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Abstract

A systematic study has been performed of the use of the Indentation Flexure Fatigue (IFF) method to study crack growth in
mullite at room temperature and high temperature (1300°C). The results obtained for a mullite have been compared with previous
data generated on the same material, but using the more direct compact tension method. The material produces transgranular crack
growth and consequently does not show R-curve behaviour, which considerably simplifies the comparison of the data generated by
both methods. The IFF method can significantly overestimate the crack tip stress intensity factor because of the way in which the
residual stress intensity produced by the indentation is estimated. The experimental details that influence the test results were

investigated. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The types of tests that have been used to study sub-
critical crack growth behaviour in ceramics fall into two
categories: those based on the growth of long, induced
cracks (>100 um); and those based on short, natural
flaws (<100 pm). The experiments involving long
cracks enable the direct observation of the growing
cracks and the evaluation of the velocity of the crack, v,
as a function of the applied stress intensity factor, K.
While those using short, and usually unobservable
cracks, involve either long term tests to measure the
time-to-failure under static and cyclic stresses or the
effect of subcritical behaviour on the strength of speci-
mens stressed at different rates, in what are known as
“dynamic” fatigue experiments. The results of tests
performed using unobservable natural flaws are subject
to the influence of the statistical nature of the distribu-
tion and size of the flaw population, whereas in long
crack experiments the statistical variation in data results
primarily from direct measuring errors.

* Corresponding author.
E-mail address: m.j.reece@qmw.ac.uk (M.J. Reece).

Experiments with long cracks can be performed by
the direct loading of any specimen geometry that allows
the stable initiation and growth of a crack. The tests are
often performed using crack line loaded specimens, such
as, double torsion,' double cantilever beam!24> or
compact tension (CT),°® where cracks can be grown over
distances greater than 1 mm. The fracture and fatigue
behaviour of shorter cracks (<1 mm) has been studied
in flexure using the indentation method to produce
controlled surface cracks.”'9 All of these types of spe-
cimen geometries have been useful in elucidating the
static and cyclic fatigue behaviour of ceramics.!~!#

The major disadvantage of using long cracks is that
they may not behave in the same way as short, natural
flaws. This is in fact the case in coarse grained materials,
which produce crack bridging in the wake of the crack
front, caused by the elastic and frictional contact of
fractured grains.'>~'7 This leads to stress shielding of the
crack-tip and, therefore, an apparent increase in the
fracture toughness of the material. This effect has been
well documented, and is now commonly referred to as
Crack Resistance-curve or ‘R-curve’ behaviour because
of the increase in fracture toughness with increasing
crack length.'>~'7 In a coarse grained alumina (~16 um
grain size) the fracture toughness saturates at ~6 MPa
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m'/2, which is about double its short crack value.'$

Whilst this is an impressive increase in fracture tough-
ness in a material, it should be realised that the critical
flaws in these experiments were much larger (> 1 mm)
than would be encountered in real components.

Experiments involving the direct observation of fati-
gue cracks can be very difficult and time consuming to
perform. It is often difficult to nucleate stable cracks.
The cracks are then highly sensitive to the crack tip
stress intensity factor, K. The majority of the experi-
mental methods involve specimen geometries that pro-
duce increasing K with crack growth, so that the crack
growth is highly unstable. These problems are overcome
when using the indentation flexure fatigue method
(IFF).'%-2° It involves introducing indentation flaws,
which are then forced to grow by an applied flexural
loading. The plastic zone associated with the indents
produce residual tensile stresses on the cracks that
decrease as they grow. This results in desirable stable
crack growth over relatively long distances. The dis-
advantage of the method is that the residual stresses have
to be accounted for in the analysis, leading to potential
errors. Another advantage of the IFF method is that the
cracks used are typically 100-500 pm long and are
therefore relatively short and more typical of natural
flaws.

