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The fracture toughness of soda-lime glass, Al2O3 and Si3N4 specimens was measured by
the surface crack in flexure method. For the soda-lime glass specimens, the fracture
toughness was calculated from the initial crack size and flexure strength, and the value
increased with increasing crosshead speed. This trend seems to be related to the difficulty
in determining the critical crack size at fracture, since slow crack growth occurs during
bending test. For the Al2O3 specimens, a halo region (stable crack growth region) was
formed around the initial precrack during bending test. The halo size increased and the
resultant flexure strength decreased with decreasing in the crosshead speed. The halo
region, however, could not be observed in the Si3N4 specimens. Despite of the difference in
the appearance of halo region, the fracture toughness of the Al2O3 and Si3N4 specimens
was constant irrespective of the crosshead speed when the values were calculated with the
critical crack sizes at fracture (halo incorporated crack sizes). The constant fracture
toughness with the crosshead speed could be explained by the relation between the
changes of halo size (thus critical crack size at fracture) and resultant flexure strength.
C© 2001 Kluwer Academic Publishers

1. Introduction
The controlled surface flaw (CSF) method was devel-
oped in 1970’s as a test method for fracture toughness
with a small precrack introduced by Knoop or Vickers
indentations [1, 2]. Petrovicet al. showed that the
fracture toughness was affected by the residual stress
around the indentation, and refined the method by in-
corporating the grinding procedure of the indented sur-
face by a certain amount [3, 4]. The method can be
described as follows. A small crack is introduced by
Knoop or Vickers indentation on a surface of a spec-
imen and the residual stress around the indentation is
eliminated by grinding and/or polishing. Then a bend-
ing test is conducted to measure the flexure strength of
the precracked specimen. The fracture toughness can
be estimated from precrack sizes observed on the frac-
tured surface, and the flexure strength using a stress
intensity formula as shown in Equation 1.

KIC = Y(a, c)σ f
√

a (1)

whereY is the stress intensity shape factor, andσ f the
flexure strength of the precracked specimen, and 2c the

crack width anda the crack depth. The twoY values
for the deepest point of the precrack and the point at
surface of the precrack are calculated from the empirical
equation of Newman and Raju [5], and the largerY
value is used to calculate the fracture toughness.

It is difficult, however, to measure the precrack size
accurately on the fractured surface. Recently, the sur-
face crack in flexure (SCF) method was developed by
Quinnet al. to improve the CSF method [6–9], and was
proposed as an ISO standard for fracture toughness test
method [10], after research had been conducted through
the round robin project [7, 11]. The mainly refined tech-
nique of the SCF method is that the specimen is tilted
∼0.5◦ off perpendicular to the diamond indenter axis
during the Knoop indentation. By this procedure, the
resulting precrack will be 0–5◦ off normal, and thus
tilt slightly from the final fractured surface. This makes
the precrack easier to discern during measurement of
precrack sizes.

It was reported, however, by Quinnet al. that a
crack growth region from the initial precrack, which
was called as “halo” region, was observed during the
bending test by several reasons [9]. In Al2O3 and glass
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ceramic specimens, for example, the crack growth was
caused by slow crack growth (SCG), whereas the crack
growth of MgF2 and AIN specimens was due to the
residual stress and crack reorientation, respectively. It
is well known that the flexure strength is affected by
the crosshead speed during a bending test due to SCG,
and thus the crosshead speed for determining flexure
strength of ceramics has already been standardized as
0.5 mm/min [12]. It is not clear, however, whether the
change in halo size has an influence on the fracture
toughness measured by the SCF method or not.

In this study, therefore, the effect of crack growth
during a bending test on the fracture toughness was ex-
amined using soda-lime glass, Al2O3 and Si3N4 spec-
imens. In these materials, soda-lime glass and Al2O3
specimens were known to show SCG [8, 9, 13–15],
whereas Si3N4 specimen was not at room temperatures
[8]. To change the halo size, the bending test was per-
formed in air by changing the crosshead speed. The
effect of 0.5◦ tilt of the specimen during Knoop inden-
tation was also investigated for the Al2O3 specimens.

