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Stress Development and Fracture of Surface Nucleated Cristobalite

on Silica Glass

Ryan C. Breneman,™* and John W. Halloran**

Department of Material Science and Engineering, University of Michigan, Ann Arbor, MI

Stress development and fracture of isolated cristobalite spheru-
lites in amorphous silica matrix were observed. High purity
bulk silica was annealed to produce partial surface crystalliza-
tion consisting of isolated and impinged spherulites in an
amorphous matrix. The stress state of the amorphous silica sur-
rounding cristobalite spherulites was qualitatively examined
using crossed-polars microscopy. Fracture was observed to
occur with many spherulites encircled by cracks in the
matrix and other spherulites observed to self-fracture in a “mud-
cracking” pattern. The fracture was found to be size dependent
with encircling matrix cracks occurring as a minority phenomena
in spherulites 20—70 microns in diameter and “mud-cracking”
self-fracture to occur in all spherulites over 70 microns in diame-
ter. The stresses develop as a result of the strain associated
with the 4.9% volume reduction in the cristobalite on transition-
ing from beta-to-alpha phase at ~250°C. Observed fracture
behaviors were modeled. Matrix cracks encircling spherulites
were found to be consistent with a Weibull failure model of the
glass under a stress field derived from the Eshelby inclusion
model. Self-fractured spherulite failure was found to be consis-
tent with a failure model based on thin films under biaxial
stress.

I. Introduction

FOR over a century it has been understood that that
crystallization to cristobalite weakens glass. The earliest
reports of the crystallization of amorphous silica to cristoba-
lite come from scientists frustrated by the clouding and sub-
sequent breakage of fused-quartz lab-ware exposed to
extreme temperatures, such as reported by Crookes in 1912.!
We know this weakening effect is a result of extensive micro-
fracture upon the transition of cristobalite from the high-
temperature beta-phase to the low-temperature alpha-phase
at ~250°C.>™* This micro-fracture is caused by the 4.9% vol-
ume reduction on transition from alpha-to-beta.’

The development of stress in glass-ceramics has been
widely reported upon in the literature; however, the work
tends to be directed toward bulk-nucleated glass-ceramics in
which the multiphase glass-ceramic can be used as a stiff load
bearing material.>® Less well studied is the development of
stress and failure in surface nucleating systems. This is likely
because crystallization in such systems is considered a flaw
rather than attribute. To our knowledge, no one has looked
specifically at the stress development in the amorphous silica-
cristobalite system.

Crystallization in cristobalite occurs through the formation
of surface spherulites which then grow and impinge to form
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a fully crystalline surface over an amorphous core. The lat-
eral growth across the surface has been reported to occur
faster than growth in thickness.'® During crystallization the
glass matrix is above the annealing temperature so no stress
develops. On cooling small thermal mismatch stresses can
develop between the beta-cristobalite and amorphous silica.
Although beta-cristobalite has very low thermal expansion,
the thermal expansion of amorphous silica is nearly zero. On
cooling from the strain temperature of ~1100°C-300°C beta-
cristobalite will experience a volume shrinkage of ~0.58% rel-
ative to the amorphous silica.!" Upon cooling to ~250°C
beta-cristobalite transforms to alpha-cristobalite, resulting in
a 4.9% volume reduction and the development of stress
between the cristobalite and the amorphous matrix.’ There-
fore, the transformation volumetric strain is ~8.4 times larger
than the thermal expansion volumetric strain mismatch. In
this work we make the approximation of only considering
the much larger transformation strain. In the case of isolated
spherulites, the beta-cristobalite develops stress free at high
temperature, but on transformation to alpha-cristobalite the
spherulite shrinks away from the matrix as shown schemati-
cally in Fig. 1.

In the present study the stress state of isolated spherulites
and resulting fracture are observed. The fracture is modeled
to understand the relationship between spherulite size and
mode of fracture.

