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Environmentally Enhanced Fracture of Glass: A Historical Perspective
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In this paper, we review the phenomenon of delayed failure, a
life-limiting process for glasses that are subjected to tensile
stresses. With the development of crack-weakening theories (In-
gles and Griffith) and the observation that surface damage en-
hances delayed failure, the scientific community recognized that
delayed failure in glass is caused by the growth of cracks that
are subjected to tensile stresses. Fracture mechanics techniques
were used to quantify crack growth rates in terms of applied
stress, temperature, and the chemical environments that cause
subcritical crack growth. We review the theories that have been
developed to rationalize subcritical crack growth data, including
theories based on plastic deformation at the crack tip, chemical
adsorption of the reacting species, and direct chemical reaction
of the environment with the strained bonds at the crack tip. The
latter theory seems to be most consistent with the finding that
water reacts directly with the strained Si—O bond because of the
ability of water to donate both electrons and protons to the
strained bond. Other chemicals having this characteristic also
cause subcritical crack growth. Finally, we review the quantum
mechanical calculations that have been used to quantify the
chemical reactions involved in subcritical crack growth.

I. Introduction

THIS paper focuses on the resistance of inorganic glasses to
crack extension in the presence of chemical environments,
primarily water. In applications where glass parts or compo-
nents such as windows, fiber optic cables, or glass containers are
subjected to far-field tensile stresses, failure usually occurs by the
extension of a crack from the surface of the glass. The crack
grows slowly until it reaches a critical size, at which point un-
stable crack growth ensues; the part fails almost instantaneously
once the critical size is reached. Because subcritical crack growth
is involved in the failure process, a time delay is often observed
between the time of first exposure to stress and the time of fail-
ure. Hence, scientists and engineers interested in the mechanical
behavior of glass called this phenomenon delayed failure.’
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Delayed failure is illustrated in Fig. 1. A characteristic of de-
layed failure is the dependence of component lifetime on the
level of the stress. When glass is subjected to a high applied
stress, failure occurs in a short time; however, if the load is re-
duced, the time to failure increases. The shape of the curve is
concave-up and, as such, gives the appearance that for very low
loads, a failure limit or threshold exists such that below this
limit, the glass will never fail. This failure threshold corresponds
to a crack growth threshold in glasses, as will be demonstrated
during the course of our discussion.

We now know that delayed failure is due to the combined
effects of stress and water in the environment, causing surface
cracks in the glass to grow slowly with time. From a practical
point of view, delayed failure significantly affects the design and
use of glass structures when survival over long periods of time is
critical. As delayed failure also occurs for other ceramic mate-
rials, such as porcelain and aluminum oxide, what has been
learned about delayed failure in glass is also applicable to these
other brittle materials.

II. Early Experiments

The first significant study of delayed failure was carried out by
Grenet,> who observed that the flexural strength of glass
depended on the testing rate. Grenet fractured glass plates in
three-point flexure, applying the load by hanging a bucket from
their center-line and gradually filling the bucket with water at
varying rates (Fig. 2). He observed that by decreasing the load-
ing rate from 0.25 kg/min to 0.25 kg/h, a 50% decrease in
breaking stress was achieved. Grenet also observed that speci-
mens left under a constant load failed in times as long as 5 days.
He was unsuccessful in determining whether this “delay in
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Fig. 1. Stress-time characteristics of glass, from bending tests on 1/4 in.
diameter soda-lime-silicate rods. Taken from Shand.'
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Fig.2. Experimental setup used by Grenet to study delayed failure.

fracture” was accompanied by any permanent deformation of
the glass (to our knowledge, no evidence for permanent defor-
mation in glass has ever been found in specimens loaded in flex-
ure, or tension). Permanent deformation is, however, observed
under hardness indentations.’

III. Inglis and Griffith

During the 20 years following Grenet’s publication, no direct
references to studies of glass strength appear in the scientific lit-
erature. However, there was a significant development in me-
chanics that had a significant impact on our understanding of
brittle fracture. In 1913, Inglis* published a paper discussing the
role of elliptical holes and notches in concentrating the applied
stress. He derived expressions relating the maximum stress at the
major axis of an elliptical hole to the length of the ellipse and the
radius of the ellipse at its major axis. He assumed that a crack
could be approximated by an elliptical hole, with a length 2c
(length of the major axis of the ellipse), and a height 2/ (length of
the minor axis). The stress at the end of the hole, 6,,,.y, is given by:

S 0[1 +2\[%] )

where p = h?/c is the radius of curvature of the tip of the ellipse.
Inglis” work represents an important step toward our under-
standing of the importance of cracks in controlling the strength
of brittle materials. For long, sharp cracks in brittle materials,

2\/% > 1; hence, the stress is determined almost entirely by the

size of the crack.” The radius of curvature of the crack tip, p, will
be of atomic dimensions in brittle materials such as glass, <1
nm, if indeed one can consider cracks in glass to have a radius of
curvature. More likely, what passes for a radius of curvature will
be masked by the atomic structure of the glass.

In 1920, a complementary ap?roach to the fracture of glass
was developed by A. A. Griffith,” who was the first to point out
that glass fails from small surface cracks, and that the density
and size of such cracks determines the distribution in strength
values. Griffith established a relationship between fracture
strength and the energy needed to form the fracture surfaces.
He considered a thru-crack of length 2¢ in a plate that was sub-
jected to a constant stress normal to the plane of the crack, and
asserted that the crack would begin to grow when the energy
supplied by the external elastic stress field equals the energy re-
quired to form two new fracture surfaces. At the point of equi-
librium, the following relation was found to hold between the

“Here, we equate the length of a crack with that of the major axis of the elliptical notch.
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critical stress, o,,, surface energy, v, Young’s modulus, E, and
the crack length, c:
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The Griffith equation is fundamental to our understanding of
the strength of materials and forms the basis of linear elastic
fracture mechanics. The fact that the strength of glass varies in-
versely with the square root of the crack length is consistent with
the Inglis treatment of strength. Also, the idea that small cracks
in the surface of glass determine the strength of glass is common
to both theories.

