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The fracture toughness of soda-lime glass, Al,O3 and SisN4 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 Al,O3 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 SizN4 specimens. Despite of the difference in
the appearance of halo region, the fracture toughness of the Al,03 and SizN4 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.
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1. Introduction crack width anda the crack depth. The tw¥ values

The controlled surface flaw (CSF) method was develfor the deepest point of the precrack and the point at
oped in 1970’s as a test method for fracture toughnessurface ofthe precrack are calculated from the empirical
with a small precrack introduced by Knoop or Vickers equation of Newman and Raju [5], and the larger
indentations [1, 2]. Petroviet al showed that the value is used to calculate the fracture toughness.
fracture toughness was affected by the residual stress It is difficult, however, to measure the precrack size
around the indentation, and refined the method by inaccurately on the fractured surface. Recently, the sur-
corporating the grinding procedure of the indented surface crack in flexure (SCF) method was developed by
face by a certain amount [3, 4]. The method can beQuinnet al. to improve the CSF method [6-9], and was
described as follows. A small crack is introduced byproposed as an ISO standard for fracture toughness test
Knoop or Vickers indentation on a surface of a specimethod [10], after research had been conducted through
imen and the residual stress around the indentation ithe round robin project[7, 11]. The mainly refined tech-
eliminated by grinding and/or polishing. Then a bend-nique of the SCF method is that the specimen is tilted
ing test is conducted to measure the flexure strength of0.5° off perpendicular to the diamond indenter axis
the precracked specimen. The fracture toughness caturing the Knoop indentation. By this procedure, the
be estimated from precrack sizes observed on the fracesulting precrack will be 0-<50ff normal, and thus
tured surface, and the flexure strength using a stred#t slightly from the final fractured surface. This makes

intensity formula as shown in Equation 1. the precrack easier to discern during measurement of
precrack sizes.
Kic =Y(a, c)os/a (1) It was reported, however, by Quinet al. that a

crack growth region from the initial precrack, which
whereY is the stress intensity shape factor, andhe  was called as “halo” region, was observed during the
flexure strength of the precracked specimen, anthi@  bending test by several reasons [9]. In®@4 and glass
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ceramic specimens, for example, the crack growth wasvere determined from the photographs. The fracture
caused by slow crack growth (SCG), whereas the cractoughness was determined from the flexure strength and
growth of Mgk, and AIN specimens was due to the these two crack sizes by using the Equation 1.

residual stress and crack reorientation, respectively. It

is well known that the er_xure stren_gth is affected by3 Results and discussion

the crosshead speed during a bending test due to SCQ,1  characterization of the specimens

and thus the crosshead speed for determining flexurghe commercial soda-lime glass plates (Asahi Glass
strength of ceramics has already been standardized #%.) were used in this study. The chemical composition
0.5 mm/min [12]. It is not clear, however, whether theof the glass was known to be 72.5Wt%SiC0.5wt%

change in halo size has an influence on the fracturg, 5.8 3wt% Ca0-4.1wt% MgO-2.2wt% AD3-0.8
toughness measured by the SCF method or not. Wt% K,0.

In this stud_y, therefore, the effect of crack growth  the "microstructure of the AD; specimen was
dur_lng a bgndlng test' on the fracture toughness Was €%hown in Fig. 1a. The average grain size of theGhl
amined using soda-lime glass,8% and SgN4 spec-  ghacimen was measured to be around 218 by the
imens. In these materials, soda-lime glass anAl _ jinear intercept method. The crystalline phase was con-
specimens were known to show SCG [8, 9, 13-15]¢meq to bay-Al ,05 by X-ray diffraction analysis. The

whereas $N4 specimen was not at room temperatures.gative bulk density of the AD; specimens was larger
[8]. To change the halo size, the bending test was pety,5n 9904

formed in air_ by changing_ the crosshead spt_aed. The The main phase of §\, grains was confirmed to be
effect of 0.5 tilt of the specimen during Knoop inden- g i\, by X-ray diffraction analysis. Fig. 1b shows
tation was also investigated for the8; specimens. 1o microstructure of the $, specimen. The elon-
gated grain structure can be seen in this figure. The
2. Experimental procedure average width and average aspect ratio of the elongated

High purity Al,Os powder (Taimei Kagaku, TM-D, grains were de_termined to peQAn anq 3.8, respec-
9599(% Iv)\//as 2h03t-grevésed (at I14(|wforg 1 L;] under tively. The relative bulk density of the $h4 specimens

30 MPa in Ar to fabricate AlO; plates. SN, powder ~ Was about 98.7%.

mixed with 5 wt%AbO3; and 5 wt%Y¥,0O3; (UBE-SN-

COA) was also hot-pressed at 1780for 1 h under 3.2. Dependence of fracture toughness