II. Procedure

(1) Materials

A high purity bulk silica glass was used in this study. GE
124 (GE Momentive, Willoughby, OH) glass prepared as
75 mm x 25 mm x 2.5 mm slides were used as the starting
material. The purity of this material is greater than 99.9%.
The primary contaminants are aluminum with 14 ppm, tita-
nium with 1.1 ppm, and hydroxyl with <5 ppm. All other
contaminants amount to <4.5 ppm in total. It should be
noted that this is a very low hydroxyl content that reflects
the material as-received material. Heating under ambient
conditions will increase the h%/droxyl content through absorp-
tion of atmospheric H,O0.'!* This will result in higher
hydroxyl content in the material at crystallization.

(2) Annealing and Observation

GE 124 slides were annealed at 1200°C-1400°C with hold
times ranging from 10 min to 6 h. Annealing was conducted
under ambient atmosphere with laboratory relative humidity
ranging from 15% to 60%. During annealing the slides were
held on an alumina plate and supported by alumina spacers
at four points near each corner. The slide was supported in
this way to minimize contact contamination that may impact
crystallization.!'* The extent of beta-cristobalite formation,
including the size and area fraction of the spherulites, did
not change systematically with the annealing time and tem-
perature. Instead the behavior was quite variable from one
specimen to the next and from one location to another on
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Fig. 1. [Illustration of the beta-to-alpha transformation for an
isolated spherulite in a glass matrix. The 4.9% volume decrease on
transformation to alpha from beta on cooling causes the spherulite
to try to pull away from matrix inducing stress and/or failure.

the same specimen. As the apparent kinetics of cristobalite
formation was so variable, we focus instead on the regular
and systematic behavior of isolated spherulite after transfor-
mation to alpha-cristobalite.

Following annealing, samples were examined by optical
microscopy. Polarized light was used in conjunction with a
Nomarski prism to achieve contrast between the cristobalite
and the amorphous silica matrix. The stress fields surround-
ing spherulites were qualitatively examined using crossed-
polarizers optical microscopy (CPLOM).

III. Results

Spherulites were observed to surface nucleate and grow
spherulitically as has been reported by others.*'>!® Though
often indistinct when spherulite symmetry can be determined
it appears to be 3-fold about the center of the spherulite.
This indicates the cubic beta-cristobalite grew with a <111>
orientation. This agrees with the results of Presser et al. who
found the orientation to be <111> and growth to occur on
the octahedral faces.'> When observed at room temperature,
spherulites are in the tetragonal alpha-cristobalite phase hav-
ing transformed from cubic beta-cristobalite. This alpha-cris-
tobalite is highly twinned as a result of the loss of symmetry
through the displacive beta-alpha transformation and also
under stress due to the 4.9% volume reduction associated
with the transformation.

While many spherulites remain intact some were observed
to fracture within the spherulite while others were observed
with encircling cracks in the glass matrix. A typical image
with fractured and unfractured spherulites in the amorphous
matrix can be seen in Fig. 2. An example of an encircling
glass matrix crack and a close up of a fractured spherulite
can be seen in Fig. 3. Amorphous silica is birefringent under
stress. A spherulite surrounded by a radial stress field will
polarize transmitted light to an orientation parallel to the
stress. In crossed-polarizers optical microscopy (CPLOM),
two polarizers oriented 90 degrees apart are utilized, one
above and one below the sample. If the sample does not
induce any polarization, the light that passes the first polar-
izer will be extinguished upon reaching the second due to the
misorientaion of 90 degrees. In the case of a radial tensile
field the light passing through the sample will reorient to be
parallel to the stress field. The reoriented light passes through
the second polarizer resulting in an illumination effect. In
our case of a radial stress field the light will also be polar-
ized. This radial polarization effect in the stressed amorphous
silica results in an illumination effect with intensity that
scales with the degree of misorientation relative to the polar-
izers. In the case of a radial stress field (such as that sur-
rounding an alpha-spherulite) the observed intensity are at a
maxima at 45° misorientation to the polarizers. This results
in a “Maltese Cross” pattern centered on the middle of the
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Fig. 2. Isolated spherulites in amorphous silica matrix viewed by
reflected polarized light. Spherulites can be observed in both
fractured and unfractured state. Sample was annealed at 1375°C for
2 h. (A) Isolated spherulite with encircling matrix crack. (B) Isolated
spherulite  surrounded by un-cracked matrix. (C) Impinged
spherulites.

radial stress field. Conversely the misorientation and intensity
are at a minimum when aligned with one polarizer or the
other. The end results for polarizers oriented vertically and
horizontally are intensity maxima at 45°, 135°, 225°, and
315° and minima at 0°, 90°, 180°, and 270°.

