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The mechanical performance of ceramic materials is highly dependent on the existence of
incipient flaws. This paper investigates the relationship between the size of the pre-existing
flaw and failure stress for disc-shaped specimens of zirconia bioceramic subjected to an
equibiaxial stress field. As the size of initiating flaw increased, the stress under which discs
failed decreased, sensibly allowing the fracture toughness of the material to be calculated.
The value obtained, 8 MPam1/2, is in reasonable agreement with previous experience,
giving confidence in the validation procedure used and the data obtained. For cyclic
loading, periods of stable fatigue crack growth occurred with initial defects extending to
reach critical values. Based on data for discs that failed under monotonic loading
conditions, it was possible to determine the critical flaw size and hence degree of crack
growth necessary for discs to fail from fatigue at a given peak cyclic stress. Predictive
constant flaw size fatigue curves showed reasonable accuracy in that the estimated
incipient flaw size at a given fatigue life was equivalent to the true flaw size, measured from
the fracture surface of failed disc specimens. C© 2000 Kluwer Academic Publishers

1. Introduction
There is an increasing awareness of the potential ad-
vantages ceramics display over other materials for en-
gineering applications. Due to high wear resistance,
chemical stability and the ability to retain mechanical
strength at high temperatures, ceramics are currently
used, or being considered, for a range of demanding
applications. Such applications include inserts for cut-
ting tools, bearings, valves, thermal barrier coatings,
high temperature components in gas turbine engines
and articulating implant materials. Despite attractive
chemical and mechanical properties, traditionally ce-
ramics are brittle, with poor impact resistance and low
flaw tolerance. However, critical improvements in pro-
cessing techniques have resulted in important advances
in the properties of these materials, most notably the
fracture toughness, allowing a new range of applica-
tions to be considered.

Zirconia bioceramic, otherwise known as yttria-
tetragonal zirconia polycrystal (3Y-TZP), is currently
under clinical trials to evaluate the potential for manu-
facture of the femoral head component in hip replace-
ments. Coupled with high wear resistance and bio-
compatibility, zirconia bioceramic displays a flexural
strength twice that of alumina [1, 2] and has a superior
toughness. The toughness of 3Y-TZP is brought about
by a stress-induced phase transformation, whereby the
metastable tetragonal phase transforms under stress to a
stable monoclinic phase. The associated lattice expan-
sion produces compressive stress components at the tip

of an advancing crack. Moreover, the volume expan-
sion consumes energy that would otherwise be used
to propagate a crack. As zirconia derives its toughness
from the stress-induced tetragonal to monoclinic phase
transformation, it is important that it has a fully tetrag-
onal structure. Several studies [3, 4] have shown that
there is a critical grain size to ensure a fully tetragonal
structure. This grain size is dependent on the percent-
age of stabilising agent (yttria) and ranges from around
0.22µm to 1.0µm for yttria contents of 2% to 3%,
respectively [3]. The implementation of stringent pro-
cessing conditions should result in a more consistent
material with low variability in strength. However, the
fracture performance of all ceramic materials is gov-
erned by the size of the strength-limiting flaws. Typical
failure-initiating flaws identified in ceramics [5–9] in-
clude intrinsic flaws such as agglomerates, pores and
inclusions (with sizes less than around 90µm) and
machining defects with the failure stress being lower
for larger defects. Accordingly, it is vital to understand
the relationship between the size of the incipient flaw
and the stress under which it will be exposed. Further-
more, over recent years, there has been evidence that
ceramic materials are prone to the effects of fatigue
[10–19]. Therefore, as many ceramic components will
be exposed to cyclic stresses, it is important to under-
stand the fatigue behaviour and to ascertain the length
of time/number of cycles at a given stress necessary
to grow the incipient flaw to a critical size for failure.
This paper presents details of flaw analyses for both
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monotonic and fatigue failures of disc-shaped speci-
mens of zirconia bioceramic.