30 MPa in N to make SiN4 plates. These plates were on crosshead speed

ground with 200-grit diamond wheel and cut into the 3.2.1. Soda-lime glass specimen

rectangular specimens (3 mg¥ mmx 40 mm). The  Fig. 2 shows the optical photographs of the fractured
specimens were annealed at 1400or 1 h in air for  surfaces of soda-lime glass specimens. Initial precracks
Al,Oz and in N, for SizN4 to remove grinding damage.
4 mm wide face of each specimen was polished with &)
2—4 um diamond slurry. For the soda-lime glass spec- (a)
imen, the rectangular specimens (2.8 mm mmx

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 #D3 and SN, spec-
imens, respectively. In order to check the influence of §
tilting a specimen during indentation, some®§ spec-
imens were indented without tilting. Some amount of =
material of the indented surface was removed by pol—(b) -
ishing to eliminate the residual stress around a Knoop gl
indent. The flexure strength of the indented specimenggss
was measured by a four-point bending fixture (upper g
span= 10 mm, lower spag- 30 mm) under the ambient %
laboratory conditions (temperature from’25to 30°C S
and relative humidity~50%). The crosshead speed was §
changed from 0.01 mm/min to 5.0 mm/min in order to g
check the effect of slow crack growth on the fracture SE%5%
toughness. After the bending test, the fractured surface$
were fractographically examined with an optical mi- 3 2 )
croscope and a scanning electron microscope (SEM) t+ 4 AR
determine the initial precrack size and the critical Crac"lﬁ:igure 1 The microstructures of (a) the ADz specimen hot-pressed at

S_ize at fraCture_- The depth)(gr_rd width (23) oftheini-  1400Cfor 1 hin Ar, (b) the SiN4 specimen hot-pressed at 1780for
tial precrack size and the critical crack size at fracturet hin N,.
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(a) (b)

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.
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Figure 3 Plot of apparent fracture toughness versus surface grindingrigure 4 Plot of average fracture toughness versus crosshead speed for
depth for soda-lime glass specimens. soda-lime glass specimens.

are clearly seen, but halo regions around the precracksecomes a constantvalue above a certain grinding depth
can not be observed although crack extension must o¢~25 um) which is almost 2.5 times of the indenta-
cur during the bending test, because it was reported thaibn depth. The average fracture toughness in the con-
soda-lime glass was susceptible to SCG by the strestant region (grinding deptk-25 «m) was obtained
corrosion cracking [13-15]. The fracture toughnesso be 0.74£0.09 MPan¥?, 0.81+0.1 MPani/?,

was, therefore, calculated by using the initial precrack).86+0.07 MPar¥? and 0.88+0.07 MPan¥? for

size and the flexure strength. Fig. 3 shows the relatiothe crosshead speed of 0.01 mm/min, 0.05 mm/min,
between the apparent fracture toughness and grindin@g.5 mm/minand 5.0 mm/min, respectively. As shownin
depth. At any crosshead speed, the fracture toughne$sg. 4, the fracture toughness increases with increasing
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the crosshead speed, and reached a constant value abc ( a)
a certain crosshead speed (0.5 mm/min). The change i
the fracture toughness must be caused by SCG throug
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 ir
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 d
pendence of the fracture toughness on the crosshea
speed. Practically for measuring the fracture toughnes:
of soda-lime glass by the SCF method, it is better to
conduct a bending test under higher crosshead speec(b)
(over 0.5 mm/min) or in an inert environment to elimi-
nate the SCG.

200 um

3.2.2. Al,O3 specimen
Figs 5 and 6 show the optical photographs of the frac-
tured surfaces of AD3 specimens which were tilted 0
and~0.5 off perpendicular to the Knoop indenter axis
during the indentation. Hereafter, the,®; 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 cause!
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 Quinr
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 crosshed
speed decreased, and this trend was independent of t
initial precrack size.

As shown in Figs 5 and 6, there were two kinds of _ i . o

L . . ._ Figure 5 Optical photographs of a Knoop indentation-induced precrack

cracksizei.e. |n|t|_al precrack size and ertlcal CraCkSIZe(49 N load) in AbO3 specimens which were fractured at the crosshead
at fracture (halo incorporated crack size) on the fracspeed of (a) 0.05 mm/min, (b) 0.5 mm/min and (c) 2.0 mm/min. The
tured surface of the ADs specimens. At first, we cal- Al,0; specimens were not tilted off perpendicular to the diamond in-
culated the fracture toughness from the flexure strengtenter axis during the indentation.
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, respeginding depth and reaches a constant value above a
tively. In this calculation, the critical grinding depth to certain grinding depth~20 m). The critical depth
remove the residual stress around a Knoop indent wais this specimen corresponds to theh3whereh is
assumed to be B whereh is the indentation depth. the indentation depth. In the constant regions, the av-
As can be seen in these figures, the fracture toughnessage fracture toughness for the 0-specimen was ob-
(open marks) was largely dependent on the crossheadined as 3.99 0.09 MPan¥?, 3.96+ 0.09 MPari/?
speed for both 0- and 5-specimens as in the case of thend 3.87:0.06 MPan¥? for the crosshead speed of
soda-lime glass specimens. This is because the chan§ed5 mm/min, 0.5 mm/min and 2.0 mm/min, respec-
in crack size (halo size) during a bending test is nottively. For the 5-specimens, these values were 4.02
considered in the calculation. 0.11 MPan¥?, 3.994+0.09 MPam¥? and 4.0Gt

