JOURNAL OF MATERIALS SCIENCE 21 (1986) 2365-2372

Effect of test method and crack size on the
fracture toughness of a chain-silicate

glass—ceramic

G. H. BEALL, K. CHYUNG, R. L. STEWART
Corning Glass Works, Corning, New York 14831, USA

K. Y. DONALDSON, H. L. LEE, S. BASKARAN, D. P. H. HASSELMAN
Department of Materials Engineering, Virginia Polytechnic Institute and State University,

Blacksburg, Virginia 24061, USA

The fracture toughness of a canasite glass—ceramic with a highly acicular, interlocked grain
structure was measured by a number of different methods. The values at room temperature
obtained by the chevron-notch, short-bar and notched-beam methods ranged from 4 to

5 MPam™2, well above literature values for other glass—ceramics. Similar values of toughness
were obtained by the fracture of bars with indentation cracks introduced with loads ranging
from 1.96 to 400 N, but only for crack sizes >200 um, with lower values for cracks of smaller
size. The toughness values obtained by the direct measurement of the size of the indentation
cracks were appreciably lower than the values obtained by all other methods over the total
range of indentation loads and corresponding crack size. SEM fractography showed that the
surface within the indentation cracks was appreciably smoother than the surrounding fracture
surface. The high values of fracture toughness were attributed to the combined mechanisms of
crack-deflection and microcrack-toughening due to the stress-enhanced creation of micro-
cracks caused by the residual stresses which arise from the thermal expansion anisotropy of
the canasite monoclonic crystal structure. The strong negative temperature dependence of the
fracture toughness suggests that at room temperature microcrack toughening represents the
primary contributing mechanism to the fracture toughness. The combined effects of crack-
deflection and microcrack-toughening can lead to the development of glass—ceramics with

greatly improved resistance to crack propagation.

1. Introduction
Structural ceramics, because of their high resistance to
corrosion and deformation by creep, as well as their
excellent resistance to chemical and abrasive wear, are
eminently suited for engineering applications involv-
ing severe operating conditions and elevated tem-
peratures. Unfortunately, the successful use of struc-
tural ceramics is handicapped by their high degree of
brittleness, which results in low strains-to-fracture,
low resistance to mechanical surface damage, low
resistance to impact and high susceptibility to
catastrophic failure under conditions of thermal shock
[1]. However, significant improvements in these latter
unfavourable properties of brittle ceramics can be
achieved by increasing the resistance to crack
propagation (i.e., the fracture toughness).
Toughening of brittle materials can be accom-
plished in a variety of ways. The presence of a ductile
metallic grain-boundary phase, as exemplified by
cobalt-bonded tungsten carbide, is a highly effective
toughening agent. Other mechanisms of toughening,
recognized as effective in increasing the fracture
toughness of structural ceramics as well as of other
brittle solids, include transformation toughening by
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means of a dispersed phase of tetragonal zirconia [2,
3], stress-induced microcracking [4, 5], and crack-
deflection by tilt or twist around a second phase inclu-
sion [6]. For fibre (or whisker) reinforced brittle
materials, toughening mechanisms include fibre frac-
ture and pull-out and/or ligament toughening due to
fibres which bridge the crack opening at locations
behind the crack front [7].

Crack deflection as a toughening mechanism can
occur in polycrystalline brittle materials with pre-
ferred crystallographic cleavage planes. The develop-
ment of a columnar grain structure with preferred
orientation was found to improve the fracture tough-
ness of silicon nitride [8]. Toughening by crack deflec-
tion can also be promoted by the presence of a high
toughness second phase around which the crack in the
matrix must propagate [6, 9].

Glass—ceramic materials can also be toughened by
control over the microstructure which results from the
crystallization process. The superior fracture tough-
ness of a series of cordierite glass—ceramics was attri-
buted to the deflection of the propagating crack
around the larger crystallites of higher fracture tough-
ness embedded in a fine-grained matrix of lower
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fracture toughness [10]. In comparison to glass—
ceramics with a more equidimensional grain shape,
glass—ceramic materials with highly acicular crystal
structures whould exhibit superior fracture toughness
as the result of enhanced crack deflection. In particular,
acicular microstructures are found in chain-silicate
glass—ceramics in which, because of a preferred
growth direction, crystallization results in a highly
interlocked acicular grain structure. The purpose of
this study was to investigate the fracture toughness of
such a chain-silicate glass—ceramic.

