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Fracture toughness measurements in ceramics:
pre-cracking in cyclic compression

S. SURESH, L. EWART, M. MADEN, W. S. SLAUGHTER, M. NGUYEN
Division of Engineering, Brown University, Providence, Rhode Isfand 02972, USA

Experimental observations of stable Mode | fatigue crack growth at room temperature in
notched plates of brittle solids subjected to fully compressive far-field cyclic loads have
recently been reported. In this paper, we outline an experimental procedure whereby the
fracture toughness and R-curves for ceramics can be determined in bending (or tension) after
pre-cracking notched specimens in uniaxial cyclic compression to produce a controlled and
through-thickness fatigue flaw. The capability of this technigue to provide reproducible frac-
ture toughness values is illustrated with the aid of experimental results obtained for coarse-

grained and fine-grained aluminium oxide.

1. Introduction

The measurement of fracture toughness for brittle
materials is an inherently difficult task. The principal
obstacle in the determination of reliable values of
critical fracture parameters in brittle solids is the
experimental problem associated with introducing a
sharp, through-thickness crack prior to quasi-static
fracture testing. Unlike metallic materials, brittle
solids such as ceramics are known to undergo cata-
strophic failure with little or no stable crack growth at
room temperature under fully or partly tensile cyclic
loads. Therefore, traditional approaches to the
development of fracture test methods for ceramics
have focused on specimen designs which circumvent
the need for a fatigue pre-crack or artificially induce
a certian amount of stable crack growth during quasi-
static loading. To date, however, no standardized
fracture toughness test or specimen geometry has been
established for ceramic materials, although a wide
variety of methods have been proposed and investi-
gated (e.g. [1]). Some currently practised techniques
for fracture testing of brittle materials include the
simple notched bend bar method (e.g. [2, 3]), the
chevron V-notched short rod or bar methods [4, 5],
(Palmqvist) indentation techniques [6, 7] and the
bridge compression method [8, 9].

An approximate measure of fracture toughness is
generally obtained for ceramics using notched speci-
mens quasi-statically fractured in three-point or four-
point bending without any “sharp” pre-crack (e.g. [2,
3, 10]). It is, however, well known that fracture tough-
ness measured or inferred from this procedure can be
markedly influenced by the artifacts of the notch
geometry (e.g. [3]). Nom-conservative estimates of
critical fracture parameters can result from this meth-
od because of the finite radius of the notch-root.
The chevron V-notched short rod or bar specimens
promote stable crack growth during the quasi-static
fracture test and the critical stress intensity factor, K|,
is calculated based on the maximum load observed
during the test [4, 5]. This procedure thus circumvents
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the need for introducing a fatigue pre-crack prior to
fracture toughness measurements and promotes high
constraint at the crack front. Although expensive
specimen preparation is necessary to produce the
intricate chevron notch geometry, the short-rod
method is gaining increasing popularity because of its
capability to produce a fracture toughness estimate
after stable crack advance. There is, however, evi-
dence indicating that the fracture toughness value
measured using this technique may depend on the
specimen geometry and initial crack length in some
materials [11, 12]. Furthermore, this method is gener-
ally not considered suitable for monitoring the
changes in crack growth resistance with crack advance
(i.e. for measuring resistance curves) [13].

In the (Vickers) indentation method, Palmqvist or
semi-circular median pre-cracks are introduced into
the specimen by the indentor [6, 7, 14]. This method,
however, is fraught with difficulties which stem from
the fact that a zone of plastically deformed material
forms at the base of the indentor. This damage
incurred by the test specimen can substantially affect
subsequent fracture toughness measurements [14].
Moreover, crack branching/multiple cracking may
restrict the validity of such measurements in certain
materials [15]. Length measurements for surface
cracks formed during indentation are also prone to
considerable inaccuracies. In the ‘bridge” com-
pression method, a Vickers hardness indentation is
made centrally on the top surface of a rectangular bar
specimen [8]. Following this, the specimen is sup-
ported on an anvil and compressed with two rect-
angular punches, one on each side of the indentation.
The geometry of the specimen promotes a maximum
tensile stress at the top surface which diminishes with
increasing distance into the specimen, eventually be-
coming compressive after a certain depth [9]. The
bridge compression cracks form at the corners of the
indentation to extend into a straight through-thick-
ness flaw that can be used for K|, measurement in a
bend specimen The artefacts of the geometrical and
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Figure | Schematic representation of variation of stress intensity
factor with crack length; Curve 1 illustrates catastrophic failure
with no stable crack growth; Curve 2 is a schematic plot of the
resistance curve behaviour associated with “toughened’ ceramics.
See text for details.