For the reason, the fracture toughness was recalc.06 MPany? for the crosshead speed of 0.05 mm/min,
lated by using the critical crack size at fracture (halo0.5 mm/min and 2.0 mm/min, respectively. The rela-
incorporated crack size). Fig. 9 shows the fracturetions between the fracture toughness and the crosshead
toughness of the AD3; specimen as a function of the speed for the 0- and 5-specimens were also plotted in
grinding depth. It can be seen from this figure thatFig. 8a and b as closed marks, respectively. As can be
the fracture toughness increases with increasing thseen in these figures, the fracture toughness calculated

(c)
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Figure 6 Optical photographs of a Knoop indentation-induced precrack

(49 N load) in ARO3 specimens which were fractured at the crosshead (b)
speed of (a) 0.05 mm/min, (b) 0.5 mm/min and (c) 2.0 mm/min. The 1
Al2,03 specimens were tilted0.5> off perpendicular to the diamond I E
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indenter axis during the indentation. 40

MPam'?)

3.8 4
from the critical crack size at fracture does not depend o
on the crosshead speed, and there is no difference in th¢ 2
values between 0- and 5-specimens. It means that the 3 36+
change in the crosshead speed and tilting a specimer @ ]
do not cause any systematic error in the measuremen 3 a4 {
of fracture toughness of AD3; specimens. '

Quinnet al. has reported that the fracture toughness
of Al,O3 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 6
independent of the crosshead speed when the critical ~ ~oor o1 1 10
crack size (halo incorporated crack size) at fracture is
used for the calculation. This is because the increase
in crack size durlng_loadlng is counterbalanced by thq:igure 8 Plot of average fracture toughness versus crosshead speed for
rEeSU“?nt gecrease in the flexure strength as shown iRy, 0,: (a) 0-specimens, (b) 5-specimens. Closed and open marks are for

quation 1.

Fra

3.2

Crosshead speed (mm/min)

the values calculated by the crack siggh andwithouthalo, respectively.
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For most of ceramic and glass materials, a subcriti o
cal crack growth rate can be expressed as a followin
equation: 200 4~/ f——F——— T
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V = AK] )

where K, is the stress intensity factoA andn are

Precrack fength (um)

Figure 11 Plot of flexure strength versus initial precrack size for

constants that depend on the environment and the m&!20s specimens; closed and open marks are for the O-specimens and
terial. On substituting Equation 1 into Equation 2, the>-SPecimens, respectively.

following equation can be obtained.
a~zda= AY"o"dt (3)

In the case of constant stress rate<{ot), integration
of the Equation 3 yields the following equation:

2N+ 1o 1\21 1\ 51 7D
ozl () @

value of stress rater() is proportional to the crosshead
speed. By substituting the reported data of Pletkal.

[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

whereay is the initial crack size which is determined species to the crack tip controls crack extension. Al-
by the indentation load and grinding depth. The averag¢hough 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 S§N4 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 ness with the crosshead speed is, therefore, thought to
outline precracks. be caused by the fact that the increased halo size is
offset by the decreased fracture strength.

o From these results, if the halo region appears by the
not correctly correspond to our result, the qualitativegcg during the loading as shown in the;® speci-
explanation is possible. As can be seen in Fig. 10mens, the critical crack size (i.e. the crack size incorpo-
for the same initial crack size, the halo sizg ao)  rated with halo) must be used to calculate the fracture
increases as the crosshead speed decreases, and {§isghness because the obtained fracture toughness does
trend coincides with the result obtained in this studyy,o¢ depend on the crosshead speed, and thus becomes a
as shown in Fig. 7. Furthermore, the flexure strengthyaterial constant. Namely, in such a case, the crosshead

increases with increasing crosshead speed under th@eed is notimportant for measuring the fracture tough-
constant fracture toughness condition. The relation bejess at least from 0.05 mm/min to 2.0 mm/min.

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 ADs specimen was confirmed 3.2.3. SisN,; specimen

to increase with the increase in the crosshead speed Big. 12 shows the SEM photographs of the fractured
every initial precrack size. The constant fracture toughsurfaces of the N4 specimen. Contrary to the #D3
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specimen, halo regions could not be observed aroundhe fracture toughness was, however, dependent on the

periphery of the initial precrack at any crosshead speedirosshead speed unlike thelSi specimens. This is

It has been reported that the SCG igl&j mainly ap-  probably due to the difficulty in determining the criti-

peared at high temperatures [17]. In NC-132\gi a  cal crack size at fracture. For glass, it is recommended

halo region was reported to appear even atroom tempethat a bending test be performed under relatively higher

ature, but the halo was thought to be due to the precrackrosshead speed (over 0.5 mm/min) or in an inert

tilt, not SCG [8]. In this study, the halo region induced environment.

by SCG did not appear in thegBl, specimens tested at

room temperature. It means that the critical crack size

at fracture is equal to the initial precrack size inducedAcknowledgements
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