2. Experimental details

2.1. Material

The specific chain-silicate glass—ceramic selected for
this study is based on the mineral canasite with com-
position corresponding to Ca;Na,K,Si,,05,F, which
exists in the monoclinic crystal structure with easy
cleavage fracture occurring along the (100) and (00 1)
planes. The lattice parameters a4, b and ¢ at room
temperature were 1.8844, 0.7283 and 1.2693 nm,
respectively, with corresponding coefficients of
thermal expansion of 10.525 x 107%, 9.263 x 107¢
and 16.000 x 107°°C~! determined from X-ray data
obtained from 25 to 700°C. The angle f at room
temperature equalled 112.27° with a coefficient of
thermal expansion of —4.48 x 107°°C~'. The
samples were made from the original glass with CaF,
as nucleating agent by a nucleation stage at 560° C for
4h followed by crystal growth at 880°C for 4h for
measurement of the fracture toughness by the inden-
tation method, and for 4 or 49 h for toughness measure-
ment by the other methods. The glass—ceramic
samples made in this manner were approximately
90% crystalline with the remainder consisting of
the primarily glassy phase. Young’s modulus and
Poisson’s ratio at room temperature were measured to
be 85.5GPa and 0.22, respectively. Details of the
microstructure will be presented subsequently in the
form of SEM fractographs to illustrate the data for
fracture toughness.

2.2. Measurement of fracture toughness
The fracture toughness K., at room temperature, was
measured by five different methods:

1. The indentation-fracture method was used with a
Vickers indenter as described by Evans and Charles
[11], which relies on the direct measurement of the size
of the indentation cracks along a polished surface,
which for the present samples was annealed at 600° C
for 4h to reduce or eliminate residual stresses intro-
duced by the polishing. Indentation loads ranged from
1.96 N up to S00N. A conventional microhardness
tester was used for indentation loads <20N. For
loads > 20N, a servo-electric mechanical tester was
programmed to apply the load in a load-time
sequence identical to the one for the microhardness
tester. From the data of crack size and the dimensions
of the indent diagonal, the fracture toughness K, at
any given load was calculated by means of the expres-
sion of Niihara et al. [12] for indentation cracks with
the median crack geometry.
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2. The indentation-strength method, which relies
on the measurement of the load required to fracture
an indented specimen, is described by Chantikul ez al.
{13]. The specimens for this purpose consisted of bars
measuring approximately Smm x 2.5mm x 65mm
and were cut from a larger block with a low speed
diamond saw. The specimens were indented in the
centre of one of the 5 x 65 mm faces. The indentation
loads ranged from 1.96 to 400N, and were applied
using the microhardness tester for loads <20 N and a
servo-hydraulic tester for loads > 20N, as described
earlier. In order to minimize sub-critical crack growth
over the time period between indentation and the
fracture test, a drop of immersion oil was placed on
the site of the indentation prior to the indentation
process. With the indentation on the tensile surface,
the specimens were broken in four-point bending
using an inner and outer span of 25 and 38 mm,
respectively, at a stressing rate of ~10MPasec™!.
From the indentation load and load at failure the
fracture toughness was calculated with the aid of the
expression given by Chantikul et al. [131.

3. The single-edge notched-beam (SENB) method
was used, as described by Brown and Srawley [14],
using rectangular bar specimens with dimensions of
~5mm x Smm x 45mm. A transverse saw cut
with depth ~ 2.5mm was introduced with a diamond
blade of thickness ~0.17 mm. The notched bars were
broken in four-point bending with inner and outer
spans of 20 and 40 mm, respectively, at a cross-head
speed of 0.017mm sec !, The fracture toughness was
calculated from the dimensions of the bar, the inner
and outer spans and the magnitude of the failure
load by means of the expression given by Brown and
Srawley [14].