IV. Delayed Failure Studies

Recognition of the connection between delayed failure and the
condition of the surface of the glass required a long series of
experiments: first to show that surfaces of glass contain cracks,
then to show that failure originates from these surface cracks,
and finally, to quantify the motion of surface cracks so that
lifetime could be predicted.

In 1921, F.W. Preston took the first step in this series in a
study in which he characterized the structure of glass surfaces
that had been abraded.® He described the kind of cracks that
formed due to contact with spheres and polished glass surfaces.
From his results, he concluded that ground surfaces in glass are
filled with fissures and cracks. He later noted that these surface
cracks were the sources of fracture in glass.” Preston was one of
the first glass scientists to reference and accept Griffith’s hy-
pothesis regarding the nature of the flaws that lead to failure.”
Preston worked at the forefront of glass fracture research for the
next 40 years and made many significant contributions to our
understanding of the phenomenon of delayed failure.

In the 1920s we began to see more and more studies on the
delayed failure of glasses. Milligan, in 1929, recognized that
both water and water vapor play a key role in controlling the
strength of glass. He observed that the strength of glass in dry
environments was greater than in water, or in environments
containing water vapor. In 1935, Preston studied the effects of
load and time on the strength of glass.” He confirmed the find-
ings of Grenet that the lifetime of glass subjected to an applied
load will increase as the applied load is decreased. He also spec-
ulated on the existence of a stress threshold, below which failure
will not occur regardless of how long the glass is subjected to the
load. This idea of a stress threshold became a frequent theme in
discussions of delayed failure in glasses. Black'® confirmed the
findings of Grenet that the strength of glass depended on the
loading rate, strength increasing as the rate of loading increased.
He also conducted some constant load tests measuring the
strength of specimens that had not failed during the hold pe-
riod. He found that the strength of these specimens did not
differ from the other specimens tested. Because of the very
strong exponential dependence of crack growth rate on applied
stress, only the largest crack grows. The next largest crack hardly
changes size during the constant-stress hold period. A dis-
cussion of this problem can be found in reference."’

Tests to characterize the delayed failure of glasses continued
from the 1930s to the early 1950s. Glass specimens were tested
for both shorter and longer periods of time to determine the
functional dependence between applied load and failure time.'>'
Holland and Turner'? were the first to plot time-to-failure data
in logarithmic form for which the data appeared to fit a straight
line. Other authors preferred a semilog plot of stress vs. log of
the time to failure, ¢, even though the data do not fit a straight
line on this type of plot.!> 8

In 1942, Preston'® made the important observation that the
rate of strength decrease during static fatigue is temperature
dependent, being small at temperatures less than 0°C, maximiz-
ing at ~200°C, and then decreasing at temperatures of ~300°C
and higher. Preston interpreted these data in terms of the thickness
and chemical activity of the water layer absorbed on the
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glass surface. At low temperatures, the water layer is thick, but
chemically inactive; at a high temperature, the water is chemically
active but is very thin. At intermediate temperatures, the water
layer is both thick and chemically active; in the temperature range
of 0° to 300°C, glass is most susceptible to static fatigue. Preston’s
results were supported by the work of Mould,'*?° who studied the
time and temperature dependence of the strength of soda lime
silicate glass microscope slides. The results of these and other
studies suggested that a multiplicity of physical processes
controlled the strength of glass: adsorption, chemical reactions,
and transport to and from the crack tip. These processes were
quantified once the idea of the motion of surface cracks was
explored.

V. Direct Crack Growth Studies

The development of fracture mechanics as a scientific discipline
and its application to glasses and ceramic materials permitted
investigators to gather crack growth data that could be com-
pared directly with the theories used to describe the delayed
failure of glass. The use of this discipline marked a turning point
in our understanding of crack growth in ceramics and glasses
and the relation of crack growth to lifetime and strength. Before
the development of fracture mechanics, experimental studies on
glasses were limited primarily to flexural strength measurements
under a variety of environmental conditions; the role of envi-
ronment, temperature, glass composition, etc. in crack growth
had to be inferred from these measurements. The complexity of
the crack growth process could not be understood from such
speculations. Once fracture mechanics methods had been devel-
oped, these variables were studied quantitatively and were used
to predict the lifetime of glasses and ceramics.

Fracture mechanics techniques are characterized by the use of
test specimens with large cracks. The stress near the crack tip is
dependent on the inverse square root of distance from the crack
tip, 1/\/ r, a constant, K, known as the stress intensity factor and
a function of the angle, 0, that depends on the stress being
calculated, and on the type of loading (whether the load is nor-
mal to the crack plane or contains a shear component).*""' For
the stress intensity factor, Kj, all loads and stresses on the test
specimen are perpendicular to the crack plane. This mode of
loading is the most important mode when considering the
strength of glass. Other modes exist, in which shear loads and
stresses are applied to the specimen. In glass, these modes
control the direction of crack growth.

o = (Ki/V2nr)f;(0) €)
(Ki/v2m)

For a given specimen geometry, the stress intensity factor
K7 depends on the geometry, the crack length, and the force
or stresses applied to the specimen. By expressing crack growth
results in terms of stress intensity factors, universal curves
for slow crack growth could be obtained that were applicable
to any geometry.

(1) Crack Growth in Nitrogen Gas

The first systematic studies of crack growth in glasses were
carried out by Wiederhorn®? and by Irwin.”> Wiederhorn
used double cantilever beam (DCB) specimens similar to those
used by Gilman®* to study the cleavage of single crystals. Crack
extension was measured as a function of applied force, using an
optical microscope to follow the crack motion. The principal
result from this study®? is shown in Fig. 3, where crack velocity
is plotted as a function of the applied stress intensity factor'" for
atmospheres in which the relative humidity (RH) varied from
0.017% RH to 100% RH.

