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Abstract

The rising crack resistance (R-curve) behavior in a hot-pressed Si3N4 with an elongated grain structure was studied by observing the
stable growth of annealed indentation-induced cracks during the bending test. The experimental data corresponding to each indivi-

dual crack were analyzed according to an exponential function proposed by Ramachandran and Shetty. [Ramachandran, N. and
Shetty D. K., Rising crack growth-resistance (R-curve) behaviour of toughened alumina and silicon nitride. J. Am. Ceram. Soc., 1991,
74, 2634±2641]. It was found that the measured R-curve is strongly dependent on the crack location. Due mainly to the existence of a
microstructural driving force for crack growth, all cracks may start to propagate at nearly the same level of the applied stress intensity.

During the subsequent stable growth, however, the variations of crack resistance with crack extension may be di�erent for di�erent
cracks located in di�erent sites of the surface of material. The e�ect of the random orientation of the elongated grains within the
material on the interaction between the bridging grain and the propagating crack was suggested to be the main cause of the crack-

location-dependence of the measured R-curve behavior. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recent studies have shown that a variety of ceramic
materials possess a strong R-curve property, i.e. they
exhibit increasing resistance to fracture with crack
extension.1-4 R-curve behavior may be induced by
mechanisms such as transformation or crack-bridging
which ``shield'' the crack tip from external loads5,6 and
then provide ¯aw tolerance characteristics to ceramics
and narrow their strength distribution.7,8

It is most desirable to study the R-curve behavior of
ceramics by observing the stable growth of the preexist-
ing defects or ¯aws which actually cause failure in ser-
vice. However, such a study is not tenable for it is
usually di�cult to locate and monitor the ¯aws that
eventually lead to fracture.1,2 To overcome this di�-
culty, an indentation-crack growth method has been
developed and frequently employed to measure the R-
curve behavior for ceramics.9±12 Similar to the ``Mod-
i®ed Indentation Method'' proposed by Cook and
Lawn13 for determining the toughness, the indentation-

crack growth method uses a series of Vickers indenta-
tions placed within the uniformly stressed region of the
tensile surface of a four-point bending specimen. Then,
the specimen is incrementally loaded and the stable
extension of the indentation-induced cracks in response to
the applied stress is observed and recorded to establish
the R-curve. The main advantages of this method are
the relative simplicity, small specimen size required and
the fact that the indentation-induced cracks are similar to
the ``natural'' ¯aws preexisting in the materials in both
shape and dimension.
In the previous studies on the determination of R-

curves with the indentation-crack growth method, all
the experimental data measured from di�erent indenta-
tion cracks in di�erent specimens for a given material
were usually presented together in a single crack resis-
tance versus crack size (KR±c) plot and statistically ®t-
ted to a single curve.9±12 Little attention has been paid
to the comparison between the R-curves measured
respectively with each individual crack. Note that the R-
curve behavior has been proven to be a microstructure-
dependent phenomenon5,6 and, when examined at the
microstructural level, any polycrystalline ceramic
should be considered to be inhomogeneous. One can
expect that di�erent cracks, which are placed in di�erent
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specimens of a given material and/or located in di�erent
sites in a given specimen, may encounter di�erent var-
iations in crack resistance during extension. The aim of
the present paper is thus to explore the e�ect of crack
location on the R-curve behavior measured with the
indentation-crack growth method. A hot-pressed Si3N4

with an elongated grain structure was selected for this
study, for it has been established14,15 that this new gen-
eration of material exhibits a strongR-curve property due
mainly to crack bridging by the elongated b-Si3N4 grains.