2. Material and experimental
The fabrication of zirconia bioceramic discs involved
isostatically pressing a fine starter powder into a cylin-
drical green blank of diameter 45 mm. Individual discs
of thickness 3 mm were sectioned from the green blank
before firing whilst the material was still soft enough to
be machined. However, when the cutting tool reached
a critical depth of 17–18 mm, the discs fractured away
from the cylindrical blank, leaving a central ‘pip’ of di-
ameter 9–10 mm and protruding approximately 3 mm
from the machined surface of both sides of the discs
(Fig. 1). Further machining was conducted in an attempt
to remove these ‘pips’. Thereafter, the discs were fired
to give a sintered product of 99% theoretical density.
The dimensions of the discs reduced to 2 mm thickness
and 36 mm diameter during densification. Dye pene-
tration testing was then performed to identify surface
defects which, if present, result in the disc specimen
being rejected. However, sub-surface damage could not
be identified by dye penetration and these flaws remain
undetected.

Disc specimens of as-fired zirconia bioceramic were
subjected to biaxial stresses in a concentric ring-loading
arrangement. This apparatus is shown schematically in
Fig. 2, with the dimensions of the disc specimen, load-
ing and support rings presented in Fig. 3. According to

Figure 1 Green-machined 3Y-TZP disc (top view) depicting size of ‘pip’
remaining on the surface after fracture from the green blank.

Figure 2 Concentric ring apparatus for testing disc specimens under
ambient and environmental conditions.

Figure 3 Schematic representation of disc specimen indicating dimen-
sions of the disc and the diameter of the loading and support rings.

the linear plate bending theory [20], an unclamped disc
loaded in such an arrangement experiences an equibi-
axial stress on its tensile surface in the area below the
loading ring. A detailed description of the apparatus
and its mechanical performance, along with an analy-
sis of the stresses in a concentrically loaded disc can be
found elsewhere [21, 22].

Prior to loading, the dimensions of each disc were
measured using a calibrated micrometer. The speci-
mens were examined using an optical microscope in an
initial attempt to identify the existence of surface flaws.
In addition, as the disc specimens were only 2 mm thick,
by holding them up to a high-powered light source and
viewing from the opposite side, it was also possible
to identify some sub-surface flaws which resulted in
a scattering of the light and therefore appeared darker
than the surrounding material. The position of such de-
fects was recorded to identify whether subsequent disc
failures originated here.

In the present analysis, discs were subjected to flex-
ural strength tests and cyclic fatigue tests. In the case
of discs subjected to flexural strength tests, the speci-
men was placed in the concentric ring apparatus with
a disc of paper on the upper surface and a rubber plate
(Shore hardness 60) placed on the lower surface. The
apparatus was installed in a servo-hydraulic test ma-
chine and loads applied to the surface of the disc via
the upper loading ring at a rate of 500 N/s under ambi-
ent conditions, so as to comply with the standard ISO
13560 [2]. The applied load and travel of the ram were
recorded every 0.1 s. A trip switch, activated imme-
diately after the test had commenced, halted the ram
movement when the load on the disc had fallen to less
than 0.05 kN; at this point the disc had failed. At the
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Figure 4 Micrograph of zirconia bioceramic showing a uniform grain structure with average grain size 0.46µm.

point of failure, discs fractured into varying numbers of
major fragments. Thus, by halting the ram movement
at the point of failure, subsequent secondary fractures
were prevented, thereby minimising the complexity of
identifying the origin of failure initiation.

Discs subjected to cyclic loading conditions were
tested in the same apparatus as those in the flexural
strength tests at a stress ratio ofR= 0.1 and at fre-
quencies of 1 Hz and 5 Hz. The fatigue tests were con-
ducted in a phosphate-buffered Ringer’s solution∗ at
37◦C to simulate the physiological conditions experi-
enced within the body. Rubber plates sandwiched the
test disc, the lower plate having a central region cut
away to expose the peak stressed region of the disc to
the environment. Discs were tested over a range of peak
cyclic stresses and the number of cycles at the point of
failure recorded, along with the peak stress. A detailed
evaluation of the fatigue behaviour noted is described
elsewhere [22]. The fatigue endurance behaviour has
been given previously [22], with the present work con-
sidering details of fracture initiation and propagation.