2. Experimental procedure
High purity Al2O3 powder (Taimei Kagaku, TM-D,
99.99%) was hot-pressed at 1400◦C for 1 h under
30 MPa in Ar to fabricate Al2O3 plates. Si3N4 powder
mixed with 5 wt%Al2O3 and 5 wt%Y2O3 (UBE-SN-
COA) was also hot-pressed at 1750◦C for 1 h under
30 MPa in N2 to make Si3N4 plates. These plates were
ground with 200-grit diamond wheel and cut into the
rectangular specimens (3 mm× 4 mm× 40 mm). The
specimens were annealed at 1400◦C for 1 h in air for
Al2O3 and in N2 for Si3N4 to remove grinding damage.
4 mm wide face of each specimen was polished with
2–4µm diamond slurry. For the soda-lime glass spec-
imen, the rectangular specimens (2.8 mm× 4 mm×
40 mm) were obtained directly from cutting as-received
glass plates.

The 4 mm wide face of each specimen was indented
with a Knoop indenter to create a precrack on the sur-
face of the specimen. During the indentation, the speci-
men was tilted∼0.5◦ off perpendicular to the diamond
indenter axis. Indentation loads were 37 N for the soda-
lime glass specimen, 49 N for Al2O3 and Si3N4 spec-
imens, respectively. In order to check the influence of
tilting a specimen during indentation, some Al2O3 spec-
imens were indented without tilting. Some amount of
material of the indented surface was removed by pol-
ishing to eliminate the residual stress around a Knoop
indent. The flexure strength of the indented specimen
was measured by a four-point bending fixture (upper
span= 10 mm, lower span= 30 mm) under the ambient
laboratory conditions (temperature from 25◦C to 30◦C
and relative humidity∼50%). The crosshead speed was
changed from 0.01 mm/min to 5.0 mm/min in order to
check the effect of slow crack growth on the fracture
toughness. After the bending test, the fractured surfaces
were fractographically examined with an optical mi-
croscope and a scanning electron microscope (SEM) to
determine the initial precrack size and the critical crack
size at fracture. The depth (a) and width (2c) of the ini-
tial precrack size and the critical crack size at fracture

were determined from the photographs. The fracture
toughness was determined from the flexure strength and
these two crack sizes by using the Equation 1.

3. Results and discussion
3.1. Characterization of the specimens
The commercial soda-lime glass plates (Asahi Glass
Co.) were used in this study. The chemical composition
of the glass was known to be 72.5wt%SiO2-10.5wt%
Na2O-8.3wt% CaO-4.1wt% MgO-2.2wt% Al2O3-0.8
wt% K2O.

The microstructure of the Al2O3 specimen was
shown in Fig. 1a. The average grain size of the Al2O3
specimen was measured to be around 2.3µm by the
linear intercept method. The crystalline phase was con-
firmed to beα-Al2O3 by X-ray diffraction analysis. The
relative bulk density of the Al2O3 specimens was larger
than 99%.

The main phase of Si3N4 grains was confirmed to be
β-Si3N4 by X-ray diffraction analysis. Fig. 1b shows
the microstructure of the Si3N4 specimen. The elon-
gated grain structure can be seen in this figure. The
average width and average aspect ratio of the elongated
grains were determined to be 0.4µm and 3.8, respec-
tively. The relative bulk density of the Si3N4 specimens
was about 98.7%.

3.2. Dependence of fracture toughness
on crosshead speed

3.2.1. Soda-lime glass specimen
Fig. 2 shows the optical photographs of the fractured
surfaces of soda-lime glass specimens. Initial precracks

Figure 1 The microstructures of (a) the Al2O3 specimen hot-pressed at
1400◦C for 1 h in Ar, (b) the Si3N4 specimen hot-pressed at 1750◦C for
1 h in N2.
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Figure 2 Optical photographs of a Knoop indentation-induced precrack (37 N load) in soda-lime glass specimens which were fractured at the crosshead
speed of (a) 0.01 mm/min, (b) 0.05 mm/min, (c) 0.5 mm/min and (d) 5.0 mm/min.