'For a vector from the crack tip, 0 is the polar angle between the crack plane and the
point at which the stress is determined.

TAs crack lengths and specimen geometry were known, the force data from Wieder-
horn®? were converted into stress intensity factors, which are more appropriate to use for
stresses near crack tips.
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Fig.3. Crack growth data in soda-lime-silica glass. After Wiederhorn.?

The data in Fig. 3 are the first to show that crack growth
in glass is a complex process, yielding three distinct regions of
behavior. In Region I, where the crack growth rate depends on
both the applied stress intensity factor and the relative humidity,
the rate of growth is proposed to be reaction rate controlled,
i.e., dependent on the rate of reaction between water vapor and
the strained Si—O bonds at the crack tip. The type of curves
shown in Fig. 3 is also observed for other media and glasses:
silicate glasses in alcohols?® and alkanes®’; phosphate glasses
in air.® 3% In all of these, the rate of crack growth in Region I is
governed by a stress-enhanced chemical reaction between water
and the Si—O bonds at the crack tip.

As the crack velocity increases, the crack starts to outrun the
water migrating to the crack tip and a plateau develops in the
v-K; curve. This is Region II crack growth, where the crack
growth rate is transport rate limited. Several models have been
suggested to describe transport rate-limited crack growth in
glass. These all have in common an insensitivity of the crack
growth rate to the applied stress intensity factor, and for this
reason, the crack growth rate shows up as a plateau on the
log(v)-K; plot (Fig. 3).

One model that captures the essential features of Region II
crack growth assumes free molecular flow of the water mole-
cules to the crack tip,>' and is applicable in gases such as air or
nitrogen when the crack wall opening is less than the molecular
free path water molecules in the gas, <100 nm. Then the water
molecules reach the crack tip by bouncing unhindered from wall
to wall. Recent data on silica glass tested in nitrogen gas support
this mechanism of crack growth.32 However, if the water sticks
to the walls of the crack, the mechanism of crack growth can
change from free molecular flow to surface diffusion, or to an
adsorption-limited flow process, in which case, the crack growth
will have an Arrhenius dependence on temperature. In meta-
phosphate glasses tested in nitrogen gas, an Arrhenius depen-
dence was observed, and the Region II crack growth was
attributed to surface diffusion.”®

In liquid solutions, bulk diffusion®* is expected to be the
dominant model of crack growth because the molecular free
path of the liquids is usually much less than the spacing between
the walls of the crack, such as would be expected for water
dissolved in a host liquid. Then, the viscosity of the host liquid
will be an important parameter in controlling the position of
the Region II plateau. The position of the plateau should be
inversely proportional to the viscosity of the host liquid, as has
been demonstrated in a series of nonaqueous liquids containing
small amounts of dissolved water.*® The description of crack
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growth in Region II can be further complicated by the conden-
sation of aqueous environments at crack tips during the %rowth,
as has been observed recently by a number of authors.>>>*

Once the crack outruns the water in the nitrogen gas, Region
111, it will propagate as if it were in a completely dry environ-
ment. In Region I1I, the crack growth curve has a much greater
dependence on applied stress intensity factor than in Regions I
or II. In Fig. 3, all of the curves, regardless of the relative
humidity, join up to form a single curve in Region III. Region
III, however, is not the same for all glasses, or environments, but
depends on the structure of the glass and the dielectric constant
of the fluid at the crack tip, as will be discussed below.

(2) Crack Growth in Aqueous Solutions

In water or aqueous solutions, the crack growth behavior of
glasses is somewhat different than that in air. Over most of the
crack growth range, only Region I crack growth is observed.
The crack growth behavior does, however, depend on the com-
position of the glass as demonstrated by Wiederhorn and Bolz,*
(Fig. 4). On a plot of the logarithm of the velocity versus the
applied stress intensity factor, some glasses plotted as straight
lines, whereas others appeared to exhibit a crack growth thresh-
old: soda lime silicate glass shows a threshold, whereas silica
glass plots as a straight line. Gehrke et al.* clarified this behav-
ior by showing that glasses containing mobile cations (Na*, K™,
and Li™) exhibit thresholds on the crack growth curves, whereas
glasses containing no mobile ions form straight lines. This
behavior is thought to be due to shielding stresses resulting
from ion exchange close to the crack tip, as described by Mi-
chalske and Bunker.?” In more recent work, data on both silica
glass and soda lime silicate glass were obtained at crack veloc-
ities as low as 10713 m/s.383 The newer sets of data are consis-
tent with the data shown in Fig. 4: silica gives no indication of a
fatigue limit, whereas soda lime silicate glass continues to
decrease at an increasing rate as the stress intensity decreases.
Michalske® and Gehrke er al.3° gave definitive evidence of a
fatigue limit in glasses containing mobile ions by showing that a
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Fig.4. Glass tested in water. Note the two different kinds of behav-
ior—glasses containing alkali ions exhibit apparent fatigue limits; glasses
with no alkali ions form straight lines on this kind of plot.
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Fig.5. Crack propagation of a silicate glass containing 25 mol% Na,O
in water, air, or solutions containing Li* or Cs*. Tests carried out in
aqueous environments showed a glateau at stress intensity factors less
than approximately 0.3 MPa-m'/

crack loaded at the fatigue limit required additional time to
repropagate when the load was increased beyond the fatigue
limit. Depending on the time held at load, the time to reprop-
agate can be many hours,*! or even days.*> The delay to failure
decreased rapidly when the crack was loaded much higher or
much lower than the fatigue limit. These results may be taken as
evidence that the crack had really stopped propagating.