The stress fields surrounding the alpha-cristobalite spheru-
lites were imaged qualitatively by CPLOM, as seen in Fig. 3.
An image with three neighboring spherulites imaged both by
reflected polarized light and by cross-polarized light can be
seen in Fig. 4. As discussed in the previous section, the inten-
sity of a radially symmetric field has maxima at 45°, 135°,
225° and 315° and minima at 0°, 90°, 180°, and 270°. In
Fig. 4 the spherulites are oriented diagonally relative to the
polarizers to maximize the intensity in between them. The
stress concentration can be seen to be very intense in between
the spherulites. In Fig. 5 an S-crack can be seen, likely initi-
ating from the stress concentration between two adjacent
spherulites.

At room-temperature spherulites were found to exist in
one of three states: (1) Intact, with intact spherulites sur-
rounded by intact but stressed glass matrix; (2) Matrix
Cracked, with intact spherulites surrounded by an encircling
crack passing through the glass matrix; (3) Self-Fracture,
with “mud-crack” self-fracture of the cristobalite spherulite
itself. These three states were found to coexist in the same
sample. This can be seen in Fig. 6, in which examples of the
three states can be seen in reflected polarized and transmitted
cross-polarized imaging. A survey was conducted on the fail-
ure mode for isolated spherulites to look at the incidence of
intact spherulites, matrix cracking, and spherulite self-frac-
ture as a function of spherulite size. In total 2734 spherulites
were observed from seven separate annealed samples. The
results are presented as a cumulative plot as a function of
size in Fig. 7 or spherulites 30 microns and larger; the spher-
ulite size was recorded with an accuracy of +5 microns. For
spherulites smaller than 30 microns, the accuracy is +2
microns. It can be seen that no fracture of the cristobalite or
encircling cracks in the matrix occur for spherulites less than
15 microns in diameter. For intermediate sizes, some spheru-
lites have matrix cracked with an encircling crack through
the glass matrix. Spherulites 70 microns and greater in diam-
eter are almost all self-fractured through the cristobalite in a
“dry mud” manner. This cracking pattern is similar to the
pattern of fracture seen when spherulites impinge creating a
fully crystalline surface as seen in Fig. 8. Unlike the encir-
cling cracks in the matrix seen in intermediate sized spheru-
lites the “mud-cracking” self-fracture seems to occur in
almost all spherulites above a certain size, this is illustrated
in Fig. 9. The occurrence of both matrix cracks in the glass
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Fig. 3. Close up images of fractured spherulite and spherulite with a surrounding matrix crack viewed by reflected polarized light. Sample was
annealed at 1375°C for 2 h a) fractured spherulite illustrating “mud cracking” b) spherulite with encircling crack passing through glass matrix.

Fig. 4. Spherulites imaged under polarized reflected light (a) and imaged by cross-polarized transmitted light (b). Cross-polarized imaging
highlights the stress concentration between spherulites. Sample was annealed at 1340°C for 40 min.

Fig. 5. Transmitted cross-polarized light image illustrating stress
fields and matrix cracking. Sample was annealed at 1340°C for
40 min.

and spherulite self-fracture of the cristobalite appear to be
size dependent. However, matrix cracking was always a
minority of the spherulites in a given sample; whereas above
70 microns almost all spherulites were observed to be self-

fractured. This suggests that while both behaviors are size
dependent they may depend on size in a different manner.