The purpose of this study was to systematically
investigate the limitations and errors associated with the
use of the IFF method at room temperature and high
temperature (1300°C). To do this the work was per-
formed on a previously well characterised (micro-
structurally and mechanically) mullite material for
which fatigue crack growth data, obtained using the
compact tension method, already existed.?!=2* Also, the
material produces transgranular crack growth and con-
sequently does not show R-curve behaviour, which
considerably simplifies the comparison of the data gen-
erated by both methods. The IFF experiments were
performed under identical testing conditions (tempera-
ture, frequency and load ratio) as those used in the CT
experiments so that a direct comparison of the results
obtained using the two different methods could be
made.

2. Experiments and theory
2.1. Material

The material was prepared by sintering of a commer-
cial mullite powder (Baikowski SA 193 CR) at 1750°C
and for 5 h.?'=23 During cooling from the sintering
temperature, the samples were held for 5 h at 1450°C in
order to reduce the content of amorphous phase. The
resulting microstructure of the material consisted of a
mixture of equiaxed and elongated grains with an average

size of ~4 um and an aspect ratio from 1 to 5. The basic
characteristics are shown in the Table 1. Sintered sam-
ples were machined and supplied in the form of plates
with dimensions of 4 x 25 x 45 mm.

2.2. Experimental methods

Bending bars were cut from the plates. Because the
values of bending strength and fracture toughness were
known to be relatively low, the dimensions of the
bending bars were chosen to be 6 x 4 x 45 mm, with the
height being 6 mm in order to maximise the loading
forces required to break the specimens. Two specimens
were tested at each temperature (room temperature and
1300°C). Vickers indents of 5, 10, 15 and 20 kg were
introduced within the inner spans on the tensile surfaces
of all of the test bars. Two indentations for each load
were made, making a total of eight for each specimen.
The mechanical tests were carried out using an Instron
8511 servohydraulic machine. The testing equipment for
the high temperature tests consisted of an alumina push-
rod and an alumina four-point flexure jig with fixed
rollers with 40/20 mm spacing. The flexure jig was
enclosed in a furnace capable of achieving 1500°C.??

2.2.1. Fracture toughness

The fracture toughness of the material was measured
using Single Edge V-Notch Beam method (SEVNB) on
three flexure bars according to the procedure as eval-
uated by the European Structural Integrity Society /
Technical Committee 6 (ESIS/TC6).2* The V-notch was
prepared to a radius of ~ 10 um by polishing with a
razor blade covered with 0.25 pm diamond paste. The
notched specimens were broken at a cross-head speed of
0.5 mm/min. Values of fracture toughness were calcu-
lated using the following formula??

F S-S 3Ja
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where

(3.49 — 0.68c + 1.350(2)01(1 —a)
(1 +a)

B is the specimen thickness, W is the of specimen height,

S and S, are the outer and inner spans (40/20 mm),

respectively, « is the normalized notch depth (a/ W), and
F is the fracture load.

y = 1.9887 — 1.326a —
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Table 1
Characteristics of the mullite material!

Density Estimated Estimated Bend strength

(g cm™) porosity glass (MPa)
(vol.%) (vol.%)

2.948 2.94 2 259
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2.2.2. Fatigue tests

Fatigue tests were carried out using the indentation
flexure method. The tensile surfaces were polished down
to a 1 pm diamond paste finish. The indents were
aligned so that their radial cracks were parallel and
perpendicular to the long axis of the specimen. The
plastic zone produced beneath the indent impressions
produces a residual stress intensity factor, K., on the
surface radial cracks that drives them to their equili-
brium length. Using a semi-empirical analysis, the
“indentation fracture toughness” can be estimated from
measurements of these cracks: 227

P
Kic =Kies =1 E/Hm (2)

where 7 is a geometric factor, E is the modulus of eclas-
ticity of the material, H is its Vickers hardness, P is the
indentation load used, ¢ is the indentation radial crack
half-length at the surface. Fig. 1a shows the variation of
K. as a function of crack length.