Data obtained on some binary alkali-silicate glasses gave
results that were entirely unexpected. Depending on the com-
position, not only were fatigue limits observed, but low-level
plateaus were also observed in which crack growth seemed to be
independent of the ap]glied stress intensity factor (Fig. 5).
Simmons and Freiman*® first observed this effect in a binary
silicate glass containing 25 mol% Na,O, the remainder being
SiO, (Fig. 5). Similar observations were made by Michalske and
Bunker,”” and by Gehrke er al.*® Different opinions have been
given for these low-level plateaus. Simmons and Freiman sug-
gest that the crack has become blunted by the corrosive
environment at the crack tip and that the crack velocity is
now determined by the corrosion rate of the glass. Michalske
and Bunker argue that ion exchange of Na™ for H" in solution
causes a tensile stress around the crack tip, which is now the
principal driving force for crack growth. Apparently, the cause
of the low-level plateau is still a question of some discussion.

In addition to the observation of plateaus and fatigue limits in
glasses immersed in electrolyte solutions, changing the pH of the
solutions causes a change in the slope of the crack growth curves
of commercial silicate glasses.** In general, the slope of the crack
growth curve, Region I, in acids was about twice that measured
in basic solutions. Gehrke ef al.*® also studied effects of acidic
and basic solutions on crack propagation in binary and ternary
alkali silicate glasses. The change in slope observed by these
authors in Region I was not as large as that observed by
Wiederhorn and Johnson.** Gehrke et al. were more interested
in studying the effect of environment and composition on the
crack growth fatigue limit. The dependencies of the slopes of the
crack growth curves are still to be explained theoretically.

(3) Effect of Temperature on Crack Growth

Studies in water,> air,*> and vacuum®® have shown that crack
growth depends on temperature. The behavior of soda lime sil-
icate glass in water is shown in Fig. 6. As the temperature is
increased, the crack moves faster, as would be expected for
an Arrhenius behavior so typical of chemical reactions. Also,
the crack growth threshold seems to fall off more sharply with
increasing temperature. However, Fig. 6 gives no indication of
whether the threshold itself depends on temperature.

In vacuum,*® the curves are steep and data are difficult to
gather because of the strong dependence of crack velocity on the
applied stress intensity factor. Nevertheless, crack growth data
have been obtained on several commercial glasses including
soda lime silicate glass. The shifts in curve position as a func-
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Fig. 6. Soda-lime-silicate glass tested in water as a function of temper-
ature. The apparent fatigue limit seems to be affected by temperature.®

tion of temperature allow the activation energy in vacuum to be
calculated. Crack velocity curves on silica glass are so steep that
they cannot be collected using the DCB technique; fracture
appears to occur instantaneously. A stable fracture mechanics
configuration such as the Double Cleavage Drilled Compression
(DCDC) specimen*’*® has to be used for this purpose. Because
K7 decreases as the crack becomes longer, the crack cannot
become unstable and it should be possible to estimate the
crack growth behavior of silica glass in such an experimental
situation.

The effect of temperature on crack growth in nitrogen gas
with a controlled concentration of water vapor was studied on
silica glass by Suratwala and Steele*> and by Hibino et al.** The
crack growth curves obtained in these two studies resembled the
curves shown in Fig. 6. In contrast to theoretical predictions, to
be discussed below, Suratwala and Steele observed that in Re-
gion I the crack growth rate decreased with increasing temper-
ature. This finding is supported by the work of Fisk and
Michalske,”® but not by Hibino et al.**** The crack growth be-
havior of silica glass is anomalous with regard to other glasses,
which show a behavior that is more consistent with reaction rate
theory. Suratwala and Steele attributed this behavior to a
change in the resistance of the glass to crack growth as the tem-
perature is increased. They view this mechanism as competitive
to the normal stress-corrosion reaction occurring at the crack
tip. Fisk and Michalske, by contrast, argue that the results
would be expected if water adsorption on the glass surface near
the reactive bond was a necessary prelude to the bond-breaking
chemical reaction. If this were the explanation for the anoma-
lous behavior in silica glass, one would have to explain why
adsorption is also not important to other “normal” glasses.

(4) Crack Growth in Nonaqueous Liquids

As in air or water, the principal cause of crack growth is water
dissolved in the liquid. Crack growth curves are very similar in
appearance to those shown in Fig. 3, as illustrated by crack growth

HHibino er al.*® obtained a conflicting result as the crack velocity increased with increase
in temperature. Hibino ef /. did not appear to have used a constant concentration of water
for all temperatures as in Suratwala and Steele*® and Hibino ez al.** As the relative humidity
was defined at each temperature by Hibino et al., the water concentration actually increased
in their study.
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the position of the curve for heptane is located at about 50% RH for air.
Data taken from Freiman®’

data taken in heptane (Fig. 7).>” Similar results are obtained in
other organic liquids.*>* Typically, three regions of crack growth
are observed, Regions I and II representing the effects of dissolved
water on the crack growth rate. Region I is reaction rate-limited
crack growth; Region II is transport rate-limited growth. In
contrast to the results obtained in air or inert gases, Region III
represents reactions between the liquid and the glass.?

Freiman®?’ showed that crack growth in organic liquids
such as alcohols or alkanes depended on the partial pressure of
water in the liquid. Consequently, no organic liquid can be
considered to be completely dry because the partial pressure of
water in the liquid will be in equilibrium with water in the
air. Water saturated heptane, for example, contains about 20 to
50 ppm of water at normal temperature and pressure,”' at 50%
RH, heptane would contain approximately one-half this amount
of water in solution. The net effect of this low concentration of
water is to suppress Region II crack growth behavior to about
107° m/s but to leave the curve for Region I virtually identical to
that measured in air at 50% RH (Fig. 7). These results suggest
that in Region I the partial pressure rather than the absolute
quantity of dissolved water governs the rate of crack growth. By
contrast, Region II seems to be sensitive to the concentration of
water, as it should be for transport-limited crack growth. This
observation also suggests that one must be cautious in ascribing
crack-suppressing properties to a “dry” liquid, as the behavior
of the liquid will depend on its relative humidity.

