The Fracturing of Glass

Only recently have the atomic interactions underlying glass
fracture been defined. The work suggests ways to slow or even
stop the growth of cracks in glass and other brittle materials

by Terry A. Michalske and Bruce C. Bunker

lass is one of the oldest and

most widespread of commod-

ities: it has been produced
since 7000 B.C. and currently ac-
counts for a $20-billion-a-year indus-
try in the U.S. alone. Yet in spite of its
impressive history of meeting a re-
markable range of consumer needs,
glass has always been limited in its
applications by its tendency to frac-
ture. This inherent weakness poses
an increasing challenge to engineers.
Young and promising technologies
that require fiber-optic networks, ce-
ramic bone replacements or novel
optical and electronic components
have placed a high premium on
glasses and ceramics that will prove
particularly resistant to cracking. A
transoceanic fiber-optic cable, for ex-
ample, must have a long service life
to make laying the cable on the
ocean floor a viable enterprise.

Until recently very little was un-
derstood about the mechanism by
which glass cracks. In the mid-1960’s,
for instance, when investigators re-
ported precise measurements show-
ing that the stress needed to crack
glass decreases with increasing ex-
posure to water, they helped to ex-
plain why water aids glass cutters
but did little to illuminate precisely
how it does. An answer to the ques-
tion of how glass cracks started to
emerge in 1979. In that year the two
of us, together with our colleagues at
the Sandia National Laboratories and,
independently, Stephen W. Freiman
of the National Bureau of Standards,
began to develop mathematical and
chemical models to describe the frac-
ture of glass at the atomic level. We
are still developing and refining the
models, but our efforts have already
been rewarded. The physical and
chemical interactions that control
the rupture of interatomic bonds at
the tip of a crack provide a fascinat-
ing link between the atomic structure
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of materials and the real-world con-
cerns of product reliability. More-
over, the fundamental knowledge
evolving from atomistic studies of
crack propagation enhance the abili-
ty to utilize glass and other oxide ma-
terials in many of the demanding ap-
plications now being planned.

ost of us are introduced to the

topic of glass fracture at an early
age. The lesson may involve a shat-
tered milk glass or the crash of a win-
dow struck by an errant baseball.
When glass shatters, cracks seem to
appear instantaneously. High-speed
photography reveals that cracks can
spread through glass at speeds of
hundreds of meters per second, or
roughly half the speed of sound in
glass.

Even though the fracture of glass
can be a dramatic event, many fail-
ures are preceded by the slow exten-
sion of preexisting cracks. A good ex-
ample of a slowly spreading crack is
often found in the windshield of an
automobile. The extension of a small
crack, which may have started from
the impact of a stone, can be followed
day by day as the crack gradually
propagates across the entire wind-
shield. In other cases small, unno-
ticed surface cracks can grow during
an incubation period and cause a cat-
astrophic failure when they reach a
critical size. Cracks in glass can grow
at speeds of less than one-trillionth of
an inch per hour, and under these
conditions the incubation period can
span several years before the cat-
astrophic failure is observed. On
an atomic scale the slow growth of
cracks corresponds to the sequential
rupturing of interatomic bonds at
rates as low as one bond rupture per
hour. The wide range of rates over
which glass can fracture—varying by
12 orders of magnitude (factors of 10)
from the fastest shatter to the slowest
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creep—makes the investigation of
crack growth a particularly engaging
enterprise.

Surprisingly, glass is intrinsical-
ly one of the strongest materials
known. Under high-vacuum condi-
tions flaw-free glass can withstand
tensile loads greater than two million
pounds per square inch, which is 10
times the strength of most commer-
cial metal alloys. In normal service,
however, glass surfaces are exposed
to abrasives and chemicals that cre-
ate small surface cracks and promote
their growth, ultimately reducing the
strength of the glass. The effects
of chemicals on the growth rate of
cracks pose the greatest challenge to
the design engineer, since these ef-
fects not only reduce the immediate
strength of the glass but also can re-
sult in the failure of a structure that
has supported a stress load for sever-
al years.

One of the most potent chemical
agents is water, which presents a par-
ticularly severe threat because it is
always in the atmosphere. Water can
accelerate the rate of crack growth
more than a million times by attack-
ing the structure of the glass at the
very root of the crack. Much of our
work has centered on understanding
from an atomistic point of view how
water and other chemicals acceler-
ate crack growth and how the accel-
eration can be slowed, stopped and
evenreversed.