2. Experimental

Powder mixture of 80 wt% Si3N4 with 7.8 wt% Y2O3,
11.3 wt% La2O3 and 0.9 wt% Al2O3 was ball-milled in
ethanol with Si3N4 grinding balls for 24 h. The milled
slurry was dried, sieved through a 50-mesh screen, uni-
axially pressed at about 50 MPa to form discs of about
105 mm diameter and about 6 mm thick. The green
compacts were then hot-pressed at 1825�C and 25 MPa
pressure, using graphite dies and under a nitrogen
atmosphere.
Fig. 1 shows the SEM micrograph of a typical micro-

structure of a polished and etched (HF acid for about 1
h) surface of the ®nal product. As shown, the hot-pres-
sed material has a microstructure consisting of elon-
gated grains.
Four-point bending specimens with nominal dimen-

sions of 35 mm long, 5 mm wide and 2.5 mm thick were
cut from the as-hot-pressed material with the tensile
surface perpendicular to the hot-pressing direction. All
surfaces of the specimens were ground and the edges of
the tensile surface were chamfered slightly to eliminate
the edge e�ect. The tensile surface of each specimen was
polished carefully to a mirror ®nish. Three well-developed

indentation cracks were produced, each at least 2 mm
apart, in the uniformly stressed region of the well-
polished tensile surfaces of each specimen by Vickers
indentation at room temperature. Great care was taken
to ensure that one set of the radial cracks in each
indentation was perpendicular to the tensile stress
direction in bending. Di�erent indentation loads, 196,
245 and 294 N, were used for indenting di�erent speci-
mens. After being indented, all specimens were annealed
at 1000�C in nitrogen atmosphere for 10 min. No crack
healing was observed during annealing. The lengths of
the surface cracks measured after annealing were some-
what larger than those measured before annealing. This
increase in crack dimensions may be attributed to the
relief of the residual surface stresses, which were usually
compressive, introduced during the machining and pol-
ishing of the specimens.
The crack growth measurements were performed at

room temperature in a four-point bending ®xture with
an inner span of 10 mm and an outer span of 30 mm.
Specimens were incrementally stressed until one of the
three cracks in the specimen reached the critical state.
The specimens were stressed to the predetermined peak
stress with a crosshead speed of 0.05 mm/min and
unloaded quickly after the predetermined peak stress
was held for 10 s. After each stress increment, the spe-
cimen was removed from the ®xture and the crack
length was measured using optical microscopy.
Some of the fractured specimens with the remaining

indentation-induced cracks were etched in HF acid for
about 1 h to expose the microstructure-crack interaction
using scanning electron microscopy.

3. Calculation of crack resistance

In general, the total stress intensity, KI, for an inden-
tation-induced crack in bending can be expressed as the
sum of contributions from the applied bending stress,
the residual contact stress due to indentation and the
residual surface stress due to machining. In the present
study, we assumed that both the residual contact stress
and the residual surface stress were eliminated com-
pletely by annealing. Thus, the actual KI can be deter-
mined as only the applied stress intensity, Ka, through
the equation16

KI � Ka � Y�
���
c
p �1�

where � is the applied bending stress, c is the crack half-
length, and Y is the shape factor of crack geometry
which can be calculated with the empirical equations
proposed by Newman and Raju.16

In testing a material with R-curve behavior, an incre-
mental crack extension may occur when the stress
intensity, KI, at the tip of the indentation crack is largerFig. 1. Microstructure of the test material.
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than the crack resistance, KR, and a quasi-static equili-
brium will be attained at KI=KR. Thus, the crack resis-
tance, KR, can be calculated directly with Eq. (1)
corresponding to each loading±unloading cycle descri-
bed in Section 2.
Calculating the shape factor of crack geometry, Y, in

Eq. (1) needs a knowledge of the ellipticity, i.e. the ratio
of the crack depth, a, to the crack half-length, c, of the
indentation-induced crack. It has been generally sug-
gested17,18 that the shape of an indentation-induced
crack subjected to bending changes from semicircular to
semielliptical as the crack depth increases. In the present
study, no experiment was conducted to determine the
variation of the crack ellipticity during stable extension.
As a reasonable approximation, we estimated the crack
ellipticity, a/c, with the assumption proposed by Li et al.,3

a

c
� 1:2ÿ 0:2

c

c0

� �
�2�

where c0 is the initial value of the crack half-length.