Figure 3 Plot of apparent fracture toughness versus surface grinding
depth for soda-lime glass specimens.

are clearly seen, but halo regions around the precracks
can not be observed although crack extension must oc-
cur during the bending test, because it was reported that
soda-lime glass was susceptible to SCG by the stress
corrosion cracking [13–15]. The fracture toughness
was, therefore, calculated by using the initial precrack
size and the flexure strength. Fig. 3 shows the relation
between the apparent fracture toughness and grinding
depth. At any crosshead speed, the fracture toughness

Figure 4 Plot of average fracture toughness versus crosshead speed for
soda-lime glass specimens.

becomes a constant value above a certain grinding depth
(≈25 µm) which is almost 2.5 times of the indenta-
tion depth. The average fracture toughness in the con-
stant region (grinding depth>25 µm) was obtained
to be 0.74± 0.09 MPam1/2, 0.81± 0.1 MPam1/2,
0.86± 0.07 MPam1/2 and 0.88± 0.07 MPam1/2 for
the crosshead speed of 0.01 mm/min, 0.05 mm/min,
0.5 mm/min and 5.0 mm/min, respectively. As shown in
Fig. 4, the fracture toughness increases with increasing
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the crosshead speed, and reached a constant value above
a certain crosshead speed (0.5 mm/min). The change in
the fracture toughness must be caused by SCG through
the degradation in flexure strength of the precracked
specimen. However, the critical crack size at fracture
was not really observed on the fracture surface of glass
specimens. The difficulty in observing the critical crack
size at fracture on the fractured surface was reported in
glass system [8, 15]. If we could calculate the frac-
ture toughness from the critical crack size at fracture
at any crosshead speed, there may have been no de-
pendence of the fracture toughness on the crosshead
speed. Practically for measuring the fracture toughness
of soda-lime glass by the SCF method, it is better to
conduct a bending test under higher crosshead speeds
(over 0.5 mm/min) or in an inert environment to elimi-
nate the SCG.

3.2.2. Al2O3 specimen
Figs 5 and 6 show the optical photographs of the frac-
tured surfaces of Al2O3 specimens which were tilted 0◦
and∼0.5◦ off perpendicular to the Knoop indenter axis
during the indentation. Hereafter, the Al2O3 specimens
tilted 0◦ and∼0.5◦ during indentation are referred to as
0- and 5-specimens, respectively. In this case, contrary
to the soda-lime glass specimens, halo regions (rela-
tively dark regions) were observed around initial pre-
cracks (relatively bright region inside halo regions). A
contrast of the halo regions to other regions was caused
by the difference in the fracture mode among the re-
gions. In the halo regions, fracture occurred intergran-
ularly, whereas transgranular fracture occurred in the
precrack and fast fracture regions as reported by Quinn
et al. [9]. Fig. 7 shows the relation between the halo
size and the initial precrack size. In both cases of 0-,
5-specimens, the halo size increased as the crosshead
speed decreased, and this trend was independent of the
initial precrack size.

As shown in Figs 5 and 6, there were two kinds of
crack size i.e. initial precrack size and critical crack size
at fracture (halo incorporated crack size) on the frac-
tured surface of the Al2O3 specimens. At first, we cal-
culated the fracture toughness from the flexure strength
and the initial precrack size. Fig. 8a and b show the av-
erage fracture toughness (open marks) as a function of
the crosshead speed for the 0- and 5-specimens, respec-
tively. In this calculation, the critical grinding depth to
remove the residual stress around a Knoop indent was
assumed to be 3h whereh is the indentation depth.
As can be seen in these figures, the fracture toughness
(open marks) was largely dependent on the crosshead
speed for both 0- and 5-specimens as in the case of the
soda-lime glass specimens. This is because the change
in crack size (halo size) during a bending test is not
considered in the calculation.

For the reason, the fracture toughness was recalcu-
lated by using the critical crack size at fracture (halo
incorporated crack size). Fig. 9 shows the fracture
toughness of the Al2O3 specimen as a function of the
grinding depth. It can be seen from this figure that
the fracture toughness increases with increasing the

Figure 5 Optical photographs of a Knoop indentation-induced precrack
(49 N load) in Al2O3 specimens which were fractured at the crosshead
speed of (a) 0.05 mm/min, (b) 0.5 mm/min and (c) 2.0 mm/min. The
Al2O3 specimens were not tilted off perpendicular to the diamond in-
denter axis during the indentation.