Atisans, of course, have long rec-
ognized and utilized the ability
of water to cause glass to crack more
easily. Evidence suggests that early
American Indians exploited the ef-
fect of water in making arrowheads
from flint, a form of silica (silicon di-
oxide) related to glass, sand and
quartz. Indians in the Catahoula Lake
area of Louisiana, for instance, per-
formed a ceremony in which they



steamed flints before knapping (frac-
turing) them. Recent experiments on
similar materials confirm that knap-
ping is made easier by soaking flint
in water. Today glaziers often apply
water, usually in the form of saliva, to
the shallow crack produced by their
scribing tool. The water decreases
the stress required to propagate the
initial crack and causes the glass to
break more smoothly.

A scientific basis for determining

the conditions necessary for crack
growth and fracture began to evolve
60 years ago with the pioneering
work of A. A. Griffith of the Royal Air-
craft Establishment. Griffith sought to
calculate the minimum energy nec-
essary to make a crack grow. He
started with the well-known observa-
tion that atoms at the surface of a sol-
id do not mesh with their neighbor-
ing atoms in the same way as atoms
in the interior do: the atoms sit rather

uncomfortably on the surface of the
solid, and so their energy is higher
than the energy of the interior at-
oms. As a consequence, anytime a
new surface is created, energy must
be supplied. Griffith reasoned that a
crack can grow in glass only when
the applied mechanical energy, or
stress, is greater than the energy of
the new surfaces created by the frac-
ture. (Until the applied stress exceeds
the minimum, the energy is stored in

GROWTH OF CRACKS in a glass bar with a hole drilled in its cen-
ter has been monitored in a series of experiments done by the
authors and their colleagues at the Sandia National Laboratories.
Compressive load applied along the long direction of the bar
creates tensile stress that propagates two cracks, one above the
hole and one below it. The rate at which the cracks grow is meas-

ured with a microscope that sits on top of the apparatus. The en-
tire assembly is enclosed in a high-vacuum chamber so that the
chemical environment can be carefully controlled. Here a large
amount of water vapor is present, which speeds the growth of
the cracks. The photographs, made using polarized light, show
that stresses are concentrated at the tip of each advancing crack.
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the glass as it would be in a spring.)
By applying his knowledge of the
surface energy of glass and using
existing calculations for the stresses
around surface cracks, Griffith deter-
mined the breaking load for cracked
plates. He triumphantly confirmed
his prediction in actual experiments
with glass tubes.

Griffith also determined that the
smaller the initial crack in a piec¢ of
glass is, the greater the applied stress
must be to extend it. This explains
why pristine fibers of glass hav-
ing only minuscule surface flaws are
from 100 to 1,000 times stronger than

ordinary window glass, which has
usually acquired relatively large sur-
face flaws in the course of handling.
Griffith’s energy-balance approach to
strength and fracture also suggested
the importance of surface chemistry
in the mechanical behavior of brittle
materials. Chemicals, such as water,
that lower the surface energy of a sol-
id ultimately will reduce the strength
of the material.

The 1950’s and 1960’s saw a flurry
of activity in the experimental study
of glass strength. Much of the new en-
thusiasm was spurred by advances
in the ability to produce continuous
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STRENGTH OF GLASS is controlled by the growth of cracks that penetrate the material
(top). When the glass is stressed, the crack tip (middle) penetrates the material. For this
reason the authors have sought to describe the growth of crack tips at the atomic level
(bottom). The basic unit of silica glass is a close-packed tetrahedron consisting of a cen-
tral silicon atom (blue) surrounded by four oxygen atoms (red). Each oxygen atom is
shared by the silicon atoms of two adjacent tetrahedrons, so that each tetrahedron is
connected to four neighbors. The tetrahedrons form a network of interconnected
rings, each containing from five to seven tetrahedrons. For clarity the oxygen atoms

are drawn smaller than the silicon atoms and not all bonds to tetrahedrons are shown.
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filaments of glass (fiber glass) that
could serve to reinforce plastics. Var-
ious workers confirmed that water
reduces the strength of glass and
showed that the breaking load also
depends on how long a stressed fiber
is exposed to water. They found that
load durations of only two weeks
reduce the strength of glass three-
fold. Moreover, it appeared that giv-
en enough time under a load the
strength of the glass would actually
approach zero. Obviously these ob-
servations were most disturbing to
the glass-manufacturing community.