IV. Discussion

(1) Observed Failure Modes

As seen in Fig. 6, following the beta-alpha transition, iso-
lated spherulites were observed in one of three states: intact,
matrix cracked, or self-fractured. Intact here refers to intact
spherulites in intact matrix, while matrix cracked refers to
intact spherulites encircled by a crack through the surround-
ing glass matrix. Self-fractured refers to spherulites in which
the cristobalite has fractured. No spherulites were observed
to have matrix cracks and also be self-fractured. These two
different failure modes both appear to relieve stress, but also
appear to be separate phenomena. Both failure modes seem
to be size dependent with the population occurring at differ-
ent spherulite diameters as seen in Fig. 7. Small spherulites
with diameters 15 microns and smaller are all intact, display-
ing no cracks in the matrix or fracture of the spherulite.
Spherulites between 15 and 70 microns in diameter some-
times are encircled by a crack through the matrix, with
frequency of matrix cracking increasing with spherulite diam-
eter. Spherulites above 70 microns in diameter self-fracture
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Reflected polarized light
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Fig. 6. Reflected polarized and crossed-polarized light images
showing three behaviors of spherulites: (1) Stressed by no fracture;
(2) Matrix cracking around spherulite; and (3) Fracture of the
spherulite. Sample was annealed at 1340°C for 40 min.

—Intact (N=2476)
«+++Matrix Crack (N=139)
— -Self-Fractured (N=116)

0 T T T T T d
0 25 50 75 100 125 150

Spherulite Diameter, microns

Fig. 7. Cumulative distribution by size of isolated spherulites for
each failure behavior.

through the cristobalite, with very few exceptions. There were
many more small intact spherulites than large spherulites
with cracks. Figure 7 has the size distribution for 2479 intact
spherulites, 139 larger spherulites with cracks in the glass
matrix, and 116 large spherulites which had self-fractured. In
the following sections, the stress distribution and the
mechanics of the matrix cracking and spherulite self-fracture
are modeled.

(2) Stress Distribution Surrounding Alpha-Cristobalite
Spherulites

To understand why the behavior depends on the size of the
spherulite, we model the stress distribution. The spherulite
can be considered a hemispherical inclusion on the surface
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Fig. 8. Fractured surface of sample in which spherulites have begun
impinging (a) and in which spherulites have all impinged (b)
producing fully crystalline surface over an amorphous bulk. Sample
was annealed at 1335°C for 40 min.

500 pm

Fig. 9. A field of view with many spherulites of ~90 microns in
diameter, all of which have self-fractured. The blurry dark
background shapes are crystallization on the far surface. Sample was
annealed at 1325°C for 40 min.

of the glass. The well-known Eshelby model for a spherical
inclusion can then be used to approximate the stress state in
the surrounding matrix. In the classic Eshelby solution a
spherical particle becomes strained relative to the matrix due
to a thermal expansion mismatch. This strain leads to the
development of a hydrostatic internal pressure and stress in
the surrounding matrix. In the case of the spherulite in the
matrix a transformation strain causes the inclusion (spheru-
lite) to shrink relative to the matrix. This is analogous to the
Eshelby treatment of stress development on cooling for an
inclusion with a greater thermal expansion than the matrix.
From the Eshelby solution in this case, the stress inside the
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inclusion is uniform tension, which is expressed as a pressure
D, where:!”

2FE (ot — o, ) (AT
p= 2O = %) AD) _

(3 3v) =0 = o} M

Here p is the internal Eshelby pressure, E is the elastic modu-
lus, o refers to the coefficient of thermal expansion of the
matrix and inclusion respectively, and AT is the change in
temperature. The three stresses on the right-hand side are the
radial, angular, and azimuthal stress components in spherical
coordinates. These stress components are all equal since
inside the particle there is hydrostatic tension. Notice that
the stress inside the particle is independent of size of the
inclusion in this model.