Crack growth in Region III is normally thought to be inde-
pendent of the environment, but in nonaqueous liquids Region
III crack growth depends both on the glass composition and on
the dielectric constant of the particular liquid at the crack tip.?
As currently envisioned, the fracture process (discussed in the
section on molecular models) involves the direct molecular at-
tack of water molecules on strained silicon—oxygen bonds, which
in turn involves a separation of charges at the crack tip. The
charges created during the bond breaking event will react elec-
trostatically with the crack-tip fluid, the strength of the reaction
depending on the dielectric constant of the fluid. Thus, in
Region III, there is an electrostatic contribution to the crack
growth process. Hence, the slopes of the curves in Region III
depend both on the glass composition and on the dielectric con-
stant of the environment.
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In addition to the above studies, there is a rich profusion of
other crack growth data in glass, and new observations are still
being made using fracture mechanics techniques. Discoveries
include the observation that ion exchange around the tip gives
rise to crack tip stresses that account for both the fatigue limit
in glass and low-level plateaus depending on the sign of the
stress.’”*%*? In porous glasses such as silica-aerogels, or nano-
porous glasses, compressive stresses due to water condensation
near the crack tip retard crack growth.>>> Thus, increasing the
water vapor pressure decreases the crack velocity of nanoporous
glasses or aerogels. This result has been explained by a buildup
of pressure around the crack tip through capillary action of
condensed water near the crack tip.>* Studies on nanoporous
thin film glasses have also demonstrated an anomalously high
susceptibility to subcritical crack growth in sodium peroxide.>
These results are important because of the industrial use of per-
oxide solutions in the processing of electronic components.

The ability to collect detailed information on crack motion as
a function of glass composition, glass structure, environment,
and applied load allows us to study the basics of crack growth
and to use this understanding to predict lifetime under a variety
of conditions. Finally, it is important to note that glasses other
than those based on the silicate structure also exhibit similar
kinds of crack growth behavior to those described above. Thus,
studies carried out on phosphate glasses”® " show the same
kinds of trimodal curves in water containing environments as
are observed in silicate glasses. Therefore, it is probable that the
kinds of physical phenomena we have been discussing with
respect to silicate glasses are also applicable to glasses based
on other chemistries.

VI. Theories of Crack Growth and Fracture

Commencing in the 1940s researchers attributed delayed failure
to the movement of cracks as a consequence of glass composi-
tion, stresses applied to the glass, and water in the environment.
Before 1960, most of the expressions for delayed failure
were empirical and made little contribution to our fundamental
understanding of the fracture process. By 1960, the need for a
theoretical basis for delayed failure became clearly apparent and
several theories were developed to explain the fatigue of glass.

The early theories of glass fracture could be divided into three
broad categories, depending on how they explained the water—
induced weakening of glass. Theories are based either on crack-
tip plasticity, chemical reactions at crack tips or a decrease in
surface energy due to water adsorption on the glass near the
crack tip. Theories based on a decrease in the surface energy of
glass argue that the main role of the water is to reduce the value
of the surface energy term in the Griffith equation. The kinetics
of crack motion then depends on the kinetics of penetration of
water to the crack tip and the rate of adsorption of water onto
the crack tip bond or the fracture surface.

Theories of crack growth that depend on chemical reactions
argue that at a crack tip, water reacts with strained bonds, caus-
ing them to break. The kinetics of crack motion then depend
on the kinetics of the individual chemical reactions, particularly
on the stress sensitivity of the reactions, and how the water finds
its way to the crack tip.

Not all of these theories have been equally investigated or sup-
ported in the literature. The chemical reaction-rate theories are
most accepted and have been most highly investigated, followed
by the surface energy theories. One can argue that these two ap-
proaches to delayed failure represent a difference in emphasis
rather than a real difference in mechanism because they both deal
with the same kinds of surface chemistry. Theories of plastic flow
are essentially different from the other two. In this section, we
discuss theories that have been important historically to the de-
velopment of an understanding of delayed failure in glasses.

(1) Plastic Flow
While we now know that it is the growth of small cracks that
governs failure, other theories attempting to explain glass frac-

Vol. 92, No. 7

ture were suggested. These include the suggestion by Murga-
troyd®>* that glass contains quasiviscous pockets. As the
stresses in these pockets relaxed, the load in the glass transferred
from the quasiviscous pockets to the more brittle parts of
the glass structure. Fracture would occur, from holes in the
structure that act as stress concentrators. The time elapsing
before fracture is related to the time required for the stress in
the quasiviscous material to relax. The model is not now con-
sidered to be a viable explanation for delayed failure.

In the paper of Weidmann and Holloway,>” the authors used
a viscoelastic model to explain crack growth in glasses. They
assumed that a plastic zone surrounded the crack tip and that
the expansion of this plastic zone to a critical size was essential
to the propagation of cracks in glasses. Beyond this critical size,
bonds break and the crack propagates with a critical-size plastic
zone surrounding the crack tip. Environment affects the growth
of cracks by modifying the viscoelastic properties of the plastic
zone, and the critical size required for crack advancement. We-
idmann and Holloway expressed the logarithm of the crack
velocity as a linear function of 1/Kj, i.e., the inverse of the
applied stress intensity factor. Crack growth data on glass,
obtained by standard fracture mechanics techniques, fit their
data very well. They also showed that the crack growth data
could be correlated with hardness data,> which depended on
both the time and the amount of water in the environment. This
model has not been widely tested and is not accepted currently.

More recently, models of cavity nucleation and coalescence
have become popular in the condensed-matter physics commu-
nity and the idea has been suggested that cracks in glasses prop-
agate by the nucleation, growth, and coalescence of cavities, as
they do in metals.*®* The principal experimental support for
this point of view was obtained by observing moving crack tips
with the atomic force microscope.”® The authors®®> report the
observation of “cavities” in a plastic zone extending in front of
the main crack. These “‘cavities” show up as localized depres-
sions within a larger linear depression reported as lying in front
of the main crack. With time, the “cavities” are believed to grow
and link up as the crack increases in size.