The microstructure of the material was observed by
grinding and polishing fragments of failed zirconia disc
specimens to a smooth surface finish, followed by a
thermal etch for 50 minutes at 1450◦C. The material
was then coated with a thin layer (a few nanometers) of
gold to provide a suitably conductive layer and viewed
in a scanning electron microscope (S.E.M.). Grain size
measurements were conducted using the linear inter-
cept method [23]. The typical microstructure of the
thermally etched material is shown in Fig. 4.

∗ Ringer’s solution: A colourless, aqueous solution of calcium chloride,
sodium chloride and potassium chloride, buffered to a pH of 7 (20◦C)
and having the same osmotic pressure as blood serum.

For all disc tests, the failed specimens were reassem-
bled to estimate the site of failure initiation. There-
after, the appropriate fragments were examined in the
S.E.M. to identify the character of the failure-initiating
flaw and record information regarding crack propaga-
tion. A computer-based Image Analysis package was
used to quantify surface characteristics, including ac-
curate measurement of the exposed surface area of each
failure-initiating flaw.

3. Results
Microstructural observations of the zirconia bioceramic
revealed a consistent material with a fine, uniform grain
size (Fig. 4), the average grain size being 0.46µm. For
all discs, failure initiated on the tensile face of the spec-
imen within the region of the upper loading ring, i.e. the
area of the disc exposed to peak tensile stresses. Discs
failing at a higher stress generally fractured into a larger
number of fragments than those failing at a lower stress,
e.g. with failures greater than 600 MPa, at least eleven
major fragments were produced, whereas for failures
less than 250 MPa, discs fractured into five or less frag-
ments. In all cases, the specimens were examined after
testing to establish the location of fracture initiation.
This process involved re-assembling fractured discs to
evaluate the fracture pattern, thus enabling identifica-
tion of the appropriate fragment possessing the initiat-
ing flaw. For high-strength disc failures (>600 MPa),
flaw identification was not possible due to the high frag-
mentation (eleven and thirteen fragments). However,
for all other failures where fragmentation was lower,
the appropriate fragment possessing the initiating flaw
could easily be isolated and the flaw identified by ex-
amining the fracture surface in the S.E.M.
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3.1. Monotonic Failures
The data for the flexural strength tests are plotted as
travel of loading ram against failure stress in Fig. 5.
Two specimens failed at stresses greater than 600 MPa,
with all other discs failing at stresses equal to or less
than 260 MPa. In addition to discs subjected to flexural
strength tests, a number of discs failed during the ini-
tial loading cycle of a fatigue test and therefore, like the
flexural strength tests, failed under a monotonic load.
For all monotonic failures where initiating flaws could
be detected, fractographic analysis at the site of failure
revealed a semi-elliptical shaped feature (Fig. 6). By
measuring the surface area of these flaws (a2

c), the re-
lationship between failure stress and critical flaw size
(ac) could be determined. The dependence of failure
stress on the size of a flaw is given by the following
equation [24]:

KIC = Yσf
√

ac (1)

Figure 5 Flexural strength data for discs of zirconia bioceramic.

Figure 6 Fracture surface of disc failing under monotonic loading showing semi-elliptical flaw, region ‘A’ and area of crack propagation, region ‘B’.

where KIC= the critical stress intensity factor
(MPam1/2), Y= a geometric shape factor for a flaw,
σf = failure stress (MPa), andac= critical flaw size (m).
By rearranging Equation 1, it can be seen that the fail-
ure stress is inversely proportional to the square root of
the flaw size, as shown below:

σf = KIC

Y

1√
ac

(2)

The monotonic disc failures were in good agreement
with Equation 2, Fig. 7, i.e. the failure stress,σf , was
inversely proportional to the square root of the flaw
size,ac. This good agreement permits a value for the
critical stress intensity factor, or fracture toughness of
the material (KIC), to be determined from the slope,
KIC/Y, if the geometric shape factor,Y, is known. The
value forY was evaluated by introducing a controlled
flaw into the centre of disc specimens (tensile surface)
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Figure 7 Relationship between critical flaw size and biaxial failure stress for zirconia bioceramic discs. The critical stress intensity factor (KIC,)
calculated from the slope (KIC/Y), is 8 MPam1/2.

