crack-tip velocity equalled v v, i.e. when net crack-tip 
force, G., exceeded 27o and unstable crack growth 
occurred. 

A series of  applied loads were then employed to 
obtain a static fatigue curve. Vo and F were then 
varied to obtain a best fit to the experimental data 
giving the curve in Fig. 3. Increasing v o caused the 
curve to move to the right, whereas increasing F 

5 Observations and Discussion 

In the present study it can clearly be seen that  the 
cyclic fatigue effect, i.e. the difference between the 
experimental and predicted values, increases signifi- 
cantly with increasing max imum cyclic stress. As all 
the tests were under taken at a constant  stress ratio 
increases in max imum cycling stress also corre- 
sponded to increases in AK. It is, therefore, not 
possible to discern the relative significance of  AK 
and Kin, X in the present work. 

There is little variation in the predicted cyclic 
fatigue lifetimes using two different stress ratios of0-1 
and 0-5. Experimental  observations s have shown 
that  by increasing the stressing ratio that  cyclic 
fatigue lifetimes are increased, if only by a small 
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amount ,  relative to other materials. Predicted 
results, however, show that the opposite effect 
occurs, i.e. increasing the stressing ratio reduces the 
cyclic fatigue lifetime. This can easily be explained 
by considering Fig. 5. As Kmi . is increased the crack 
is subjected to a greater average K, and hence 
crack growth velocities are higher and lifetimes 
shorter. The difference between predicted and 
e,~perimental results, however, is added evidence of 
the effect of  &K in cyclic fatigue degradation. 

It was assumed in the present cyclic loading study 
that once G, fell below a certain level no crack 
growth occurred. Significantly increased crack 
growth rates have been observed under tension- 
compression cycling. As mentioned earlier there is 
also a lower than may be expected variation between 
crack growth rates at higher and lower cyclic stress 
ratios. At higher stress ratios crack closure is 
considered a dominant crack-tip shielding mechan- 
ism. a3 However, the ocurrence of crack-tip closure 
results in compressive forces at the crack tip which 
may in fact enhance crack growth. A conclusion that 
may therefore be drawn is that some form of 
material breakdown occurs in cyclic loading as a 
result of  compression at the crack tip, causing a net 
increase in crack growth rates. This may be a result 
of  either applied compressive stresses, as in a 
tension-compression loading cycle, or crack-tip 
closure, which would be prevalent at high stress 
ratios. 

As the cracks were initiated from indentations it 
was necessary to incorporate a residual stress 
intensity component  into the crack-tip stress intens- 
ity. The resultant K, can be seen in Fig. 7 for a static 
loading condition. K, is high for very small crack 
extensions, essentially as a consequence of residual 
stresses resulting from the indentation. It then 
decreases quite rapidly as an outcome of both the 
steeply rising R-curve and decreasing residual stress 
intensity factor and then rises rather gradually. The 
effect of  this on crack growth rates can be seen 
clearly in Fig. 8 which is for the case of a constant 
applied load of 280 MPa. Initially, at the loads used 
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stress of  280 MPa. 
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Fig. 8. t:(a+ Aa) as determined from eqns (7) and (8) at an 
applied stress of 280 MPa. 

in this study, the crack will grow in an unstable 
condition for a short initial stage of 15-1001tin 
depending upon the applied stress level. Stable crack 
growth will then occur until the crack-tip force 
exceeds the inert limit, usually between 600 and 
1000 ILm. 

Figure 9 shows the relationship between crack 
growth rates and stress intensity factors K, and K a. It 
can be seen that while a negatively sloping curve 
occurs at lower levels of  'applied crack-tip stress 
intensity factor' due to the shielding factors men- 
tioned previously, the crack growth versus actual 
crack-tip stress intensity (K,) follows the expected 
pattern. This is analogous to the small crack effect 
observed in metal and ceramic materials. 

Predicted times to failure are greater for cyclic 
loading than for static loading. As no damage 
mechanism was built into the model to account for 
cyclic load damage this was to be expected. 

Figure 2 shows the failure strength versus 
stressing rate of dynamic fatigue results. While the 
model predicts somewhat lower strengths than those 
experimentally obtained an obvious correlation can 
be seen. 

Traditionally, crack growth under cyclic loading 
in all materials has been assumed to be stress-range 
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Fig, 9. Comparison of  velocity as a function of  K a and K, 
showing the negatively sloping K, curve which is analogous to 

the small crack growth effect. 
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dependent and has been expressed according to: Acknowledgements 

da 
d N =  A(AK)" (11) 

In the case of zirconia ceramic materials a strong 
dependence on the maximum stress intensity has 
been observed, a 5 which is somewhat consistent with 
the observation by the same authors that final failure 
appears to originate from pre-existing flaws. A loose 
dependence to AK 2 has also been observed for Mg- 
PSZ by some authors 6 and these observations have 
been combined to give: 15 

da = B(gmax~n~ mg2 ~ (12) 
dN \ KIC / L(~*e)J 

where a* is the characteristic stress for crack-tip 
plasticity at the crack tip, i.e. transformation stress 
or microcracking stress. Note that AK2/(a*E) is 
essentially the crack-tip opening displacement 
(CTOD), indicating that the extent of crack-tip 
closure is significant, as proposed by other 
authors. 34 

6 Conclusions 

It can be clearly seen that by integrating the stress 
cycle with incorporation of crack-tip shielding that 
cyclic fatigue is not a simple accumulation of 
environmental effects and that a distinct cyclic 
degradation mechanism is present. 

The AK and the maximum stress intensity effect in 
cyclic fatigue can also be observed from the results. 
As the maximum cycling stress increases the 
variation between experimental cyclic fatigue life- 
time and those obtained from static loading and 
integration of the stress cycle increases markedly. It 
was not possible from the present study to determine 
the independent significance of these two factors. 

It is clear that to obtain accurate lifetime 
predictions a better knowledge of the cyclic fatigue 
mechanisms present in the material is essential. Very 
little has been done in this area especially to explain 
the mechanical fatigue mechanisms at the crack tip, 
except the work mentioned in the introduction. Once 
a damage mechanism is identified, whether due to 
degradation of crack wake shielding mechanisms or 
a reduction in the cyclic intrinsic toughness Ko due 
to microcracking or shear/slip bands, it could be 
incorporated into the present model. This would be 
done by adding an extra term to eqn (1) which would 
effectively increase K,. More experimental work is 
necessary, however, before necessary assumptions 
may be made to accurately predict cyclic fatigue 
lifetimes. 

The authors wish to thank the Australian Research 
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Advanced Ceramics and DEET for the Postgradu- 
ate Research with Industry Award tenable at the 
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