The applied stress intensity factor at the tip of a crack
on the tensile surface of a loaded bending bar is given
by:

Kapp = You/ma 3)
where o is the stress applied on the tensile surface:

3 (51— %)
I

2w @

a is the crack depth, calculated using an ASTM sugges-
tion:?®

a/W+ajc=1, ®)

and Y is a geometric factor which was calculated
according to the finite-element analysis of Newman and
Raju®® for semielliptical surface cracks as a function of
the surface crack length, ¢, crack depth, a, and specimen
height, W. This relationship was investigated in this
study and found to be accurate.

At room temperature the total stress intensity factor,
Ko, at the crack tip of the indentation crack subjected
to bending was calculated as the sum of the residual
stress and the applied stress:

P
Kiot = Kies + Kapp = 1v/ E/HCST + Yoi/ma. (6)

Fig. 1b schematically illustrates the applied, residual,
and total stress intensity factors as functions of crack
length for an ideal test. The profile of the K, curve
illustrates the main advantage of the indentation flexure
method, the fact that it can produce stable crack
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Fig. 1. (a). Residual stress intensity factor for indentation cracks in
mullite produced by different loads. (b). Applied, residual, and total
stress intensity factors at crack tip for an idealised indentation fatigue
test as functions of the crack length. (c). Idealised v-K fatigue data for
ceramic material.

growth. After indentation a radial crack will achieve an
arrested/equilibrium length of ¢; and K, = K¢s. This
will not occur immediately because the final stage of
crack growth is achieved by subcritical crack growth
(SCQG). By applying a bending load a crack can be made
to grow. The K, may exceed Kjc and the crack will
propagate rapidly, “pops-in”, to length ¢3. The crack
will then grow stably to length ¢4, after which it will
grow with increasing velocity to c¢s where it achieves a
critical length resulting in fracture of the specimen. If
the indents are chipped during indentation, as some-
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times occurred in this work, the analysis of their crack
growth is complicated by the fact that the residual stress
is relaxed by some unknown amount.3®

Fig. 1c shows an idealised subcritical crack growth
behaviour for a ceramic material."* There may be some
threshold value of stress intensity, Ky, below which a
crack will not grow. If such a threshold does exist it
would be difficult to prove because crack growth rates
below 107! ms~! are difficult to measure practically. Of
the three different regions, I, II and III, the most sig-
nificant in terms of time to failure of components is
region I. In regions II and III the crack growth rates are
typically > 1x10~> ms™!, and once the cracks are
growing at these sorts of rates the specimens break very
quickly. Therefore, it is usually the fatigue crack growth
behaviour in region I that is of most interest and stu-
died. In order to describe the subcritical crack growth
behaviour in region I the empirical power law relation,
so-called Paris’ law, between the stress intensity factor,
K, and the crack growth rate, v, is used:

v:%:AK” for K > Ky, 7

where 4 and n are constants which can be calculated
from log v— log K plot, and Ky, is a threshold value
below which no crack growth occurs.

After indentation, the crack lengths were measured at
least one day later so that we could be sure that they
had reached their equilibrium lengths. Then the speci-
mens were subjected to their chosen test bending stress
for 30 s. This allowed the cracks to pop-in. Depending
on the testing conditions and the initial crack lengths,
the cracks typically grew by 0-30 pm during pop-in.
Following pop-in the new crack lengths were measured.
The specimens were then reloaded and the actual fatigue
test begun. This procedure meant that only crack
growth associated with subcritical behaviour was stu-
died and that no overestimate of the crack velocity was
made as a consequence of including the pop-in growth.
The testing was stopped periodically (usually after ~1 h)
to measure the crack growth.