using a Vickers indenter (30 kg) and loading to failure
in the concentric ring apparatus. By measuring the size
of the pre-crack on the fracture surface beneath the in-
dent and recording the failure load, the geometric shape
factor could be calculated from theJ integral using fi-
nite element analysis techniques. Further details of this
procedure can be found elsewhere [21, 22]. The value
for the geometric shape factor,Y, was determined as
0.7 (±0.01). Therefore, from the slope of Fig. 7, the
fracture toughness for the material was determined as
8 MPam1/2. This is slightly lower than the value of
10 MPam1/2, quoted by the manufacturer. However, in
the present analysis, the slope for a fracture toughness
of 10 MPam1/2 appears to be an over-estimation. Fur-
thermore, the fracture toughness quoted for 3Y-TZP by
Lui and Chen was 5.33 MPam1/2 [5]. Accordingly, the
value of 8 MPam1/2 seems reasonable.

3.2. Fatigue failures
The results of the fatigue tests at a stress ratio ofR= 0.1
and loading frequencies of 1 Hz and 5 Hz are presented

Figure 8 Cyclic fatigue curve for zirconia bioceramic discs tested in Ringer’s solution at 37◦C and stress ratio ofR = 0.1.

in Fig. 8. Although there is a degree of scatter in the data,
it is clear that the number of cycles achieved increased
with a decrease in peak cyclic stress. Moreover, there
is evidence that a fatigue limit of 450 MPa is reached at
fatigue lives greater than 106 cycles. A number of run-
outs were recorded below the fatigue limit and therefore
if flaws were present, they were too small and/or the
cyclic stress too low to initiate a fatigue crack.

A range of failure-initiating flaws were identified on
the fracture surface of discs subjected to cyclic load-
ing. Typical flaws identified included agglomerates or
holes of agglomerate/hole pairs, inclusions, collapsed
pores and machining defects. The appearance of typi-
cal defects are shown in Fig. 9a–d. Detailed examina-
tion of the fracture surface of discs failing from fatigue
revealed a feint semi-elliptical demarcation line, sur-
rounding the initiating flaw (Fig. 10). The surface area
(a2) within this region was again measured using an
Image Analysis package, such that the flaw size (a)
represented the critical size necessary for failure of a
disc. Therefore, fatigue cracks initiated from the in-
cipient flaw and then grew by fatigue to a critical size.
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Thus, the region of the fracture surface between the ini-
tiating flaw and the demarcation line represents fatigue
damage.

4. Discussion and analysis of results
4.1. Monotonic failures
Two specimens subjected to flexural strength tests
failed at stresses greater than 600 MPa (Fig. 5). The
high energy associated with these failures resulted in

(a)

(b)

Figure 9 (a) Typical processing flaw (a hole of an agglomerate/hole pair) observed on the fracture surface of a zirconia disc specimen failing from
fatigue. The flaw acted as the initiation site (surface area of flaw,a2, is 816µm2). (b) Typical processing flaw (a collapsed pore) observed on the
fracture surface of a zirconia disc specimen failing from fatigue. The flaw acted as the initiation site (surface area of flaw,a2, is 197µm2). (c) An
inclusion of alumina observed on the fracture surface of a zirconia disc specimen failing from fatigue. The flaw acted as the initiation site (surface
area of flaw,a2, is 447µm2). (d) A processing flaw consisting of a hole of an agglomerate/hole pair, of surface area 399µm2. (Continued)

major fragmentation of the disc specimens. No initi-
ating flaws could be detected on the fracture surface
of either disc due to the high fragmentation. However,
the sizes of the critical flaws were estimated from the
calculated fracture toughness value of 8 MPam1/2 and
the failure stress for the disc using equation 1. Thus,
the calculated flaw sizes for discs failing at 627 MPa
and 643 MPa were 392µm and 374µm, respectively.
The same values for the critical flaw sizes can also
be determined from Fig. 7. For all other monotonic
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(c)

(d)

Figure 9 (Continued).

disc failures, the failure-initiating flaws had a semi-
elliptical appearance, as depicted in Fig. 6. Such flaws
are unique to ceramic disc specimens, due to the method
of fabrication. Green-machine tearing occurring when
the individual discs fracture away from the cylindri-
cal blank is believed to cause the sub-surface damage
depicted in Fig. 6. At higher magnification, the frac-
ture surface differs in region ‘A’ (flaw) and ‘B’ (outside
the flaw), as indicated in Fig. 11a and b, respectively.
Within the vicinity of the flaw (Fig. 11a), the fracture
surface has an intergranular morphology but is predom-
inantly transgranular outside this region. Although the
green-machine tearing is likely to have occurred on both
faces of the disc specimens, examination of the fracture
surface (Fig. 6) might indicate that the damage only oc-

curred on one face. However, the semi-elliptical nature
of the flaw is due to the manner in which the discs
were loaded and is common for all specimens loaded
in flexure.