load variables as well as the extent of residual damage
left at the tip of the sharp flaw produced by this
method (at lower temperatures) are known to affect
subsequent fracture toughness measurements [16].
Furthermore, this relatively new method has not yet
been investigated thoroughly. In view of the limita-
tions associated with the various fracture testing
methods currently available for brittle solids, there is
a continuing research effort to explore novel test
procedures for the measurement of critical fracture
properties.

In addition to determining the critical stress inten-
sity factors for fracture initiation (i.e. K,,), there is a
growing interest in monitoring the progressive chan-
ges in crack growth resistance during stable quasi-stat-
ic fracture in toughened ceramics which are being
developed for potential structural applications. The
resistance of ceramics to crack growth under quasi-
static loads can be enhanced by intrinsic and extrinsic
toughening mechanisms involving crack deflection,
microcracking, crack bridging and phase transforma-
tions [17]. The increase in apparent fracture toughness
with quasi-static crack growth is a property of par-
ticular interest for many structural ceramics. Fig. 1
schematically shows the stress intensity factor against
crack length plots for quasi-brittle materials (Curve 1)
and for materials exhibiting stable crack growth during
quasi-static fracture (Curve 2, known as the R-curve).
Fine-grained, single-phase ceramics typically exhibit
catastrophic fracture, similar to the behaviour depicted
by Curve 1, at a critical stress intensity factor K.
However, transformation-toughened ceramics are
known to exhibit considerable subcritical crack growth,
similar to the behaviour illustrated by Curve 2, prior
to final fracture [18]. The heavy dashed line in Fig. 1
represents the schematic variation of the applied stress
intensity factor K; with crack length, «, (i.e. according
to the relationship K; = constant g a'*) at a constant
applied stress o,. K, is the stress intensity factor
presenting the onset of unstable equilibrium. Below
K., the rate of increase of material fracture resistance
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with crack length (Ki(a)) is greater than the rate of
increase in applied K; with crack length. This leads to
stable crack growth. Above K., however, the reverse
situation is prevalent and hence catastrophic fracture
results. The slope of the transient region of the R-curve,
between the fracture initiation toughness K. and the
point of catastrophic failure K, thus provides a
measure of toughening during stable crack growth.
The generation of *“valid” R-curves for toughened
ceramics is also somewhat restricted by the experi-
mental difficulties in introducing a sharp fatigue pre-
crack prior to the quasi-static fracture test. Where
R-curves have been directly measured in notched bend
specimens or using indentation techniques, it is found
that the depth and root radius of the notch or prior
damage induced in the specimen can significantly aff-
ect the slope of the R-curve [3, 19]. This leads to
considerable uncertainty in interpreting the beneficial
effects of a particular toughening mechanism. An
ideal solution to this problem would be the develop-
ment of experimental capabilities, analogous to the
case of metals, to introduce a “sharp” through-thick-
ness fatigue pre-crack in a simple fracture specimen,
prior to the measurement of quasi-static fracture
toughness or R-curves.