The measurements of the crack lengths were made
using an optical microscope. The corresponding K was
estimated as the average of the K, for the initial and
final crack lengths. The average crack propagation
velocity was calculated by dividing the crack elongation
by the test duration. If after a series of measurements a
specimen was not broken and the velocity of the crack
propagation became too low (usually less than 10~1°
ms~!), a new higher bending stress was chosen and
testing was continued again after the initial pop-in pro-
cedure. The cyclic tests were conducted with a sinusoidal
waveform at a test frequency, f, equal to 1 Hz, and a
load ratio R= Kyjn/Kmax=0.1. Values of K., were
used to plot the v-K data for the cyclic tests. The crack

growth rates under static loading, da/ds, and cyclic
loading, da/dN, can be compared using:

da da ,
dr — dN” ®

The high temperature fatigue behaviour of mullite
was studied at 1300°C. The temperature was chosen to
coincide with test conditions used in the previous stu-
dies.?!-?2 At this temperature significant glass softening
occurs. The specimens were heated to the test tempera-
ture at a rate of 15°C min—!. During heating the speci-
mens were pre-loaded at 20 N (~ 5 MPa) to reduce the
possibility of crack healing. After reaching the test tem-
perature, the specimens were allowed to anneal for 1 h
and then loaded and tested for 1 h. The purpose of the
annealing was to attempt to remove the residual stresses
associated with the indents.

Following the mechanical tests, the fracture surfaces
and fracture paths of the surface and subsurface fatigue
cracks were studied using scanning electron microscope
(JEOL JSM-6300) with the aim of identifying the frac-
ture and fatigue damage mechanisms.

3. Results and discussion
3.1. Room temperature

The Vickers hardness of the mullite was 9.0 + 0.4 GPa.
The fracture toughness value measured by SEVNB
method was 2.0 £ 0.2 MPa m'/2. This is consistent with
a previous measurement of 2.3 4= 0.2 MPa m'/? obtained
using the compact tension method.?!?> This result
enabled us to calibrate the material and geometry con-
stants used in Eq. (2). A series of Vickers indentations
were made on the polished surface of a specimen. The
indentation loads were 5, 7.5, 10, 15, 20 and 27.5 kg.
From the slope of the ¢*? vs P graph in Fig. 2, the value
of x = nJ/EJ/H = 0.069 was obtained.

The elimination of the initial popping was essential
for the correct determination of the crack growth rate.
For example, after applying a bending load of 20 MPa
on a crack produced using an indentation load of 5 kg,
the initial pop in measured after 30 s was 8 pm (~5% of
its original length), after which the crack did not grow
anymore, whereas a crack produced with a 20 kg
indentation load under the same bending condition
grew by 25 pm (~7% of its original length), and this
was approximately the same elongation as the total
crack growth that took place during the 60 min test that
followed. The magnitude of K,,, was dependent on the
applied load and crack length, and was typically
between 0.3 and 1.1 MPa m'/2.

The results of the fatigue tests at room temperature
are plotted in Fig. 3. The full squares and the full
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triangles represent the static and cyclic data respectively.
The two sets are coincident within the scatter of the
data. The same observation was made previously for the
same material when studied using the compact tension
method.?!"?> The crack growth rates in some poly-
crystalline ceramics that show R-curve behaviour at
room temperature are, however, significantly greater
under cyclic loading compared to static loading.®!!12
This is a consequence of the cyclic loading producing
closure forces on the crack faces, which damage the
crack bridging ligaments. The explanation for the dif-
ferent behaviour of the mullite appears to be that
because it had a predominantly transgranular fracture
path (Fig. 4),%! it did not produce significant crack
bridging and R-curve behaviour, and was therefore not
susceptible to mechanical fatigue. This is supported by
the observation that the Kjc (SEVNB) and CT data (see
Fig. 3)>"22 are consistent, although they were generated
for very different crack lengths. Additionally, it was
found in the CT work that the crack opening displace-
ments were not hysteretic and the compliance of the
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Fig. 2. Indentation crack length as a function of indentation load.
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Fig. 3. v-K data for mullite at room temperature obtained using the
indentation fatigue method. The solid line data was obtained using the
compact tension method?! and was drawn through overlapping cyclic
and static data.

specimens fitted the theoretical estimates, also suggest-
ing that crack bridging was not significant.?!