4. Results and discussion

Fig. 2 shows the measured crack resistance as a func-
tion of the crack length for hot-pressed Si3N4. In this
®gure, the data corresponding to each of the nine
symbols represent a set of results measured with each
individual crack. As shown, the crack resistance corre-
sponding to each individual crack increases gradually
and continuously with crack extension, but signi®cant
deviations exist between the shapes and the locations of
the R-curves measured with di�erent cracks. Such an
experimental phenomenon is somewhat similar to those
observed by using the long-crack techniques, such as the
single-edge notched beam (SENB) method.19 Large

scatters in the measured crack resistance have also been
reported by other authors when using a similar inden-
tation-crack growth method, in which as-indented spe-
cimens were used for the crack growth measurements,
to observe the R-curve behaviors.10,12

Clearly, the large scatter in the measured crack resis-
tance makes it impossible and unreasonable to ®t all the
data shown in Fig. 2 to a single curve. Thus we ®t the
experimental data corresponding to each individual
crack according to an exponential function proposed by
Ramachandran and Shetty9

KR � K1 ÿ K0 exp ÿ c

l

� �
�3�

where K1, K0 and l are adjustable parameters.
For each set of data measured with one crack, the

best-®t values of the adjustable parameters included in
Eq. (3) were obtained by iterative regression minimizing
total variance. The results, together with the initial
crack length, c0, measured before crack growth mea-
surements but after the specimens were annealed, are
summarized in Table 1. It is shown that, although Eq.
(3) gives good ®ts to the experimentally measured data
for each crack, the best-®t values of the three para-
meters, K1, K0 and l, in Eq. (3) vary from crack to
crack. Note that, even if the initial crack lengths are
equal to each other, e.g. cracks C1 and C3 in Table 1,
there also exist signi®cant di�erences in the best-®t
values of these three parameters. These ®ndings indicate
that the measured R-curve behavior shown in Fig. 2
may be strongly crack-location-dependent.
In general, R-curve behavior for a given material can

be characterized simply with three parameters, the
threshold crack resistance, Kth, the critical crack resis-
tance, KC, and the crack tolerance, �c*, i.e. the di�er-
ence between the crack lengths corresponding to the
critical and the initial states, respectively. Now we wish
to examine how the crack location a�ects the measured
R-curve behavior by comparing these three parameters,

Fig. 2. Crack resistance measurements as functions of crack lengths

for indentation-induced cracks with di�erent initial lengths.

Table 1

Best-®t values of the crack-growth-resistance parameters included in

Eq. (3)

Indentation

load (N)

Crack

denotation

c0
(mm)

K1
(MPa

����
m
p

)

K0

(MPa
����
m
p

)

l
(mm)

196 A1 273.8 12.4 112.0 118.1

A2 269.4 11.1 179.4 92.4

A3 275.2 10.1 308.5 77.4

245 B1 311.4 9.5 1991.6 56.6

B2 323.5 9.6 4037.8 52.4

B3 328.0 9.2 6062.0 49.6

296 C1 333.2 8.8 2917.3 56.3

C2 347.6 10.6 235.6 108.0

C3 334.0 10.8 204.2 109.6
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which can be determined empirically from Eq. 3 using
the best-®t values listed in Table 1, for di�erent cracks
located in di�erent sites in the surface of the test material.
Rewriting Eq. (3) as