4. The Chevron-notch method was used as
described by Munz er al. [15]. Specimens measured
approximately Smm x 6mm x 45mm, with the
Chevron notch cut with the aid of a diamond blade
with a width of ~0.17mm to a depth of ~4.5mm
along the sides of the specimen, and the depth of the
tip of the Chevron from the tensile surface ranging
from 0.1 to 0.4 mm. The specimens were fractured in
an Instron tester in four-point bending with inner and
outer spans of 12.5 and 40 mm, respectively, at a
cross-head speed of 8.3 x 10" mmsec™'. The frac-
ture toughness was calculated with the aid of the
expression given by Munz et al. [15] from the dimen-
sions of the specimens and the notch and the maxi-
mum load.

5. The short-bar method was used, as described by
Munz et al. [16], using specimens with cross-section of
9.6mm x 84mm by 14.3mm long, and a notch-
depth of ~1.6mm at the front of the notch and
~ 10 mm along the side of the specimen which yields
a notch angle of ~58°. The notch was cut with a
diamond-saw blade with thickness of ~0.17 mm. The
fracture toughness was calculated by means of the
relation given by Munz et al. [16] from the maximum
value of load encountered during fracture and the
dimensions of the specimen and notch.

The Chevron-notch method was also used for the



measurement of fracture toughness as a function of
temperature.

SEM-fractography was used to obtain information
on the morphology of the fracture surface and on the
mechanisms of toughening.

3. Results, discussion and conclusions
Table I lists the mean values for the fracture tough-
ness at room temperature for the canasite glass—
ceramics crystallized for 4 and 49h at 880°C,
measured by the single-edge notched-beam, the
chevron-notch and the short-bar methods. The differ-
ences in values for the three test methods cannot be
judged to be significantly different. The crystallization
treatment of 49 h appears to yield a somewhat higher
value for the toughness than the crystallization of 4 h.
It is encouraging to note that regardless of the test
method or duration of crystallization, the data for the
fracture toughness of this chain-silicate glass—ceramic
are about 2 to 4 times the corresponding values typical
for non-chain-silicate glass—ceramics [12, 17, 18].

Fig. 1 shows the dependence of fracture toughness
on temperature of the canasite glass—ceramic crystal-
lized for 49 h measured by the chevron-notch method.
Over the range from 25 to 600°C, the toughness
decreases rather rapidly by a factor of almost five.
This large negative temperature dependence is much
larger than the corresponding temperature depen-
dence observed for many other brittle materials {19,
20, 21]. The value of K;, ~ 1 at 600° C is of the order
expected for brittle materials undergoing pure mode I
crack propagation in the absence of any additional
toughening mechanisms.

Figs 2a, b, ¢, d and e show SEM fractographs of the
chevron-notch specimens used for the acquisition of
the data presented in Fig. 1 at 25, 200, 400, 600 and
800° C, respectively. The acicular interlocked crystal
structure is clearly evident from the fracture surface
created at 25°C and shown in Fig. 2a. This fracture
surface also indicates significant out-of-plane crack
propagation as the result of a high degree of crack
deflection. As indicated by Figs 2a, b, ¢ and d, the
fracture surfaces become increasingly smoother with
increasing temperature up to about 600° C, indicating
a decrease in the degree of non-planar crack propa-
gation. It should be noted that this decrease in surface
roughness with increasing temperature correlates with
a corresponding decrease in fracture toughness.

At 800°C, as indicated by the fracture surface

TABLE 1 Fracture toughness at room temperature of chain-
silicate canasite glass—ceramic crystallized for 4 or 49 h measured by
three different methods

Method Fracture toughness (MN m™?)
4h* 49 h*
Single-edge 448 + 031710yt 511 + 0.22F (1ot
notched-beam
Chevron-notch 4.41 + 0.30(5) 4.78 + 0.34(5)
Short-bar 412 4+ 0.31(3) 488 1 0.27(3)

*Period of crystallization at 880° C following nucleation at 560° C
for 4h.

¥Standard deviation.

{ Number of data points.