To test the model of cavity formation, Guin and Wieder-
horn®*®! examined the opposing surfaces of a crack that had
been propagated subcritically. If cavities are forming at the crack
tip, it should be possible to observe them on the crack surfaces
once the specimen has broken in two. The growth and coales-
cence of cavities along the crack front should leave marks on the
fracture surfaces similar to those appearing in metals, or metallic
glasses®>®* for which crack growth occurs by the nucleation and
growth of cavities. Guin and Wiederhorn®®! imaged identical
areas on the two opposing fracture surfaces and compared them
(Fig. 8). No evidence in the form of residual damage or cavity
fragments was found on the fracture surfaces. As far as could be
determined, the two surfaces were exact mirror images of each
other, casting doubt on a cavitation mechanism of crack growth
for glass. A summary of the arguments against a cavitation
mechanism of crack growth in glass is presented in.**

(2) Swrface Adhesion

Orowan’s contribution to our understanding of delayed failure
rests on his suggestion that the fracture surface energy proposed
by Griffith (Eq. (2)) is a function of the environment in which it
is measured.®®> Using experimental data on the cleavage of mica
both in vacuum and in air,®>% Orowan found that the fracture
surface energy in vacuum is about 16 times greater than it is in
air and from this suggested that the strength of glass tested in
vacuum should be ~3.5-4.5 times greater than that obtained in
moist air. He also suggested that the decrease of strength with
time was due to crack growth, the rate of growth being governed
by the diffusion rate of the adsorbed water to the crack tip.
Orowan’s paper is important because it predicts an effect of en-
vironment on crack growth and suggests that surface chemistry
is important in controlling the growth rate.
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Fig.8. Profile generated from two opposing fracture surfaces. The pro-
files of each surface are shown by the dark curve and the light curve. The
vertical difference between the two profiles is less than 0.3 nm. This fig-
ure suggests that no cavities form during crack growth, within the error
of experimental measurement (/0.3 nm vertical; ~5 nm lateral). The
images are from soda lime silicate glass tested in air at a velocity of about
1x 1072 ms™". From Guin and Wiederhorn.*

The ideas proposed by Orowan were later quantified by Lawn
et al.’”® who used reaction rate theory® to develop kinetic
equations that described the motion of cracks as a function of
applied load, temperature, and water content in the environ-
ment. Lawn suggests that crack growth occurs by the adsorption
of an active chemical species at the tip of the crack. The acti-
vation energy for adsorption at equilibrium, 8 F*, is modified by
the applied force over and above that required for equilibrium,
ie. G* — Rg > 0, where Rg=2y. The parameter, G*, is the
strain energy release rate and v is the surface free energy of the
fracture surface. As suggested by Orowan, the surface energy, vy,
and, hence, Rg will depend on the environment. Following nor-
mal procedures for developing a kinetic equation from reaction
rate theory, Lawn obtains the following equation for the crack
growth rate, v:

v = v, exp(aG*/kT) 4
where the preexponential term has the following form:
Vo = 2v,a, exp(—AF* /kT) exp(—oRg /kT) (5)

where v,, is a characteristic frequency, q, is a characteristic atom
spacing of the solid, k is Boltzman’s constant, and 7" the tem-
perature.®¥ The activation area, o, represents an area of molec-
ular size along the crack front, which becomes unstable and
separates during the fracture process. The cumulative fracture
and linkage of these small areas in front of the crack front are
the main cause of crack advancement. In a vacuum, the activa-
tion area, o, for silica glass is about 0.14 nm? i.e., approximately
3.5 Si-O-Si bonds. For cracks propagating in water, the acti-
vation area is about one-tenth this size.%”

From the above discussion, the kinetic model based on
chemisorption species at the crack tip can be shown to fit the
experimental crack growth data.®” If the data in Figs. 37 were
plotted as a function of the strain energy release rate, G, instead
of the stress intensity factor, Kj, the data would form the same
pattern of straight lines as those observed for Region I when the
stress intensity factor was used as a plotting parameter. The
slopes of these curves would provide an estimate of the activa-
tion area, o. Because of the Arrhenius dependence on temper-
ature, Eq. (4) would also fit the temperature data. Finally, the
environmental dependence of the crack propagation rate is given
by exp(—aRg/kT), where Rg is environmentally dependent. If
surface adsorption can be explained by a Langmuir isotherm,”®
then exp(—aRg/kT) is roughly proportional to p}), where p, is
the partial pressure of the water vapor and n is the fractional

SEquations (4) and (5) are applicable in the limit where the reverse reaction (healing) is
slow relative to the forward reaction (crack advancement) and can be ignored. Lawn’s
treatment was more general than Egs. (4) and (5); he also considered crack healing and
crack equilibrium.®’
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surface coverage. Thus, the shift of the crack growth data in
Fig. 6 could be related to the partial pressure of the water in the
environment, as is actually observed.

(3) Chemical Processes

In 1947, Gurney presented thermodynamic concepts of moisture-
enhanced fracture of glass.”! He suggested that “Due to concen-
tration of strain energy, the material at the end of the crack has a
much higher free energy than normal unstressed glass, and is
therefore much more chemically active. Atmospheric attack will
result in the formation of a complex of glass and atmospheric
constituents. The crack will extend continually if the strength of
this complex, during or after its formation, is less than the load
imposed on it.” Gurney’s concepts predated a number of the
modern theories used to describe crack growth in glass.