grinding depth and reaches a constant value above a
certain grinding depth (≈20 µm). The critical depth
in this specimen corresponds to the 3h, whereh is
the indentation depth. In the constant regions, the av-
erage fracture toughness for the 0-specimen was ob-
tained as 3.99± 0.09 MPam1/2, 3.96± 0.09 MPam1/2

and 3.87± 0.06 MPam1/2 for the crosshead speed of
0.05 mm/min, 0.5 mm/min and 2.0 mm/min, respec-
tively. For the 5-specimens, these values were 4.02±
0.11 MPam1/2, 3.99± 0.09 MPam1/2 and 4.00±
0.06 MPam1/2 for the crosshead speed of 0.05 mm/min,
0.5 mm/min and 2.0 mm/min, respectively. The rela-
tions between the fracture toughness and the crosshead
speed for the 0- and 5-specimens were also plotted in
Fig. 8a and b as closed marks, respectively. As can be
seen in these figures, the fracture toughness calculated
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Figure 6 Optical photographs of a Knoop indentation-induced precrack
(49 N load) in Al2O3 specimens which were fractured at the crosshead
speed of (a) 0.05 mm/min, (b) 0.5 mm/min and (c) 2.0 mm/min. The
Al2O3 specimens were tilted∼0.5◦ off perpendicular to the diamond
indenter axis during the indentation.

from the critical crack size at fracture does not depend
on the crosshead speed, and there is no difference in the
values between 0- and 5-specimens. It means that the
change in the crosshead speed and tilting a specimen
do not cause any systematic error in the measurement
of fracture toughness of Al2O3 specimens.

Quinnet al. has reported that the fracture toughness
of Al2O3 was to be more reasonable by incorpora-
tion of the halo into the crack size [9]. In this study,
it is newly shown that the fracture toughness is also
independent of the crosshead speed when the critical
crack size (halo incorporated crack size) at fracture is
used for the calculation. This is because the increase
in crack size during loading is counterbalanced by the
resultant decrease in the flexure strength as shown in
Equation 1.

Figure 7 Plot of halo size (a) versus precrack size (a) for Al2O3 speci-
mens; closed and open marks are for the 0-specimens and 5-specimens,
respectively.

Figure 8 Plot of average fracture toughness versus crosshead speed for
Al2O3; (a) 0-specimens, (b) 5-specimens. Closed and open marks are for
the values calculated by the crack sizewithandwithouthalo, respectively.
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Figure 9 Plot of apparent fracture toughness versus surface grinding
depth for Al2O3; (a) 0-specimens, (b) 5-specimens.

For most of ceramic and glass materials, a subcriti-
cal crack growth rate can be expressed as a following
equation:

V = AKn
I (2)

where KI is the stress intensity factor,A and n are
constants that depend on the environment and the ma-
terial. On substituting Equation 1 into Equation 2, the
following equation can be obtained.

a−
n
2 da= AYnσ n dt (3)

In the case of constant stress rate (σ = σ̇ t), integration
of the Equation 3 yields the following equation:

σ =
{

2(n+ 1)σ̇

AYn(n− 2)

[(
1

a0

) n
2−1

−
(

1

a

) n
2−1
]} 1

(n+1)

(4)

wherea0 is the initial crack size which is determined
by the indentation load and grinding depth. The average

Figure 10 Schematic illustration of the relation between crack size (halo
size) and fracture strength for the case of Al2O3 where SCG occurs.

Figure 11 Plot of flexure strength versus initial precrack size for
Al2O3 specimens; closed and open marks are for the 0-specimens and
5-specimens, respectively.

value of stress rate ( ˙σ ) is proportional to the crosshead
speed. By substituting the reported data of Pletkaet al.
[16] into the Equation 4, the flexure strength of a pre-
cracked specimen can be obtained as shown in Fig. 10,
when the initial precrack size and stress rate are ar-
bitrary given. In this figure, we consider two regions
in which the rate of the reaction at a crack tip con-
trols crack extension and the diffusion of corrosive
species to the crack tip controls crack extension. Al-
though the constants used to represent this figure do
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Figure 12 SEM photographs of a Knoop indentation-induced precrack
(49 N load) in Si3N4 specimens which were fractured at the crosshead
speed of (a) 0.05 mm/min, (b) 0.5 mm/min, and (c) 5.0 mm/min. Arrows
outline precracks.