FRACTURE TOUGHNESS,A;.(MN m™3'?)
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(o] 100 200 300 400 500 600 700 800

TEMPERATURE (°C)

Figure 1 Temperature dependence of the fracture toughness of
canasite glass—ceramic crystallized for 40h measured by the
chevron-notch method.

shown in Fig. 2e, crack propagation appears to be
accompanied by viscous flow of the residual glassy
phase, which appears to have spread over nearly the
total fracture surface. The viscous flow of this glassy
phase 1s thought to be responsible for the increase in
fracture toughness from 600 to 800°C, as shown in
Fig. 1.

Figs 3a, b and c show the data for the half-diagonal,
the crack size and the calculated data for the fracture
toughness as a function of indentation load deter-
mined by the direct measurement of the crack size,
respectively, for the canasite glass—ceramic crystal-
lized for 4h. The data for the half-diagonal and crack
size are continuous over the total range of indentation
load. This suggests that the technique of loading
(hardness tester as opposed to servo-hydraulic tester)
does not affect the results obtained. The value of the
slope of the data for the size of the half-diagonal as a
function of indentation load has a value very close to
1/2, which is the value expected for a hardness which
is independent of load. However, the slope of the data
for the crack size as a function of indentation load has
a value near 0.6, which is somewhat below the value of
2/3 expected for median indentation cracks in a brittle
near 0.6, which is somewhat below the value of 2/3
expected for median indentation cracks in a brittle
solid with crack-size independent fracture toughness
[22]. This lower value of slope suggests that the frac-
ture toughness increases with increasing crack size,
supported by the trend of the data for fracture tough-
ness as a function of indentation load shown in
Fig. 3c. This behaviour is indicative of a toughening
mechanism with an effectiveness which increases with
crack size.

For purposes of comparison, Fig. 3c also shows the
value of fracture toughness obtained by the single-
edge notched-beam technique. It is clearly evident that
the values obtained by the indentation-fracture
method are significantly lower than those obtained by
the SENB technique over the total range of inden-
tation load.
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Fig. 4 shows a typical indentation crack in a surface
of the canasite glass—ceramic which was given a light
HF etch to bring out the microstructural details. The
non-planar mode of propagation of the crack suggests
that crack-deflection is a possible contributing mech-
anism to the fracture toughness. However, the degree
of out-of-plane propagation of the surface crack
shown in Fig. 4 appears to be much less than the
degree expected from the acicular nature of the micro-
structure clearly evident in Fig. 2, if crack propagation
takes place around the crystallites. This suggests that
fracture takes place through the crystallites, a mech-
anism which tends to diminish the full benefit that can
be obtained from crack deflection as a toughening
mechanism. This phenomenon was also observed by
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Figure 2 SEM fractographs of canasite glass—ceramic specimens
used for measurement of fracture toughness values shown in Fig. 1.
(a) 25°C; (b) 200° C; (c) 400° C; (d) 600° C; (e) 800° C.

Faber and Evans [9] and by Baskaran ez al. [23]. It
should also be noted that the indentation crack shown
in Fig. 4 does not indicate any evidence for significant
crack branching or for the formation of a process
zone.

Fig. 5 shows the data for the fracture toughness
following crystallization for 4h measured by the
indentation-strength method. The relative increase in
toughness with increasing indentation load is approxi-
mately the same as for the fracture toughness obtained
by the indentation-fracture method, shown in Fig. 3c.
However it is significant that over the total range of
indentation load the fracture toughness obtained by
the strength method exceeds the value obtained by the
indentation-fracture method by more than a factor of
two. It is also noteworthy that for indentation loads in
excess of about 20 N, the fracture toughness obtained
from the indentation-strength method agrees very well
with the value of fracture toughness obtained by the
SENB and other methods listed in Table I.