For the case of the beta-to-alpha phase transformation of
cristobalite spherulites in a glass matrix, the thermal expan-
sion mismatch strain in Eq. (1) for the Eshelby form is
replaced by the transformation strain, &g ans:

2E€rans ») () ®)
P=GE 3y % 7% T 7% @

Similarly the matrix stresses can be modeled. The stress in
the glass matrix surrounding the spherulite has radial tension,
and angular and azimuthal compression. Radial tension in
the surrounding glass matrix damps with distance as 1//* and
increases with the cube of the particle size a°:

3 3
m _ 2Eetrans @ _ @
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This radial tension has the potential to cause the glass matrix
to crack. The plane of the crack will be any concentric shell in
the glass matrix around the spherulite. There also are compres-
sive stresses in the angular and azimuthal directions. These are:

3
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These compressive forces are constant with the angles 6, ¢,
and damp out in magnitude with the square of the radial dis-
tance from the spherulite. They will not cause fracture, but
they will suppress any angular or azimuthal component to
the crack path. Therefore, a matrix crack will tend to circle
around the spherulite. This model could explain why cracks
initiated some distance from the spherulite encircle but do
not approach the spherulite.

(3) Mechanics of Glass Matrix Fracture
Many spherulites have encircling cracks through the matrix.
Such cracks could be caused by the tensile field surrounding
the spherulite initiating cracking in the glass. The encircling
cracks can occur some distance from the edge of the spherulite.
This may be due to the cracks initiating from flaws in the glass,
as often observed for the fracture of glass. This would imply
that an interaction between the stress field intensity and the
flaw distribution of the amorphous silica leads to the observed
spacing between the spherulite and the encircling crack.

The highest magnitude of the matrix tension occurs at
r = a, the boundary between the spherulite and the matrix.
However, for an incremental spherical shell outside the
spherulite, while the stress decreases as 1/, the volume
under stress increases as 41/3(°—a®). So in the region where
the stress is highest, the stressed volume is smallest. Fracture
in glass is often determined by the largest flaw found in the
stressed volume, so the problem can be considered in the
context of Weibull statistics.
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The probability, F, of initiating an encircling matrix crack
can be described as:

]" ()" oy, »

Go Vo
a

where o, and m are the characteristic strength and Weibull
modulus for a two-parameter Weibull, and V, is the reference
volume associated with the characteristic strength. Since the
stress and stressed volume change with distance r, we assess the
failure probability integrated for all r greater than the spheru-
lite radius a. Equation (5) models how the probability of failure
varies with stressed volume FV(r). Substituting values for the
stress and volume terms allows the integration as follows:

v 3Ny
pa 2mr
F=1- eXp / 7(@) VO dr (6)
Followed by:
F=1-ex 2 (pa’\" 7?;'2_3’"dr (7
B P\, ) .
And finally:
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So from Eq. (8), the probability of crack initiation in the
matrix surrounding a single spherulite is simply a function of
the Weibull parameters, the internal pressure p derived from
the Eshelby approximation, and the spherulite size, a. If we
consider the size when the probability of matrix cracking is a
particular value, say 37% (i.e., 1/e) to simplify the exponen-
tial, we have a critical spherulite size is a;_ 37 where:

aAF=0.37 = (%) ' (%) ’ ©)

Thus, the likelihood of matrix cracking should increase
strongly with the spherulite size, but remains a statistical phe-
nomenon. This seems to match the behavior seen in Fig. 7.
Glass matrix cracking caused by spherulites is clearly
related to size with larger sizes being associated with higher
rates of matrix cracking; however, matrix cracking is always
observed to coexist with unfractured spherulites. The Weibull
model suggests that as spherulites get larger the probability of
activating a flaw and triggering a matrix crack increases, but
it remains a statistical phenomenon dependent on the Weibull
parameters of the glass. Thus, the observed matrix cracks
behave in the manner of a classic brittle failure induced by a
stress field than can be approximated by Eshelby methods.