KR � K1 ÿ K0 exp ÿ c0
l

� �
exp ÿ�c

l

� �
�4�

where �c=ci ÿ c0 and ci is the crack length measured
after each loading±unloading cycle. It can be seen that
the threshold crack resistance, Kth, i.e. the minimum of
the applied stress intensity for initiating the stable crack
growth, can be obtained by letting �c=0 in Eq. (4).
Using the best-®t values listed in Table 1, the Kth-values
for each crack were calculated and the results are shown
in Fig. 3 as a function of the initial crack length, c0.
Fig. 3 shows that the threshold crack resistance, Kth,

is nearly independent of the initial crack length or the
crack location. Thus it can be concluded that, at least
for the material considered in the present study, the
threshold resistance may be treated approximately as a
crack-location-independent parameter.
Statistical analysis of the nine data shown in Fig. 3

gives an average of 1.2 MPa
����
m
p

with a standard devia-
tion of 0.2 MPa

����
m
p

: There is reason to believe that this
lower Kth may be reliable. By directly observing the
stable growth of the natural ¯aws in the surfaces of test
specimens, Steinbrech and Schmenkel1 obtained a Kth of
about 1.37 MPa

����
m
p

for a coarse-grained alumina and
Marshall and Swain2 determined Kth=1.4 MPa

����
m
p

for
a magnesia-partially-stabilized zirconia (Mg-PSZ). Our
result is comparable to these two data and seems to
indicate that the annealed indentation-induced cracks
may simulate the natural ¯aws very well.
The existence of a localized microstructural driving

force, Km, for crack growth, which was proposed by
Cook et al.20 to describe the R-curve behavior of poly-
crystalline Al2O3, may be considered as the main reason
why the threshold resistance for the stable growth of
natural ¯aw is so small and nearly independent of the
crack location. Although Cook et al.20 did not specify
the origin of such a localized microstructural driving
force, in a following study by Marshall and Swain,2 it
was suggested that, for the Mg-PSZ they examined, Km

may result from the localized transformation near the
crack tip. Similarly, we may reasonably assume that, in
silicon nitride, Km may result from the thermal expan-
sion anisotropy of the elongated grains and/or phase
transformation of a-Si3N4!�-Si3N4 during the sinter-
ing process. In the early work on the fracture energy of
brittle ceramics, Rice and co-workers21,22 have shown
that the internal stresses due to the thermal expansion
anisotropy and/or phase transformation are the main
causes of the origin of the intrinsic ¯aws in ceramics.
As proposed by Cook et al.20 and Marshall and

Swain,2 Km is a decreasing function of crack extension
and can be related to the crack length as

Km � Q

c3=2
�5�

where Q is a constant that characterizes the intensity of
the internal stresses. Note that Eq. (5) has the same
form as the stress intensity of residual contact stress due
to indentation.23 One can expect that, after being initi-
ated under the internal stresses, an intrinsic ¯aw will
grow stably until Km drops to a characteristic value
below which no stable crack growth may occur. In other
words, any intrinsic ¯aws may be in a quasi-equilibrium
state before being subjected to an applied stress and
applying any external stress to the crack will result in a
further stable crack growth. If it were the case, the
threshold crack resistance for any preexisted ¯aws in
any given ceramic can be expected to be zero. A possible
explanation for the fact that the measured Kth is some-
what larger than zero can be o�ered by considering that
there is a tendency for a crack which is in a quasi-equi-
librium state to be subjected to an environment-assisted
slow growth to a certain extent, similar to that observed
in the indentation-induced crack system, making Km

reduce slightly.
Now we turn to determine the crack tolerance, �c*,

from Eq. (3). According to fracture mechanics analysis,
the unstable crack growth will occur when the conditions

KI � KR

dKI

dc
5

dKR

dc

8><>: �6�

are satis®ed. Substituting Eqs. (1) and (3) into Eq. (6),
we obtain

�Y
�����
c�
p � K1 ÿ K0 exp ÿ c�

l

� �
1

2
�Y

�����
1

c�

r
� K0

l

� �
exp ÿ c�

l

� �
8>>>><>>>>: �7�

where c* is the crack length corresponding to the critical
state.

Fig. 3. Threshold crack resistance as a function of the initial crack

length.
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Using the best-®t values of the parameters K1, K0

and l listed in Table 1, c* was calculated from Eq. (7)
for each crack. The calculated results are given in Table
2. Combining with the initial crack length listed in Table
1, it can be found that the crack tolerance, �c*=c* ÿ
c0, shows a large scatter, indicating that �c* is strongly
dependent on the crack location.