In the mid-1960’s Sheldon M. Wie-
derhorn of the National Bureau of
Standards and several other investi-
gators studied just how the strength
of glass changes with time. By meas-
uring the growth of cracks under a
microscope while carefully control-
ling the amount of stress and envi-
ronmental conditions, they made
several important discoveries. First,
cracks in glass grow continuously at
controlled rates; fracture is not sim-
ply an off-on phenomenon. Second,
the rate of crack propagation de-
pends on the applied stress and the
amount of water in the environment.
Finally, one can predict the time of
failure by knowing how fast small
surface flaws grow under stress; as
small cracks in stressed glass slowly
extend, more stress is concentrated,
until rapid failure occurs.

nfortunately many failures that
may occur 10 years from now
can result from small cracks that be-
gin growing today at speeds of less
than one-trillionth of an inch per
hour—which, as we have mentioned,
corresponds to the sequential ruptur-
ing of interatomic bonds at the rate of
one bond per hour. Current experi-
mental techniques are not capable of
measuring these very slow crack
speeds. It is for this reason that we
have sought to develop an atomistic
picture of the events at the crack tip.
In order to describe atomic-scale
reactions at a crack tip we first must
provide a picture of the structure of
silica glass. The basic building block
of most forms of silica is a close-
packed tetrahedral unit that consists
of a central silicon atom surrounded
by four oxygen atoms. Each corner
oxygen atom is shared by the silicon
atoms of two adjacent tetrahedrons,
so that each tetrahedron is connect-
ed to four neighbors to form a space-
filling network. In crystalline forms
of silica such as quartz the tetrahe-
drons occupy regular positions that
are repeated throughout the crystal-



WATER can react with glass and cause it to crack more easily.
Here a water molecule enters a crack (left) and adsorbs onto the
tip (middle). The molecule causes a concerted chemical reaction
(right) in which a silicon-oxygen bond at the crack tip and an
oxygen-hydrogen bond in the water molecule are both cleaved,

line structure. In silica glass the tetra-
hedrons form a random network of
interconnected rings, each of which
usually contains from five to seven
tetrahedrons [see bottom of illustration
on opposite page]. As a crack grows,
tetrahedral units are torn apart by
the rupture of individual silicon-oxy-
gen bonds. The crack tip reflects the
dimensions of a single ring structure
that has been pried open on one
side, exposing the next silicon-oxy-
gen bond to be broken. The smallest
incremental distance the crack can
move is the diameter of the silicate
ring, which is from .4 to .5 nanometer
(billionth of ameter). The precise val-
ue depends on the number of tetrahe-
dronsin the ring.

Our results show that the amount
of energy required to rupture the sili-
con-oxygen bond between two sili-
cate tetrahedrons drops steeply—by
a factor of nearly 20—in the presence
of water. Specifically, if a piece of sili-
ca glass is kept in a near-perfect vac-
uum, the bonds between the silicate
tetrahedrons are highly stable. They
are so stable, in fact, that 1,300 calo-
ries of energy would have to be ex-
pended to destroy the silicon-oxygen
bonds in one gram of the silica. (In
comparison, 75 calories of energy
are necessary to heat one gram of
water from room temperature to boil-
ing.) When water is present, howev-
er, a chemical reaction can take place
between a water molecule and a sili-
con-oxygen bond, making the tetra-
hedral units much easier to separate.

A detailed picture of the interaction
can be divided into three steps. First,
a water molecule makes its way
along the opening of the crack and

adsorbs to the crack tip. Spare elec-
trons from the oxygen atom in the
water molecule begin to form a bond
with the unoccupied electron orbi-
tals of a silicon atom. Meanwhile one
of the hydrogen atoms in the water
molecule is attracted to an oxygen
atom in the silicon-oxygen chain. In
the next step of the process the new-
ly formed bonds strengthen while
the original oxygen bond is weak-
ened. Eventually the hydrogen from
the water molecule is transferred to
the oxygen in the chain and the sili-
con-oxygen chain ruptures. Finally,
the water molecule and the original
silicon-oxygen bond split apart and
are replaced by two surface silanol
groups (hydroxyl groups attached to
silicon). The crack has advanced by
one atomic step. The entire process
is called dissociative chemisorption.