(4) Mechanics of Spherulite Self-Fracture of Alpha-
Cristobalite

The self-fractured spherulites can be considered separately
from glass matrix cracking, because the fracture occurs within
the cristobalite and the crack morphology differs. The geome-
try of the spherulites may also change as they grow as others
have reported faster growth laterally than in depth;'® however,
we were unable to accurately measure depth of the spherulites
and so cannot confirm this. Self-fractured spherulites exhibit a
cracking pattern reminiscent of dried mud. This pattern of
cracking is not uncommon in thin-film applications. In many
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thin-film applications a stress develops between the film and
the substrate, such as that due to a mismatch in thermal expan-
sion. Often such films develop channel cracks to alleviate this
stress, resulting in dried-mud morphology. This may suggest
the largest spherulites are behaving similar to thin films under
stress. In fact, as can be seen in Fig. 8 when the spherulites
impinge and create a fully crystalline surface the fracture pat-
tern remains similar to that of self-fractured spherulites. This
supports the hypothesis that self-fractured spherulites are
behaving like thin films. A cristobalite layer on an amorphous
silica matrix will attempt to shrink on passing the beta-to-
alpha transition, but it will be constrained by the underlying
matrix. The constraint from the underlying glass results in
biaxial stresses. This situation is directly analogous to a thin
film on a thick substrate experiencing biaxial tension.

A thin film under biaxial stress on an infinite matrix is a
well-defined system. In such systems the stress often arises
from a strain resulting from the thermal expansion mismatch
between the film and substrate. In the case of the spherulites
the strain is the strain from the beta-to-alpha transition.
Cristobalite and amorphous silica both have an elastic modu-
lus of 72 GPa which further simplifies the relationship. The
fracture of thin films on infinite substrates with identical
elastic moduli is governed by:

%: 1.98 (10)

in which Gg is the steady-state energy release due to frac-
ture.'® Fracture is expected if Gy > r, where r is the cohesive
energy of the material. This provides a critical thickness, /e,
for failure given transformation strain, €., as follows:

r
(E/(l - Uz))slzmns 1.98

=h, (11

For a given strain energy, elastic modulus, Poisson’s ratio,
and cohesive energy there is a critical film thickness at which
the film cracks spontaneously. One can suppose that for
spherulites the thickness, /, is a function of the diameter, a.
If we make an approximation that a = b*h we can rewrite
Eq. (11) in terms of spherulite diameter:

br
(E/(l - Uz))slzrans 1.98

=a, (12)

This suggests that above a critical diameter the spherulite is
expected to be able to lower its energy by spontaneously
fracturing. This matches the behavior seen for spherulite
fracture. Above a certain size the spherulites are observed to
nearly universally self-fracture. A field of spherulites above
this critical size can be seen in Fig. 9. The critical value for
spherulite diameter, a., appears to be ~70 microns as very
few spherulites are unfractured above that size. It seems that
self-fractured spherulites are exhibiting fracture behavior
similar to thin films. Upon reaching a certain size the strain
energy associated with the biaxial constraint of the transfor-
mation strain induces fracture of the spherulite.

V. Conclusions

Cristobalite spherulites were formed on the surface of fully
dense amorphous silica and allowed to pass the beta-to-alpha
transition upon cooling. Stress fields were observed to sur-
round unfractured samples by crossed-polar microscopy.
Fractured spherulites were found to have failed by one of
two mechanisms, either by encircling cracks passing through
the matrix or “mud-cracking” of the spherulite itself. Matrix
cracks were observed to always coexist with unfractured
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spherulites, and the frequency of cracking was observed to
increase with spherulite size. Spherulite fracture on the other
hand, was observed in larger spherulites, and nearly all
spherulites above 70 microns in diameter were self-fractured.
Applying a Weibull statistics to glass cracks induced by an
Eshelby stress field produced a model for matrix cracking.
This model predicts probabilistic matrix hoop cracking with
a dependence on spherulite size, which aligns with observa-
tion. The occurrence of matrix cracks is a size dependent but
statistical phenomenon. A separate model based on thin-film
mechanics was formulated for spherulite fracture. The spheru-
lite behaves as a thin film under biaxial stress over an infinite
matrix. This model predicts a critical size at which the spheru-
lite will fracture. This critical size matches the observation that
above a certain size, nearly all spherulites have self-fractured.
Based on the models and observations, a complete picture of
failure can be developed. Upon transitioning from beta-alpha
stress is induced by the ~5% volume reduction. In spherulites
above a critical size this results in spontaneous self-fracture. In
spherulites below the critical size, the stress field may induce
cracking if the stress field activates a sufficiently large flaw.
Larger spherulites induce larger matrix stresses over larger
areas increasing their probability of activating a flaw, but
matrix cracking remains a statistical phenomena.
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