4.2. Fatigue failures
The data given in Fig. 8 clearly show that zirconia bio-
ceramic is prone to the effects of fatigue. Although
some researchers have observed fatigue striations on
the fracture surface of ceramic materials [25], no such
features were observed in the present analysis. In all
cases, the fracture-initiating flaw was on or connected
to the tensile surface of the disc. However, in the case
of discs that had undergone fatigue failures, the feint
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Figure 10 Fracture surface of a zirconia disc specimen failing from fatigue, depicting the extent of fatigue crack growth (indicated by dark arrows),
initiated from a pre-existing flaw at the point indicated by the white arrow. The surface area of fatigue damage is 0.489 mm2, originating from a flaw
of surface area 816µm2.

demarcation line surrounding the initiating flaw
(Fig. 10) suggested that some fatigue crack growth had
occurred. Therefore, fatigue cracks initiated from the
pre-existing flaw and grew by fatigue to a critical size
for failure. Hence, the fracture surface between the initi-
ating flaw and the line of demarcation represents dam-
age due to fatigue crack growth. Outside this region,
fracture occurred due to overload.

The information given in Fig. 7 enables the critical
flaw size at a given stress to be determined. Therefore,
if an incipient flaw is of a critical size at the applied
stress, the specimen will fail under monotonic loading.
However, if the flaw is smaller than the critical size for
a given stress, the disc specimen will only fail when the
area of damage accumulates under cyclic loading to the
critical size for failure. This critical size is the same for
a given stress but a greater number of fatigue cycles
will accumulate as the size of incipient flaw decreases.

With both the initiating and critical flaw sizes deter-
mined and the number of cycles taken to grow the flaw
to the critical size recorded, it is possible to calculate the
average fatigue crack growth rate. The crack growth rate
generally increased with peak cyclic stress, with growth
rates at 550 MPa being around 1× 10−5 cycles/second
and falling to around 9× 10−7 cycles/second at a peak
cyclic stress of 475 MPa. Determination of the criti-
cal flaw size, and hence the average crack growth rate,
should therefore be possible for all specimens, provided
the initiating flaw size is known. Under the same test
conditions, for any disc cycled at the same peak stress,
the resulting critical flaw size should be the same, and
fracture surface analysis revealed that this was indeed
the case.

By subjecting disc specimens to cyclic loading under
constant peak biaxial stress conditions, it was possible
to determine the relationship between the fatigue life
of the discs and the size of the initiating flaw, measured

from the fracture surface. The relationship between flaw
size and fatigue life is given in Equation 3 [26]:

Nf = 2

C(m− 2)Ym1σm

[
1

a(m− 2)/2
i

− 1

a(m− 2)/2
c

]
(3)

where Nf = cycles to failure,C= a material con-
stant, m= crack growth exponent (equivalent to
Paris crack growth slope) [27],1σ = stress range,
Y= geometric flaw shape factor,ai = incipient flaw
size, andac= critical flaw size. For a given stress range,
1σ , the term 2/C(m− 2)Ym1σm is a constant, A′.
The value ofm is also constant for the same material
when testing under identical environmental conditions
and is generally high (20–40) for ceramic materials
[e.g. 25, 28]. As the value ofm is high, the term
1/a(m− 2)/2

c is negligible compared with 1/a(m− 2)/2
i .