not correctly correspond to our result, the qualitative
explanation is possible. As can be seen in Fig. 10,
for the same initial crack size, the halo size (af −a0)
increases as the crosshead speed decreases, and this
trend coincides with the result obtained in this study
as shown in Fig. 7. Furthermore, the flexure strength
increases with increasing crosshead speed under the
constant fracture toughness condition. The relation be-
tween fracture strength and the initial precrack size for
0-, 5-specimens was shown in Fig. 11. From this fig-
ure, the strength of the Al2O3 specimen was confirmed
to increase with the increase in the crosshead speed at
every initial precrack size. The constant fracture tough-

Figure 13 Plot of apparent fracture toughness versus surface grinding
depth for Si3N4 specimens.

Figure 14 Plot of average fracture toughness versus crosshead speed for
Si3N4 specimens.

ness with the crosshead speed is, therefore, thought to
be caused by the fact that the increased halo size is
offset by the decreased fracture strength.

From these results, if the halo region appears by the
SCG during the loading as shown in the Al2O3 speci-
mens, the critical crack size (i.e. the crack size incorpo-
rated with halo) must be used to calculate the fracture
toughness because the obtained fracture toughness does
not depend on the crosshead speed, and thus becomes a
material constant. Namely, in such a case, the crosshead
speed is not important for measuring the fracture tough-
ness at least from 0.05 mm/min to 2.0 mm/min.

3.2.3. Si3N4 specimen
Fig. 12 shows the SEM photographs of the fractured
surfaces of the Si3N4 specimen. Contrary to the Al2O3
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specimen, halo regions could not be observed around
periphery of the initial precrack at any crosshead speed.
It has been reported that the SCG in Si3N4 mainly ap-
peared at high temperatures [17]. In NC-132 Si3N4, a
halo region was reported to appear even at room temper-
ature, but the halo was thought to be due to the precrack
tilt, not SCG [8]. In this study, the halo region induced
by SCG did not appear in the Si3N4 specimens tested at
room temperature. It means that the critical crack size
at fracture is equal to the initial precrack size induced
by indentation, and this value must be used for fracture
toughness calculation, unlike the soda-lime specimen
mentioned above.

Fig. 13 shows the fracture toughness of the Si3N4
specimen as a function of grinding depth. The fracture
toughness increases with increasing the grinding depth
and reaches a constant value (≈25 µm). This critical
depth corresponds to the 3.5h, whereh is the indenta-
tion depth. The average fracture toughness of the Si3N4
specimens above the critical grinding depth was calcu-
lated to be 5.14± 0.10 MPam1/2, 5.20± 0.18 MPam1/2

and 5.18± 0.18 MPam1/2 for the crosshead speed of
0.05 mm/min, 0.5 mm/min and 5.0 mm/min, respec-
tively. These data were plotted against the crosshead
speed in Fig. 14. Although the halo region could not
be observed as in the case of soda-lime glass speci-
mens, the fracture toughness of the Si3N4 specimens
calculated from the initial precrack size was almost in-
dependent of the crosshead speed. This is because the
SCG and plastic yielding do not occur at room tem-
perature in the Si3N4 specimens as has been reported
by Lange [18], even though the impurity levels in the
Si3N4 powders are different from each other.

4. Conclusion
The fracture toughness of the Al2O3 and Si3N4 speci-
mens determined by SCF method was independent of
the crosshead speed, although the appearance of halo
region was quite different. In the Al2O3 specimens, the
increase in crack size caused by SCG was counterbal-
anced by the decrease in the flexure strength, and thus
the fracture toughness was relatively constant irrespec-
tive of the crosshead speed. The fracture toughness
of the Si3N4 specimens was also independent of the
crosshead speed, because the initial precrack size was
equal to the critical crack size at fracture. In soda-lime
glass specimens, halo region could not be observed.

The fracture toughness was, however, dependent on the
crosshead speed unlike the Si3N4 specimens. This is
probably due to the difficulty in determining the criti-
cal crack size at fracture. For glass, it is recommended
that a bending test be performed under relatively higher
crosshead speed (over 0.5 mm/min) or in an inert
environment.
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