In short, the chemical reaction be-
tween the silica and the water re-
duces the amount of energy that
must be supplied to make the crack
extend. The highly stable silicon-ox-
ygen bond has been replaced with
two nearly equally stable reaction
products, the surface silanol groups.
Since the energy consumed by a
chemical reaction is equal to the
difference between the energies of
the starting and ending complexes, it
can be shown that the rupture of sili-
con-oxygen bonds by water requires
only 78 calories per gram, as op-
posed to the 1,300 calories per gram
required in a vacuum.

The model of dissociative chemi-
sorption for crack-tip bond rupture
has enabled us to predict which
chemicals will make slow cracks
grow in silica. Such chemicals must
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producing two silanol groups (hydroxyl groups attached to sil-
icon). In the process the length of the crack increases by
one bond rupture. The reaction with water lowers the energy
needed to break the silicon-oxygen bonds by a factor of 20,
and so the bond-rupture reaction allows cracks to grow faster.

be able to donate electrons to the for-
mation of a bond with the silicon
atom at the crack tip and also to do-
nate a positively charged hydrogen
atom to bind with the oxygen atom
that was once attached to the silicon
atom. In addition a single molecule of
the chemical must be small enough
to fit into the crack tip in such a way
that the breaking and forming of the
bonds can take place simultaneous-
ly. Ammonia and methanol, for ex-
ample, satisfy both requirements,
and we have found that both chem-
icals speed up the rate at which
cracks grow in silica. In fact, the ef-
fect of ammonia, whose molecules
are roughly the same size as water
molecules, is nearly identical with
that of water.

he rate of crack growth depends

not only on the chemical envi-
ronment but also on the magnitude
of the applied stress. The develop-
ment of a complete model for the ki-
netics of fracture requires an under-
standing of how stress accelerates
the bond-rupture reaction.

In the absence of stress, silica re-
acts very slowly with water. The dis-
sociative reaction we have discussed
causes the surface of silica glass to
dissolve in water at a rate of 10—'7
meter per second; stress-free silicon-
oxygen surface bonds are so unreac-
tive toward water that they will not
even adsorb water vapor. Yet the ap-
plication of stress can cause cracks to
grow at speeds greater than one mil-
limeter per second.

A crack tip focuses stress in much
the same way as a needle point focus-
es an electric field. The closer one ap-
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proaches the crack tip, the higher the
stress becomes, until it reaches sev-
eral million pounds per square inch
within a few atomic dimensions of
the tip. Exposed to these large stres-
ses, the atomic structure of silica
becomes distorted from its normal
bonding configuration. Theoretical
calculations show that if a silicate tet-
rahedron is distorted by pulling on
the corner oxygen atoms, the silicon
atom in the center is more likely to
bond with a water molecule. Fur-
thermore, the chemical interaction
with water will decrease the force re-
quired to distort the silicon-oxygen
bonds further.

With the results of the theoretical
calculations to guide cur selection of
a model chemical system, we have
experimentally explored how stress
enhances reactivity. We have had to
work with a simple model system be-
cause the experimental techniques

currently available do not enable us
to observe directly chemical reac-
tions along the line of atoms at the
crack tip. Our model system consists
of small rings of silicon and oxygen
atoms (two silicon and two oxygen
atoms per ring). Such so-called edge-
sharing rings, which result when
two tetrahedral units bond together
along one edge, can be formed on the
surface of silica powders heated to
temperatures above 900 degrees Cel-
sius. The edge-shared ring structures
are practical for studying the effects
of bond strain, because the bond an-
gles and distances between atoms
are greatly distorted from the dis-
tances and angles found in normal
silica glass.