Chemical reaction rate theory was applied to crack growth in
glass by Gibbs and Cutler in 1951,”> and two years later by
Stuart and Anderson.”® These authors assumed that crack mo-
tion in glass was due to the sequential rupture of bonds at crack
tips. Chemical reaction rate theory was applied to the bond
rupture process, assuming that the Gibbs free energy for the
rupture process was enhanced by the stress at the crack tip. As
the load on the component increased, the stress at the crack tip
also increased, resulting in an increased rate of rupture of the
crack tip bonds. Consequently, the crack velocity increased as
the crack tip stress increased. Stuart and Anderson used the
equations for crack velocity as a function of applied stress to
calculate the time-to-failure expected experimentally; their the-
ory was consistent with the delayed failure results of Baker and
Preston’® and Vonnegut and Glathart.”” Gibbs and Cutler’
used their theory to obtain a better understanding of flaw dis-
tributions in the surface of glass. Equations of the type derived
by Gibbs and Cutler and Stuart and Anderson would be applied
directly to crack growth data, once experimental techniques of
fracture mechanics were developed.

Following the work discussed above, Wiederhorn et «
applied reaction rate theory to the strained bonds at the crack
tip. As the subject of fracture mechanics had now been developed
and applied to the study of crack growth in glass, the reaction
rate equations could be expressed in terms of fracture mechanics
parameters. Wiederhorn assumed that the crack velocity was
proportional to the rate of reaction of the bonds at the crack tip.
The equation derived to describe crack growth is given below:

1.76,77

v = voan,0 exp(AG* /RT) 6)

where ap,0 is the chemical activity of water at the crack tip and
AG* is the activation free energy for the chemical reaction at the
crack tip. Modeling the crack tip as a two-dimensional parabolic
slit, AG* takes on the following form:

AG* = —TAS" + AE* + PAV* — (Y V" —yV)/p @)

where p is the radius of the crack tip, y the surface tension of the
glass, v* the surface tension of the glass in the activated state,
V' the molar volume of the glass, and V* the molar volume of
the glass in the activated state. The other terms have their usual
meaning: 7 is the absolute temperature, P the pressure at the
crack tip, AS* the activation entropy, AE* the activation
energy; and AV* the activation volume. Because the reaction is
occurring at the crack tip that is subjected to a remote stress, the
pressure, P, is set equal to the crack tip stress in the direction of
the reaction coordinate, i.e., normal to the crack plane. Hence,
P=—2K,/(np)"? where K, is the applied stress intensity factor.

On comparing Egs. (6)«(7) with Egs. (4)~(5), we observe
many of the same features in both sets of equations. The Ar-
rhenius form of the equation accounts for the tempera-
ture dependence of the data. The environmental dependence is
accounted for by the activity of the water in the environment.
The dependence of the crack growth curves on applied load is
accounted for by the term containing the stress intensity factor,
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Ki. Egs. (6)«(7) fit the experimental data quite well, as can be
seen from Figs. 3—7. Because the logarithm of the crack velocity
plots linearly versus Kj, the activation volume is a constant and
can be determined from the slope, b, of the crack growth curves:

AV* = (b/2)(np)"? ®)

Equation (8) has been used to estimate the degree of bond
stretching that occurs before rupture. For soda-lime-silicate
glass and silica glass tested in water, the estimated activation
volumes are 2.3 cm®/mol and ~4.3 cm’/mol, respectively.
Using an equation suggested by Hamann’® to calculate bond
elongation, o/, as the bond passes through the activated state:

AV* = Nyn(rg; + 15)81/2 )

where N4 is Avogadro’s number; the values of &/ for soda lime
silicate glass and silica glass are ~0.1 nm and ~0.2 nm, respec-
tively. With the Si—O bond being about 0.16 nm, the degree of
strain is 0.63 for the soda lime silicate glass and 1.25 for the silica
glass. This degree of stretching is the same as for organic mol-
ecules undergoing free radical or molecular dissociations.”®

(4) Comparison of the Adsorption and Chemical
Reaction Approaches

Phenomenologically, there is not much difference between the
adsorption and chemical reaction theories. Both fit the available
experimental crack growth data. Both theories are derived from
a general reaction rate theory and, as such, both predict crack
healing, a natural fatigue limit, and an exponential crack growth
behavior at large driving forces. The primary difference between
the two approaches is that the chemical reaction theory focuses
on the rate of reaction of the individual bonds when subjected to
stress and a reactive environment, whereas the adsorption theory
considers the reduction of surface energy at adsorption sites that
lie along the crack front. The stress on the bonds at the crack tip
and their strain to failure are the important parameters for the
chemical reaction theory. Such considerations lead naturally to
activation volumes and applied stress intensity factors as the
driving force for fracture. Activation volumes obtained from
fracture studies can be compared directly with the theoretical and
experimental values of these parameters obtained in the field of
high-pressure chemistry, in which results are similarly ex-
pressed.”® By contrast, adsorption theory deals with adsorption
sites, adsorption energies, and areas of these sites, which leads
naturally to the use of strain energy release rates and areas of
activation as the natural parameters for describing crack growth.

(5) The Fatigue Limit

A mathematical treatment of the static fatigue limit was first
presented by Charles and Hillig.”*3" Their analysis led to a
natural fatigue limit as the stress driving the crack growth
decreased. Above the fatigue limit, the crack would sharpen
and the crack would grow subcritically (Fig. 9(a)). Below the
fatigue limit, the crack would become blunt and the crack would
stop growing (to be more exact, slow down to the natural
corrosion rate of the glass (Fig. 9(c)).