Therefore, Equation 3 thus reduces to

Nf = A′
[

1

a(m− 2)/2
i

]
(4)

and in logarithmic form becomes

log Nf = −[(m− 2)/2] logai + log A′ (5)

From Equation 5, data were plotted for three constant
peak biaxial stress conditions (Fig. 12) and shows that
there is a linear relationship for the logarithmic plot
of cycles to failure against initiating flaw size. As ex-
pected, for each peak stress condition, the number of
cycles to failure decreases as the initiating flaw size
increases and the fatigue life decreases with increas-
ing peak cyclic stress. From the plot, the gradient,
−[(m− 2)/2] was measured as−9, giving anm value
of 20. This is quite reasonable and agrees with pub-
lished values for ceramic materials [5, 28, 29].
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(a)

(b)

Figure 11 (a) Fracture surface of a disc in region ‘A’ of Fig. 6. The damage due to green-machine tearing has resulted in an intergranular fracture
surface morphology. (b) Fracture surface of a disc in region ‘B’ of Fig. 6. This area of the fracture surface is outside the semi-elliptical shaped flaw
and has a predominantly transgranular morphology.

From Fig. 12, the fatigue life for a range of initiat-
ing flaw sizes is obtained. Thus, Fig. 13 displays fatigue
curves for initiating flaw sizes of 10µm, 15µm, 20µm
and 30µm. In addition to the constant flaw size fatigue
curves, four examples of measured flaw sizes are high-
lighted on the plot with micrographs of each flaw given
in Fig. 9a–9d. The measured flaws indicated in Fig.
9a and c at 485 MPa and 550 MPa respectively, are ex-

pected to lie close to the constant flaw size slopes as they
were used in the slope construction. However, it is inter-
esting to see that flaw sizes at a peak stress of 500 MPa,
which were not used in the slope construction, also fit
remarkably well with the rest of the data. Thus, a disc
cycled at a peak stress of 500 MPa failed from fatigue
after 6× 104 cycles from a collapsed pore (Fig. 9b).
The size of this initiating flaw was 14µm. Another
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Figure 12 Relationship between initiating flaw size and fatigue life of zirconia bioceramic discs under constant peak biaxial stress conditions.

Figure 13 Constant flaw size fatigue curves for zirconia bioceramic discs, derived from Fig. 12. A range of measured incipient flaw sizes for discs of
given fatigue life are also included for comparison.

disc cycled at 500 MPa failed after almost 4× 103 cy-
cles from an agglomerate with an initiating flaw size
of 20µm (Fig. 9d). Both these measured flaw sizes lie
extremely close to the constant flaw size fatigue slopes
of 15µm and 20µm. It is possible therefore to estimate
the size of the initiating flaw, based on the constant flaw
size fatigue data. Furthermore, if the initiating flaw size
is known, it may be possible to estimate the expected
fatigue life of a disc specimen at a given peak cyclic
stress.

It should be emphasised, however, that whilst a sim-
ilar procedure could be conducted for different mate-
rials and specimen geometry, the present study is only
applicable to 3Y-TZP discs exposed to an equibiax-
ial stress field. Moreover, it is important to note that
the flaws measured from the fracture surface are only
two-dimensional and therefore the size of the flaw was
determined from the exposed surface area and not the
volume of the flaw. Nevertheless, as all flaws were mea-
sured in the same way, the study provides a suitable

method for predicting the likely mechanical perfor-
mance of 3Y-TZP discs.

5. Concluding remarks
The results for zirconia disc specimens failing under
monotonic loads clearly show that there is a linear rela-
tionship between the size of the incipient flaw and fail-
ure stress. The critical stress intensity factor, or fracture
toughness, determined from the slope was 8 MPam1/2.
For discs undergoing fatigue cycles, the critical stress
intensity factor was not achieved until sufficient crack
growth had occurred. At this point, the damage was
of a sufficient size to result in disc failure. Under the
present test conditions, it was possible to predict the
critical flaw size necessary for failure of discs under
fatigue loading. The predicted size was the same or
very similar to that measured from the fracture surface.
Predictive constant flaw size fatigue curves enabled an
estimation of the size of the initiating flaws for discs
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failing from fatigue. The predicted values were close to
the true flaw size, measured from the fracture surface
of failed disc specimens. The crack growth exponent,
m, was determined as 20 which is similar to that estab-
lished for other ceramic materials using crack growth
techniques on notched specimens.
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