In a recent paper, Ewart and Suresh [20] reported
experimental observations of stable, Mode I fatigue
crack growth in notched plates of polycrystalline
alumina subject to fully compressive cyclic loads at
room temperature. The fatigue cracks propagate at a
progressively decreasing velocity along the plane of
the notch (in a direction macroscopically normal to
the compression axis) and arrest completely. It was
suggested that this method of introducing a szable and
self-arresting fatigue flaw in a simple edge-notched
specimen would provide a new possibility for measur-
ing the fracture properties of brittle materials [20, 21]
The micromechanisms of crack advance from notches
under far-field cyclic compression were discussed in
detail [21]. As shown by Suresh and co-workers
[20-24], the phenomenon of crack growth under
cyclic compressive stresses exhibits a macroscopically
similar behaviour in a wide range of materials span-
ning the very ductile metals to extremely brittle solids,
although the mechanisms underlying this effect are
very different among the various classes of materials.
A characteristic feature of this phenomenon which is
common to all cases is that the local zone of damage
is fully encompassed by material elastically strained in
compression so that crack growth is stable and non-
catastrophic. There is some experimental evidence
which indicates that the maximum amount of damage
left at the tip of the fatigue crack propagated (until
self-arrest) under far-field cyclic compression is not
large enough to affect subsequent fracture measure-
ments in {ension or bending [24].

The objective of this paper is to show that crack
initiation under cyclic compression can be used as
a pre-cracking technique for measuring fracture initia-
tion toughness K;, and R-curves in ceramics. We
present experimental results of fracture toughness
measurements in fine-grained (range of grain sizes =
1 to 6 um, average grain size = 3 um) and coarse-



TABLE I Properties of material studied

Property Material
AD995 AD999

AL O, (%) 99.5 99.9
Specific gravity 3.89 3.96
Grain size

Average (um) 17 3

Range (um) Sto 50 lto 6
Compressive strength at

25°C (MPa) 2620 3792
Flexural strength at

25°C (MPa) 379 552
Tensile strength at

25°C (MPa) 262 310
Modulus of elasticity

(GPa) 372 386

Impurities and grain-

boundary phases Si0,, MgO, Ca, Na, Fe

grained (range of grain sizes = 5 to 50 um, average
grain size = 17 um) aluminium oxide to illustrate the
feasibility of this technique for fracture testing in
ceramics. The change in stress intensity factor as a
function of crack advance was also examined in these
experiments to check the postulates of the microcrack-
toughening theories that the coarse-grained Al,O,
specimen may exhibit stable crack growth (R-curve)
during quasistatic fracture [3, 25]. The advantages and
limitations of the compression fatigue method are
highlighted.

2. Materials and experimental methods

Fatigue cracks were introduced in single-edge-notched
specimens of 99.5% and 99.9% pure polycrystalline
alumina cycled under compression—compression
fatigue loads. These materials are commercially avail-
able as grade AD 995 and AD 999, respectively, from
Coors Porcelain Co., Boulder, Colorado. The proper-
ties of the two materials are listed in Table 1. A single-
edge notch, with a root radius of about 0.5 mm, was
introduced in the specimens using a diamond wheel.
Fig. 2 schematically shows the specimen geometry
used in the fracture experiments. The fatigue crack
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Figure 2 Schematic representation of the procedure for pre-cracking
in uniaxial cyclic compression and subsequent quasi-static fracture
in four-point bending.

was introduced in uniaxial cyclic compression
(Fig. 2a) and subsequently quasi-static fracture tests
were conducted in four-point bending (Fig. 2b). A
total of eight fracture toughness tests were conducted
and the procedure followed was identical for both the
materials. The actual dimensions of the specimens are
described in Table II. All experiments were conducted
in the laboratory environment at a temperature of
about 22° C and relative humidity of about 40%. The
fatigue pre-cracks were introduced in uniaxial cyclic
compression at a loading frequency of 20 Hz with a
sinusoidal waveform and a load ratio, R = 10. The
load ratio is defined as the ratio of the minimum load
to the maximum load of the fatigue cycle (Fig. 2a).