In order to examine the mechanism
and kinetics of reactions between
water (and other chemicals) and the
edge-shared silicate rings, we have
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MOLECULAR SIZE of a chemical substance affects its ability to speed the growth of
cracks in glass. Water, which has a molecular size of only .26 nanometer (billionth of a
meter), causes cracks to grow much faster than methanol (.36 nanometer) does, and an-
iline (.42 nanometer) has hardly any effect (top). In essence, water can readily enter a
crack opening (which has a diameter of .4 to .5 nanometer), methanol has difficulty get-
ting in and aniline is so big that it never arrives at the sites of bond rupture (bottom).
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employed a technique called Fourier-
transform infrared spectroscopy. In
infrared spectroscopy a sample is
bathed in infrared radiation. The ra-
diation transmitted through the sam-
ple is separated into individual fre-
quencies, and the amount of radia-
tion transmitted at each frequency is
measured. At certain frequencies
there will be a big drop in the amount
of radiation received by the detec-
tor. The effect arises because each
distinct molecular structure in the
sample vibrates at a characteristic
frequency. When that frequency is
matched by the frequency of the in-
frared radiation, there is a “reso-
nance” effect and most of the radia-
tion is absorbed by the sample, leav-
ing little to reach the detector. By
noting both the frequency and the
relative amount of absorbed radia-
tion, one can determine what kinds
of molecular structures make up the
sample and what the relative concen-
tration of each species is.

In Fourier-transform infrared spec-
troscopy, instead of detecting each
individual frequency optical interfer-
ence techniques are used to scan the
entire frequency range rapidly. A sin-
gle scan contains all frequencies of
infrared radiation, and so the time
necessary to gather the pertinent
data is only a fraction of a second,
whereas conventional infrared spec-
troscopy typically requires half an
hour or so to produce a complete
spectrum. The individual frequen-
cies are then separated by the math-
ematical technique of Fourier anal-
ysis. The advantage gained by Fou-
rier-transform infrared spectroscopy
is obvious: when one is studying rap-
id chemical reactions, one needs
swift and accurate measurements of
how the amounts of reactants, reac-
tion intermediates and products are
changing over time.

Fourier-transform infrared spec-
troscopy enables us to follow the ki-
netics of reactions among chemicals
that play an important part in the
fracture of glass. We can distinguish
among the edge-shared rings (the re-
actants), the water molecules ad-
sorbed to the rings (the reaction in-
termediates) and the silicon hydrox-
ide groups (the products). Our work
has led to three interesting findings.
First, a silicon atom in a strained ring
is much more likely to accept elec-
trons than a silicon atom in stress-
free glass. Consequently the silicon
atom in the strained ring is more like-
ly to adsorb electron-donating mole-
cules such as water, ammonia and
methanol. Second, all the chemical



species that make cracks grow more
rapidly in silica glass also dissoci-
atively chemisorb on the strained
ring: they cleave one of the distort-
ed silicon-oxygen bonds in the ring.
Conversely, chemicals that do notre-
act with the edge-shared rings have
no effect on crack growth in silica.

Finally, the rate of ring cleavage
when we expose our simple model
system to water vapor is more than
100,000 times higher than the rate at
which a flat, unstressed surface of
silica will react with water. The re-
sults provide direct experimental
evidence that silicon-oxygen bonds
can be broken rapidly by a stress-
enhanced reaction with water and
other chemicals.

e next sought to determine if
the dissociative-chemisorption
reaction between water molecules
and strained silicon-oxygen bonds is
the factor that limits the rate of crack

growth. We made direct comparisons
between the kinetics of the ring-
cleavage reactions in our model com-
pound and the speed of crack growth
measured under identical environ-
mental conditions. We found that am-
monia is slightly more aggressive
than water in rupturing strained sili-
con-oxygen bonds and also causes
cracks in silica glass to grow some-
what faster than water does. Metha-
nol is also more aggressive than wa-
ter in rupturing strained silicon-oxy-
gen bonds, but it is five orders of
magnitude less effective in increas-
ing the rate of crack growth than ei-
ther water or ammonia. The compari-
son between reactions of our model
compound in methanol and crack-
growth measurements clearly indi-
cates that the kinetics of fracture can-
not be predicted solely on the basis
of the kinetics of the underlying
bond-rupture reactions.

What accounts for the unusual

behavior of methanol? As we men-
tioned above, the size of the attack-
ing molecule also determines the
ability of the molecule to promote
crack growth. Water and ammonia
have nearly identical molecular sizes
(.26 nanometer), but methanol is a
much larger molecule (.36 nanome-
ter). Smaller molecules such as water
or ammonia can readily enter a crack
opening (which has a diameter of
from .4 to .5 nanometer) and cause re-
actions that rupture bonds, but larger
molecules such as methanol have dif-
ficulty getting in. Indeed, we have
found that molecules larger than
about .4 nanometer have no measur-
able effect on crack growth; they
have an extremely small probability
of ever making it to the sites where
bond-rupture reactions take place.
The size of the reactive molecule can
influence crack speeds even when
the molecule is smaller than the
opening of the crack tip. In effect, the