3.2. Chipped indents

The hollow squares in Fig. 3 denote results obtained
from indents for which the surface around the impres-
sion had chipped (Fig. 5). The cracks associated with
the chipped indents tended to exhibit lower crack
growth velocities compared to the unchipped indents.
This is probably due to the fact that the chipping par-
tially relaxed the residual stress because the plastic zone
becomes less constrained. To investigate this behaviour
further, indents were purposely chipped by repeatedly
loading the same indentation impression.’® The speci-
men was then tested under static loading using the same
method as previously and the results are shown in Fig.
6. The data has been plotted twice, with the crack stress

Fig. 4. SEM micrograph of the fracture path at room temperature.

—— 1B88Fm

Fig. 5. Chipped indent.
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Fig. 6. Static fatigue crack growth data for indents that have been
chipped on purpose by repeated indentation. The stress intensity has
been plotted as K,,p,, assuming that K., =0, and K, assuming that K,
has its full value. For comparison data for unchipped indents is shown.

intensity estimated as K, and also as K,p,, (assuming
K.s=0). Because K, was significantly reduced, the
crack growth was very unstable and it was not possible to
generate complete subcritical crack growth data. This
illustrates very well the usefulness of the indentation
fatigue method in enabling stable crack growth under
normal conditions, when the indentation residual stress
is relatively large. Also included in Fig. 6 is the static
fatigue crack growth data for unchipped indents. Com-
parison of the different sets of data suggests that the
residual stress was reduced by ~60% due to the chipping.
The use of repeated indentation therefore, unfortunately,
does not provide a simple method for completely
removing the indentation residual stress. If it did, it
would have provided an interesting approach to produ-
cing “controlled” flaws for fracture toughness testing
using indentation flexure fracture toughness methods.?!
The results for chipped indentations does, however, have
some significance for the scratching, point impact and
wear of ceramics. In terms of reducing the propagation
of surface radial and subsurface median cracks, which
limit the strength of ceramics, it may be better if point
contact damage is accompanied by chipping. A good
example of this has been observed in the case of scratch
damage on glazes.3? It was found that the visual damage
initially increased with increasing load. However, at a
relatively high level of load, the visual damage then
began to decrease. The explanation was that at the higher
loads a trough of material, including the plastic zone,
was gouged out at the point contact. The removal of the
plastic zone resulted in removal of the associated residual
stresses and consequently the radial/median cracks were
much shorter that they would have been. This produced
a significant reduction in the visual damage of the glazes.

3.3. Correction of data

Fig. 3 shows the fatigue crack growth for mullite
obtained using the compact tension method in the

previous study.?! The data line also represents a best fit
through the combined static and cyclic data. The differ-
ences in the slopes of the CT and IFF data, although
large, are not significant considering the scatter of the
data. There is, however, a significant displacement of
the IFF data to higher K’s compared to the CT data.
This appears to be a typical feature of the IFF method.
An explanation for this systematic overestimating of K
by the IFF method seems to be that, according to the
commonly used Eq. (2), the residual stress intensity
factor at the equilibrium / arrested crack length is taken
to be equal to the critical values (Kjc), but in fact it
must be equal to Kj,. Therefore the magnitude of the
overestimate of K values can be calculated as equal to
Kic — K. We can make a crude estimate of the over-
estimate by arbitrarily assuming that Kjc and Ky, in
Fig. 3 correspond to extrapolated crack velocities
of 107* and 10~!° ms™!, respectively. In which case, the
overestimate of K is ~ 0.26 MPa m!/2. The IFF data in
Fig. 3 has been corrected and replotted in Fig. 7. This
correction improves the correlation of the IFF and CT
data, it also makes the IFF data consistent with the
SEVNB data. The Corrected IFF data and CT data
differ by only 0.2 MPa m'/?, This difference is possibly a
consequence of the limiting precision of determining v
and K in the two methods. For instance, the difference is
similar to the magnitude of the error of measuring of
the fracture toughness using the SEVNB method (2.0 £
0.2 MPa m'/?).