TABLE II Results of fracture toughness tests on polycrystalline alumina

Variable AD995 ALO,

AD999 ALO,

Type A tests*

Type B tests’ Type B testst

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Sbecimen 7 Specimen 8

. . +
Dimensions+

a (mm) 6.36 5.44 5.62
W (mm) 15.93 10.34 10.50
B (mm) 531 5.11 5.1
alw 0.40 0.53 0.54

Fracture toughness results
K. (MPa m'?): equations from

Krause and Fuller [26] 4.24 4.40 4.68
Dong 278 4.22 437 4.65
Kavishe [26] 423 439 4.67

5.35 5.60 5.02 5.66 5.69
10.39 10.38 10.01 10.40 10.40
6.41 6.40 6.40 6.36 6.50
0.51 0.54 0.50 0.54 0.55
3.90 5.12 4.09 3.25 3.66
3.87 5.08 4.06 3.23 3.64
3.89 5.11 4.08 324 3.66

*Type A refers to specimens where the side surfaces were ground after pre-cracking in cyclic compression to eliminate crack front

non-uniformity.

*Type B refers to specimens where fracture toughness in bending was measured directly after pre-cranon-uniformity.

T Type B refers 1o specimens where fracture toughness in bending was measured directly after pre-cracking in cyclic compression.

{ The inner span in the four-point bend test, L ~ 2W, for all specimens.

§Dong’s K, calibration for four-point bend specimens is within 0.6% of the result derived by Brown and Srawley [29] for 0.2 < a/w < 0.6.
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Compressive stress ranges [Ac| of about 305 and
410 MPa were required to pre-crack the AD 995 and
AD 999 materials, respectively. The specimens were
located between two parallel plates during com-
pression fatigue. The alignment between the plates
was ensured with the aid of guide pins. A fatigue crack
about 0.4 mm in length was detected within the first
30000 cycles in all the experiments. The crack mouth
opening displacement was monitored with the aid of
the clip gauge mounted between knife edges cemented
to the specimen. The crack length was also monitored
with the aid of an optical microscope.

It was reported by Ewart and Suresh [20] that very
near the unconstrained side surfaces of the edge-
notched specimen, a slight non-uniformity in crack
front may occur during pre-cracking in cyclic com-
pression. The crack length within about 0.5 mm of the
side surfaces was found to be somewhat larger than
that in the interior of the specimen [20]. In order
to evaluate the possible effects of this small non-
uniformity in crack front, we conducted the following
two types of experiments. In one set of experiments
(Type A), about 0.5mm was ground from each of the
two side surfaces after pre-cracking cyclic com-
pression. This enabled us to ensure that the crack
front was straight through the thickness of the speci-
men during the fracture toughness test. All the dimen-
sions shown in Table II refer to the final specimen
geometry during the quasi-static fracture experiments.
In the second set of experiments (Type B), the quasi-
static bend tests were performed directly after pre-
cracking in uniaxial cyclic compression.

3. Results and discussion

Fig. 3 shows an optical micrograph of the Mode I
fatigue crack at the root of the notch (in Specimen 5)
observed on the specimen surface after about 15000
cycles of uniaxial compression loading. An example of
the fatigue crack front (Type B) resulting from such
an experiment is illustrated in Fig. 4. Here, the fatigue

Figure 3 Mode 1 fatigue crack in the single-edge-notched specimen
loaded in uniaxial cyclic compression. Load in vertical direction.
The compression axis is in vertical direction.
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Figure 4 An optical micrograph of the fracture surface in a Type B
specimen of AD 995 Al,O, showing a fatigue crack of length, a, at
the tip of the notch (at the bottom of the figure). Note the larger
crack growth distance at the near-surface location A (over a
distance ¢ ~ 0.5mm) than in the interior thickness location C.

crack front is denoted by A at the side surface and by
C at the interior of the specimen. This optical micro-
graph of the fracture surface reveals that the crack
front is uniformly straight in the interior section of the
specimen (e.g. location C), whereas slightly faster
crack growth occurs within about 0.5mm of the
unconstrained side surface (location A) in the 6.4 mm
thick specimens. Fig. 5 shows an example of the
fatigue crack front in Type A specimens where the
length of the fatigue crack was the same through the
entire thickness. In this case, the slight non-uniformity
in crack front near the side surfaces was eliminated by
removing a 0.5mm thick layer of material on either
side by a grinding operation after fatigue pre-cracking
in compression.