THEORETICAL CALCULATIONS show that water lowers the en-
ergy necessary to stress, or distort, the basic tetrahedral unit of
silica glass. In the absence of water a total of 73 kilocalories of
energy must be expended to bend the angle between two oxygen

24 KILOCALORIES

.15 KILOCALORIES°
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73 KILOCALORIES

atoms from 105 to 180 degrees (top). In the presence of water the
energy is only 30 kilocalories (bottom). To reduce the number
of electrons that enter into the calculations, two of the oxygen
atoms in the tetrahedron were replaced with hydrogen atoms.
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region just behind the crack tip acts
as a sieve that admits molecules to
the tip at a rate determined by the
size of the molecule.

A similar effect is observed in zeo-
lite molecular sieves. Zeolites are alu-
minosilicate crystals containing well-

defined cage structures connected
by openings of known size. Zeolites
are employed to separate different
chemicals by their size; the larg-
er molecules are excluded, whereas
the smaller ones pass through the
openings and adsorb within the cage

structures. Using measured molecu-
lar diffusion rates in zeolites as our
model for the crack-tip opening, we
have shown that methanol should
diffuse into a crack tip at a rate four
orders of magnitude less than the
rate of water. By taking into account

EXPERIMENTS confirm the importance of stress in promoting
crack growth. The authors worked with small rings consisting of
two oxygen and two silicon atoms. Such so-called edge-sharing
rings are practical for studying the effects of bond strain, be-
cause the bond angles and distances between atoms are greatly

distorted from those of normal silica. Here the reaction between
an ammonia molecule and an edge-shared ring is shown. Ammo-
nia is adsorbed on a strained silicon site; a dissociative-chem-
isorption reaction breaks the silicon-oxygen-silicon bonds. Such
strained bonds react 100,000 times faster than unstrained ones.
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FOURIER-TRANSFORM INFRARED SPECTROSCOPY is util-
ized to measure the rates at which various chemicals react
with edge-shared silicate rings. Shown here is an example of a re-
action involving methanol. The rates at which the rings (left) dis-
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appear and the chemisorbed methanol (right) appear are moni-
tored by bathing the samples in infrared radiation. When the fre-
quency of the radiation matches a characteristic vibration of
each molecule, a large absorption is recorded (peaks in curves).



the rate of molecular diffusion near
the crack tip and the rate of disso-
ciative chemical reactions on the
strained silicon-oxygen bond, we can
now predict to within an order of
magnitude the relative rates of crack
growth in silica glass exposed to dif-
ferent chemicals.

he results of our atomistic stud-

ies of fracture suggest several
novel and interesting possibilities
for predicting and controlling the
strength of glass and other brittle ma-
terials. Our discovery of the impor-
tance of molecular diffusion near the
crack tip indicates that surface coat-
ings might be designed to block the
opening of the crack and restrict the
passage of small molecules, such as
water, that can attack the bonds at
the tip and chemically weaken glass.
We are currently exploring this pos-
sibility by attaching large molecules
to the crack walls and measuring
their effect on the rate of subsequent
crack growth when water is present.
We find that we can decrease the
crack-growth rate 1,000 times when
we first apply such a molecular coat-
ing to the crack. If the coating can
be applied commercially, it should
greatly increase the structural life-
time of glass products.

The same thing should be true for
ceramics. Our work on crack growth
in other solids leads us to believe that
the general conclusions developed
for silica can explain the strength be-
havior of a wide range of brittle mate-
rials. The actual crack-tip reactions
appear to vary from material to mate-
rial, however, and the chemistry of
each solid must be considered on a
case-by-case basis. In complex sili-
cate glasses, for example, the simple
bond-rupture mechanism for crack
extension can be complicated by the
formation of reaction layers that are
several micrometers (millionths of a
meter) thick. Although the reaction
layers do not affect the bond-rupture
process directly, they can significant-
ly alter the amount of stress concen-
trated at the crack tip.

Yet it is important to keep in mind
that even though the interplay be-
tween surface chemical reactions
and mechanical strength can be
more complex than the interactions
we have described in this article, a
thorough understanding of how
glass fractures does lay the ground-
work for predicting how and when
other materials will fracture. It may
even provide clues for predicting
that most overpowering of fracture
events: an earthquake.
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