3.4. High temperature

The IFF method is potentially very useful for investi-
gating crack growth at high temperature because of its
simplicity compared to other methods. Fig. 8 shows a
comparison of static fatigue crack growth data at
1300°C for the IFF and CT methods. The IFF data has
been plotted as Ko and K,p, (assuming K;.s=0). At
1300°C the glassy intergranular phase in the mullite was
above its softening temperature (~ 1200°C), and
annealing of the residual stresses was anticipated. We
are unable to quantify by how much this has occurred.
If we assumed that the corrected results for the IFF
method would be similar to those obtained by the CT
method, then, despite the pretest anneal for 1 h at
1300°C before the fatigue tests, the residual stresses
were only partially removed. Further support for this
suggestion is given by the behaviour of chipped indents.
They were not observed to grow (Fig. 8). This suggests
that the chipping further reduced residual stresses that
must have therefore been present. This uncertainty in
the magnitude of the residual stress is a recurring pro-
blem when using the IFF method for high temperature
testing. To overcome the problem it is commonly
assumed that some annealing treatment will remove the
residual stresses and simplify the analysis. However, our
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Fig. 8. High temperature static fatigue data showing comparison of
compact tension data®' and indentation flexure data.

results importantly suggest that even annealing well
above the glass softening temperature may not be suffi-
cient. Comparing the behaviour of complete indents
with purposely chipped indents may provide a qualita-
tive means of determining whether any annealing treat-
ment has significantly reduced the residual stress.

The fractographic study of the crack paths showed
that the fatigue crack growth at 1300°C had both
transgranular and intergranular character with occa-
sional crack deflection and bridges formed by the glassy
phase (Fig. 9). The study of the fracture surfaces showed
a clear difference between the fatigue and the fast frac-
ture surfaces. The latter one was distinctly more trans-
granular in character, and more similar to the room
temperature crack paths.

3.5. Estimation of a

The different fracture behaviour for fatigue crack
growth and fast fracture at high temperature enabled us
to investigate the subsurface crack shape (Fig. 10). This
was not possible at room temperature because the two
fracture surfaces were not distinguishable. The ASTM
suggestion®® of calculating the crack depth, a, [Eq. (5)],

L,

T

deflection

Fig. 9. Crack deflection and bridging of cyclic fatigue crack at
1300°C.

Fig. 10. Fracture surface of specimen tested under static fatigue load-
ing at 1300°C. Visible are indentation crack, and regions of the fatigue
and fast crack growth.

produces a reasonably good estimate for the present
material. The ratio @measured/dcalculated Was 0.85 for the
indentation crack and 0.91 for the final dimensions of
the fatigue crack which caused the failure. The error
associated with this estimate gives some idea of the lim-
iting precision of the measurement of v-K data. The
error associated with estimating a alone can give rise to
a significant fraction of the difference between the cor-
rected IFF data and the CT in Fig. 7. A 15% error in
the estimate of a alone would result in a 8% error in the
estimate of K.

4. Conclusions

The indentation flexure fatigue method is a relatively
fast, simple and inexpensive method for studying
directly the growth of fatigue cracks. It produces stable
crack growth.
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The method as it is commonly used, tends to over-
estimate the crack tip stress intensity factor. We believe
this is due to a common assumption that the equili-
brium/arrested indent cracks are subject to a stress
intensity factor equal to the critical value (Kjc), whereas
in fact they are subjected to the smaller, crack growth
threshold value, Ky,.

Corrected IFF data for mullite at room temperature
shows a reasonably good fit to CT data considering the
scatter and errors always inherent in fatigue experi-
ments.

The chipping of indents produced a significant reduc-
tion of the indentation residual stresses (~60%) at room
temperature.

The IFF method is particularly useful for studying
fatigue crack growth under difficult conditions, such as
for materials with large stress exponents, or studying
materials at high temperatures.

Heat treatment above the glassy phase softening tem-
perature may not completely remove the indentation
residual stresses, as is sometimes assumed.

The uncertainty in the analysis of the data and the
scatter of the data for the IFF method limits its useful-
ness. However, considering its practical advantages over
other methods, it provides an excellent method for inves-
tigating the effect of loading conditions on fatigue crack
growth. It also, provides a good method for comparing
the fatigue behaviour of different materials.
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