The fracture toughness values, K., for the four-
point bend specimens were calculated using three dif-
ferent stress intensity factor solutions published in the
literature [26-28]. The formulae used in these calcula-
tions are described in the Appendix. Table II shows all
the results of the fracture toughness calculations for
AD995 and AD999 polycrystalline alumina bend

notch ogie
1|

Figure 5 A straight, through-thickness Mode I fatigue pre-crack in
the Type A specimen.



specimens. The following conclusions can be drawn
from the results shown in Table 1I:

1. Reproducible fracture toughness measurements
can be obtained using the cyclic compression method
for pre-cracking ceramics.

2. Type B specimens exhibit relatively more scatter
in K, than Type A specimens. However, the difference
in fracture toughness between Type A and Type B
specimens of AD 995 was within the normal range of
experimental variability observed for ceramics. This
seems to indicate that any small non-uniformity in
fatigue crack front very near the side surfaces does not
significantly affect the fracture toughness.

3. As expected (e.g. [25]), the finer-grained AD 999
(average K. ~ 3.45MPam'?) material has a lower
fracture toughness than AD995 (average K, =
4.4 MPam'?).

4. The materials examined in this work did not
exhibit detectable stable crack growth during quasi-
static fracture (within the resolution, about 0.04 mm,
of crack length measurements). Hence, the stress
intensity factor (K;) against crack length (a) plot
(R-curve) has a zero slope after the onset of fracture
in both the materials (Curve 1 in Fig. 1).

S. The different solutions for stress intensity factor
calculations provide about the same value of K for
both the materials.

Some prior studies of quasi-static fracture in notched
bend specimens of coarse-grained, single-phase Al,O;
have indicated the possibility of stable crack growth
and the existence of R-curves [3, 19]. Although the
slope of the R-curve was found to be very strongly
affected by the geometry of the notch in these speci-
mens fracture-tested without a sharp pre-crack,
the occurrence of stable crack growth due to grain-
boundary microcracking was postulated. Our experi-
ments on quasi-static fracture in notched bend speci-
mens containing a fatigue pre-crack do not indicate a
clearly noticeable R-curve effect (within the resolution
of crack length detection) even in the coarse-grained
AD 995 Al,O, with a grain size range of 5 to 50 ym
and average grain size of 17 um. Further work, using
the compression fatigue pre-cracking method, is
required in a variety of materials exhibiting a
wider range of grain sizes before the possible
beneficial effects of crack-tip shielding due to
the microcrack toughening mechanism can be fully
evaluated. However, the present results do under-
score the need to exercise caution in estimating
the improvements in toughness based on fracture
experiments performed in bend specimens containing
blunt notches [3, 19] or pre-cracks produced by
indentation [15].

Following the compression technique described
earlier [20, 21], we have demonstrated in this work
that reproducible K. values can be obtained for
ceramics in edge-notched specimens fatigue pre-
cracked in cyclic compression. The introduction of a
fatigue pre-crack in notched plates of polycrystal-
line ceramics under cyclic compression offers some
unique advantages for fracture toughness and R-curve
measurements:

1. Controlled and non-catastrophic fatigue cracks
can be obtained in brittle materials even at room
temperature.

2. Fracture toughness and resistance curves can be
measured using simple edge-notched/bend specimens.

3. Since the specimen is loaded under fully com-
pressive stresses, no specialized (tensile) grips are
needed to load the specimen.

4. The total distance of crack growth under far-field
cyclic compression can be suitably manipulated by
controlling the load amplitude, load ratic and notch
geometry.

5. This method offers the possibility of obtaining
the resistance curves for ceramics from fatigue pre-
cracks similar to the procedures employed for metals.
Therefore, the intrinsic effects of toughening by trans-
formation, deflection or microcracking during stable
crack growth can be investigated with the shape of the
resistance curves likely to be unaffected by the speci-
men geometry.