Figs 6a and b show SEM fractographs of the surface
of a strength specimen with an indentation crack intro-
duced at aload of 5N, inside and outside the area of the
original indentation crack, respectively. Comparison
of these fracture surfaces indicates that the surface of
the original indentation crack is much smoother than
the fracture surface surface outside the indentation



to3

T T
€
ES
~ 10k _
o
-
<
z
o
@
g
=Y
o lof -
i
<
b o
i 1 L
I 10 102 10
{a) INDENTATION LOAD (N)
fo® L T
I3
F4
=
= 10 E
X
[72]
w
w
z
S ®
=) g0 o o 004
e \ o 0000 )
w
@
=)
-
Q
<
«
'8
10~ ! 1
! 10 102 103
{c) INDENTATION LOAD (N)

104 L T
E
2
‘W 103 .
N
w
¥
[&)
s o
o
(&)
'3_’ 102 ~
(=]
[
= o]
10 A 1
| 10 10? 103
(b) INDENTATION LOAD (N)

Figure 3 Indentation fracture data for canasite glass—ceramic
crystallized for 4h. (a) Half-diagonal; (b) medium crack size; and
(c) fracture toughness calculated from measured crack size. (O)
Measurement of crack size; (——-) single edge notched beam.

indentation-fracture method and strength method
given in Figs 3c and 5.

By combining the data shown in Figs 3, 4 and 5, the
fracture toughness can be plotted directly as a func-
tion of indentation crack size, as shown in Fig. 8.
These data indicate that a minimum crack size of
~200 um is required for the fracture toughness
obtained by the strength method to be equal to the
toughness value obtained by the SENB and the other
two methods listed in Table I. For crack sizes
< 200 um, the fracture toughness decreases rapidly
with decreasing crack size.

In summary, the principal observations of the frac-

crack. Similar differences are shown by the corre-
sponding fracture surfaces for a strength specimen
indented with a load of 161N shown in Fig. 7. It
is suggested that these differences in surface morph-
ology provide an explanation for the differences in the
values of the fracture toughness obtained by the

Figure 4 Indentation crack in canasite glass—ceramic crystallized
for 4h introduced at load of 9.8 N.

ture behaviour of the canasite chain-silicate glass—
ceramic of this study include:

1. The fracture toughness obtained by the inden-
tation-fracture method is less than the corresponding
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Figure 5 Fracture toughness of canasite glass—ceramics crystallized
for 4h measured by indentation-strength method at room tem-
perature. (O) Strength method; (——-) single edge notched beam.

2369



L] \’\_/ 'l.‘
e

fas = 5 Lishpinte
20KV X580 851 75681

Figure 6 SEM-fractographs of indentation
strength specimen used for the fracture
toughness data shown in Fig. 5 at inden-
tation load of 5N, (a) inside original inden-
tation; (b) outside indentation.
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values obtained by the indentation-strength method
for the same values of indentation load.

2. The fracture toughness obtained by both
indentation-fracture and indentation-strength methods
shows significant increases with crack length. For
indentation cracks > 200 um, the data obtained by the
indentation-strength method agree with the values of
fracture toughness obtained by the single-edge
notched-beam, the chevron-notch, and the short-bar
methods.

3. The fracture toughness measured by the chevron-
notch method shows a strong negative temperature
dependence, which correlates with a corresponding
decrease in the roughness of the fracture surface.

The above observations must be explained in terms
of the primary mechanisms of toughening and the
effect of the test method on the measured value of
fracture toughness. The following hypotheses are
subject to verification by future theoretical analysis.

The fracture toughness of the chain-silicate glass—
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ceramic appears to be affected by two primary mech-
anisms: (1) crack-deflection, which arises from the
combined effects of the acicular microstructure and
the preferred cleavage fracture, and (2) stress-induced
microcrack toughening, due to the internal stresses
caused by the anisotropy in thermal expansion of the
individual crystals, which leads to microcracking by
intergranular or intragranular cleavage fracture. It is
suggested that although toughening by crack defiec-
tion may play a role at room temperature, microcrack-
toughening makes the major contribution to the
observed value of fracture toughness. The principal
basis for this conclusion is the observed rapid decrease
in fracture toughness with increasing temperature
shown in Fig. 1. Microcrack toughening resuits from
the internal stresses which arise from the thermal
expansion anisotropy of the individual grains. The
magnitude of these internal stresses is proportional
to the temperature range over which the glass—ceramic
is in the elastic state on cooling from the crystalliz-
ation temperature. For this reason, the stresses are a
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maximum at room temperature and will decrease in
magnitude with increasing temperature. Therefore, for
a given microstructure, the incidence of stress-induced
microcracking is expected to decrease with increasing
temperature, accompanied by an associated decrease
in fracture toughness. The evidence for crack-
deflection indicated by the fracture surface, shown in
Fig. 2a, in the view of these authors, in fact represents
evidence for the formation of microcracks by cleavage
or grain-boundary fracture within the highly-stressed
zone ahead of the crack tip, which then provides a
path of preferential propagation for the main crack
along the plane of the microcracks. As a result of the
decreasing incidence of microcracking with increasing
temperature, the fracture surfaces are expected to
show a decrease in surface roughness. This is in agree-
ment with the observations shown in Fig. 3 and also
indicates that the formation of the fracture surfaces is
governed to a considerable extent by fracture through
the crystallites rather than by fracture around the