The crack-location-dependence of crack tolerance can
be explained by considering the e�ect of local micro-
structural inhomogeneity on crack resistance. As men-
tioned in Section 1, in monolithic Si3N4 ceramics with
elongated grain structures, R-curve behavior is believed
to arise from crack bridging by unbroken grains behind
the crack tip. Scanning electron microscopy observa-
tions did indicate some evidences of bridging grains in
the present Si3N4. Fig. 4 shows a bridging grain which
has been partially pulled out and fractured. Note that
the length direction of this bridging grain is not
perpendicular to the crack propagation direction. In
fact, as a result of the random orientation of the elon-
gated grains within the material (see Fig. 1), the angle
between the length direction of the bridging grain and
the crack propagation direction, thereby the interaction
between the bridging grains and the propagating crack,
may vary from specimen to specimen, from crack to
crack, even among di�erent portions of the cracking
path of a given crack, resulting in a variation in the
crack resistance for di�erent cracks located in di�erent
sites in the material surface. Some evidences for this
viewpoint may be found in the SEM micrographs
shown in Fig. 5.
It is of interest to make a comparison between the

crack tolerance, �c*, and the experimentally estimated
l values. The variation of �c* with l is shown in Fig. 6.
It can be seen that a good linear relationship exists
between these two parameters. Following the analysis of
Ramachandran and Shetty,9 the crack-length normal-
izing parameter, l, in Eq. (3) may be related empirically
to the range of crack extension over which toughening
e�ects should develop and saturate, i.e. the size of the
bridging zone behind crack tip. Several authors3,5,6

have suggested that the crack tolerance, �c*, may be
related directly to the bridging zone size. Thus, the linear

Fig. 4. SEM micrograph showing a bridging grain which has been

partially pulled out and fractured.

Table 2

Calculated crack length and crack resistance corresponding to the cri-

tical state

Crack A1 A2 A3 B1 B2 B3 C1 C2 C3

c* (mm) 531.9 481.9 462.9 464.3 470.7 470.3 790.9 605.4 593.3

KC (MPa
����
m
p

) 11.2 10.2 9.3 9.0 9.1 8.8 8.3 9.7 9.8

Fig. 5. SEM micrographs, each showing portion of a remaining indentation-induced crack in the surface of di�erent fractured specimens. Note that

the details of the microstructure-crack interactions in these two cracks are somewhat di�erent with each other.
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relationship shown in Fig. 6 provides a support for the
analysis of Ramachandran and Shetty.9

The ®nal comment concerns the critical crack resis-
tance, KC. In continuation of the preceding discussion
on Eqs. (6) and (7), the crack resistance corresponding
to the critical state, i.e., the critical crack resistance KC,
can be obtained by letting c=c* in Eq. (1) or Eq. (3).
The calculated results of KC are also given in Table 2.
Compared with the threshold crack resistance, Kth, a
relatively larger scatter exists in the resultant KC values.
Undoubtedly, such a scatter can also be considered as a
consequence of the inherent ¯uctuation in the bridging
zone size, as mentioned above.

5. Conclusions

1. The R-curve behavior measured with indentation-
crack growthmethod by using an annealed indented
specimen shows a strong crack-location depen-
dence. An exponential function proposed by
Ramachandran and Shetty can be used to describe
the R-curve measured with each individual crack.

2. The threshold crack resistance, Kth, is found to be
crack-location-independent and has a relatively
low value. A possible explanation was o�ered for
this phenomenon by considering the existence of a
microstructural driving force for crack growth.

3. The crack tolerance, �c*, and the critical crack
resistance, KC, are strongly dependent on the crack
location. The e�ect of the random orientation of
the elongated grains within the material on the
interaction between bridging grain and the pro-
pagating crack was suggested to be the main cause
of the crack-location-dependence of these two
parameters.
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