6. The local zone of damage during cyclic com-
pression is fully embedded in material elastically
strained in far-field compression. Thus the process of
pre-cracking is intrinsically stable. As the crack
decelerates and arrests naturally, the maximum extent
of damage left at the tip of the crack grown (until
arrest) under far-field cyclic compression is not likely
to affect subsequent fracture tests in tension or in
bending. Although further work is needed to fully
substantiate this hypothesis, our related studies have
shown that the same fracture behaviour in bending
can be obtained following pre-cracking at different
cyclic compressive load levels. This result is especially
important for ceramics toughened by crack-shielding
mechanisms where a minimum ‘‘process zone” is
desirable at the tip of a notch or a pre-crack prior to
fracture toughness measurements.

The advantages of the compression fatigue method
as a pre-cracking scheme for ceramics are borne out
by the experimental results obtained in this work. We
emphasize, however, that there are several aspects
of this technique which warrant extensive further inves-
tigation in a wide variety of materials before it can
be routinely employed in fracture property measure-
ments for ceramics. The effects of notch geometry,
specimen geometry, microstructure (especially com-
position, grain size and grain-boundary glassy phases)
and environment on the characteristics of fatigue crack
growth in cyclic compression should be evaluated
thoroughly. Further work is also needed to document
the effect of damage at the tip of the fatigue pre-crack
initiated in compression and its effects on subsequent
fracture measurements, especially in ceramics tough-
ened by phase transformations and microcracking.
It should also be noted that pre-cracking in cyclic
compression does not appear to be feasible in single
crystals of ceramics where only catastrophic “split-
ting” parallel to the compression axis is observed [21].

Subsequent to the conclusion of the present work,
Tschegg and Suresh [30] conducted fracture toughness
tests for ceramics in uniaxial tension. Circumferen-
tially-notched cylindrical rods of a polycrystalline
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AL, O; were pre-cracked in cyclic compression to
introduce a concentric fatigue flaw (following the
technique employed in this study). Subsequently, the
pre-cracked rods were fractured in pure tension.
Highly reproducible values of fracture toughness were
obtained using this method [30].

4. Conclusions

A novel experimental technique for the measurement
of fracture toughness and R-curves in ceramics has
been demonstrated. In this method, a fatigue pre-
crack is introduced in single-edge-notched specimens
loaded in uniaxial cyclic compression. Subsequently,
the specimen containing the fatigue flaw can be frac-
tured in bending or in tension. Reproducible values of
fracture toughness are obtained using this method in
two grades of single-phase polycrystalline aluminium
oxide. While the scatter in the measured toughness
values is generally low in all the tests, Type A speci-
mens (where the linearity of the fatigue crack front
was fully ensured) exhibit the least variability in frac-
ture toughness. The proposed technique offers some
interesting possibilities for measuring fracture initia-
tion toughness and R-curves (from fatigue pre-cracks)
in ceramics toughened by crack shielding mechanisms.
Further work is needed to evaluate the influence of
pre-cracking in compression fatigue and of specimen
geometry on subsequent measurements of fracture
properties in toughened ceramics.
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Appendix

The critical stress intensity factor, K, for the four-
point bend specimens of polycrystalline AlLO,
(Table 1I) was calculated from three different solutions
available in the literature. The specimen dimensions a,
W, B and L (= 2W) are schemaltically illustrated in
Fig. 2. P is the applied load and @ = a/W. From
Kavishe [26],

K = —B—,ﬁ(5.96a1/2 — 73943 + 38.924%
—69.66a’ + 74.44a°7) (A1)
for 0.3 < a < 0.6.
From Dong [27],
K, = ﬁ)L—m(O.SaUz +3.524(1 — @)7'F) (A2)

for 0.2 < a < 0.6. For this range of a, the results of
Dong [27} are within 0.6% of the formula derived by
Brown and Srawley [29].

After Krause and Fuller [28],

% [1.5 (%/) a1 — a)‘m:l

x [1.9887 — 1.326a

K =

1276

_ (3.49 — 0.68a + 1.35a%)
xa(l — a)(1 + a)7?]

for0 < a < 1.

(A3)
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