Figure 7 SEM-fractographs of indentation
strength specimen used for fracture tough-
ness data shown in Fig. 5 for indentation
load of 161N, (a) inside original inden-
tation; (b) outside indentation.

I

crystallites. The existence of fracture through the crys-
tallites is also supported by the fractograph of the
indentation shown in Fig. 4. The path of propagation
of this crack, as pointed out earlier, indicates a much
smaller degree of crack-deflection than expected if
crack propagation had occurred around the crystal-
lites. It is recognized that the presence of internal
stresses will also promote crack-deflection and thereby
increase fracture toughness. This mechanism also
should exhibit a strong negative temperature depen-
dence. In view of this, microcrack toughening is
thought to be the major contributing mechanism to
the high value of fracture toughness at room tem-
perature of the glass—ceramic of this study.

The differences in the data for the fracture tough-
ness obtained by the indentation-fracture method and
the indentation-strength method is thought to be due
to the differences in the magnitudes and/or distri-
bution of the stress fields in the vicinity of the
cracks for these two methods. In order to explain the
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Figure 8 Indentation fracture toughness of canasite glass—ceramic
crystallized for 4 h as a function of indentation crack size obtained
by strength method and measurement of crack size. (O) Strength
method; (O) measurement of crack size; (——-) single edge notched
beam.

dependence of crack size on indentation load, Lawn
and Fuller [24] and Evans and Charles [11] pointed out
that the loading on a median crack formed under the
influence of the residual stress field around the
indentation is mechanically equivalent to a penny-
shaped crack opened by a force P at its centre. Alter-
natively, the loading condition on the crack can be
represented by a fixed crack-opening displacement at
its centre, with crack formation serving as a mech-
anism for the relief of the residual stresses. In this
manner, the final size of the indentation crack corre-
sponds to the condition of crack arrest. It is speculated
that under this latter condition the driving force
derived from the relaxation of the residual stress field
just suffices to supply the energy required to propagate
the crack along a single crack front with little or
no probability for secondary crack or microcrack
formation. Under these conditions, the mechanism of
microcrack toughening and associated crack-size
dependence will largely be suppressed. A different
condition prevails when a mechanical load is applied
to an indented specimen. In this situation, the driving
force required for crack propagation is supplied con-
tinuously by the external stress field, which can
provide sufficient energy for microcrack formation,
especially as the crack becomes larger at constant
load. Under these conditions the mechanism of micro-
crack toughening will be fully effective. Clearly, the
validity of the above hypothesis is subject to future
theoretical analysis. But if shown to be valid, it should
predict that for any toughening mechanism which
relies on a stress-induced process, such a microcrack-
toughening or transformation-toughening, the frac-
ture toughness obtained by the indentation-fracture
method should be less than the corresponding value
obtained by the indentation-strength method at the
same value of indentation load, or less than the tough-
ness obtained by any other method which relies on the
onset of failure or extended crack propagation.
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In conclusion, it appears that as the result of its
acicular microstructure, in combination with its
monoclinic crystal structure, chain-silicate canasite
glass—ceramic exhibits high values of fracture tough-
ness at room temperature attributable to toughening
by crack-deflection and stress-induced microcrack
formation.
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