At the fatigue limit, the radius of curvature of the crack
would remain constant as the crack grew (Fig. 9(b)). Thus, the
fatigue limit was the stress at which the crack propagated in a
self-similar way. Although not discussed by Charles and Hillig,
crack sharpness is limited by the molecular structure of the glass.
Once the crack tip radius reached the dimensions of the glass
network and could no longer sharpen, crack growth would occur
without a further change in the crack tip radius. The Charles and
Hillig theory was useful as it focused our attention on the crack
tip, its structure, and its relation to the fatigue limit. The fatigue
limit discussed by Charles and Hillig is kinetic in nature, and not
related to the natural thermodynamic limit discussed by
Lawn.®”®® Since its original publication, there have been other
publications further expanding on the original theory.®!%2
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Fig.9. Change in crack tip geometry due to corrosion: (a) Flaw sharp-
ening for stresses greater than the fatigue limit; (b) Constant flaw sharp-
ness for stresses equal to the fatigue stress; (c) Flaw blunting for stresses
below the fatigue limit. From Charles and Hillig.”>%

Whether or not the fatigue limit is caused by crack blunting
has been a subject of some recent controversy. An alternate the-
ory assumes that stresses can be set up around the crack tip as a
result of ion exchange between the fluid at the crack tip and ions
in the glass.”” For soda-lime-silicate glass, hydronium ions in the
water can exchange with mobile sodium ions in the glass. The
larger radius of the hydronium ion would result in a compressive
stress around the crack tip that should retard crack motion. That
the ion exchange process at the glass surface actually results in
stresses at the surface has been demonstrated by Michalske and
Bunker®’ and by Fett e al.3* In both investigations, curvature
developed when one side of a flat plate or disc was exposed to
water, indicating the development of bending stresses as a con-
sequence of an ion exchange between the glass and the water.

If ion exchange stresses are the main cause of the fatigue limit
in soda-lime-silicate glass, then the crack tip does not have to be
blunt to explain the fatigue limit. The shape of a crack tip that
has been subjected to an applied load at the fatigue limit is shown
in Fig. 103 On comparing the AFM profiles of the
fracture surfaces taken from opposite surfaces of the crack,
one can see that the surfaces that formed the open crack were
corroded during the hold period and, hence, displaced from
one another. The crack tip, however, has not been blunted by the
corrosion process. Because the magnifications of the two axes in
Fig. 10(a) are not the same, the true shape of the crack tip cannot
be discerned in Fig. 10(a). Plotting both axes at the same mag-
nification (Fig. 10(b)), we see that the crack tip is ogee shaped; it
comes to a sharp point within the uncertainty of the measure-
ment,~ 1 nm. The sharpness of the crack tip is explained by the
fact that the crack tip closes as a consequence of glass expansion
during the ion exchange.®* The closed crack tip prevents the cor-
roding medium from reaching the crack tip, which therefore re-
mains sharp.3* In Fig. 10, we see no evidence of crack-tip
blunting of the type suggested by the Charles Hillig theory.

VII. Molecular Models for Crack Growth

(1) Protons and Electrons

While it is well recognized that water is primarily responsible for
crack growth in glass, the route of attack of water on silica glass
was not understood until the experiments of Michalske and
Freiman,®>% who described a molecular mechanism by which
water, as well as some nonaqueous environments, reacted with
strained crack-tip bonds in glass, resulting in their rupture. The
model is shown schematically in Fig. 11, which depicts a strained
crack tip bond in a silicate glass. Of particular importance is the
fact that a water molecule can donate a hydrogen ion and two
lone-pair electrons from the unbonded atomic orbitals on the
oxygen atom. The three steps in the bond rupture process are:

(1) A water molecule attaches to a bridging Si—-O-Si bond
at the crack tip. The water molecule is aligned by hydrogen
bonding with the Opridging) (Owry)and interaction of the lone-
pair orbitals from Owater) (Ocw))with Si.
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Fig.10. Atomic force microscopic profile of a crack after being held at
the fatigue limit in water for 50 h. The open portions of the crack are a
consequence of corrosion by the high pH liquid at the crack tip (pH = 12).
(a) The crack profile as taken from the atomic force microscope; the axis
normal to the crack plane is magnified 37.5 times that of the axis parallel
to the crack plane and (b) the magnification of these two axes are the
same and one can see that the crack tip is not blunt, but sharp. The
arrow gives the direction of crack growth. Taken from Guin er al.®*

(2) A simultaneous reaction occurs in which a proton trans-
fers to the O,y and an electron transfers from the Oy, to the Si.
During this step of the reaction, the original bridging bond
between O,y and Si is destroyed.

(3) Rupture of the hydrogen bond between Oy, and trans-
ferred hydrogen occurs to yield Si-O—H groups on each fracture
surface.

This model has some interesting implications. First, there is
no requirement for prior dissociation of the water molecule,
nor must any reaction products be formed. Second, the model
suggests that environmental species other than water can also
enhance crack growth if the species possess structural and bond-
ing features similar to water, i.e., proton donor sites at one end
and lone-pair orbitals at the other. As observed by Michalske
and Bunker®’, the size of the reactive molecule cannot be too
large, or it will be sterically hindered by the walls of the crack
and will not reach the crack tip.

By performing controlled crack §rowth experiments on Vvit-
reous silica, Michalske and Freiman®>* demonstrated that mol-
ecules such as ammonia, hydrazine, and formamide also cause
subcritical crack growth in glass (Fig. 12). All possess proton
donor sites and lone-pair orbitals in juxtaposition; these enhance
the crack growth rates by coupling across the silicon—oxygen
bond to form an activated complex. The test for the effectiveness
of these compounds was the absence of a Region II plateau
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Fig. 11. Schematic of the proposed stress-enhanced reaction between wa-
ter and a strained crack-tip bond in silica, after Michalske and Freiman.$>%
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Fig. 12. v—K; diagram for vitreous silica at room temperature, showing
that water, ammonia, hydrazine, and formamide increase the rate of
slow crack growth in glass. Taken from Michalske and Frieman.®

(Fig. 12), which would have indicated that dissolved water,
rather than the liquid itself, was causing crack growth, as dis-
cussed earlier in this review. Using this criterion, Michalske and
Freiman showed that molecules such as carbon monoxide
and acetonitrile, which do not have lone-pair orbitals opposite
proton donor sites, do not enhance crack growth in glass. Mod-
ifier ions, such as sodium or calcium, do not change the funda-
mental mechanism of crack growth in soda-lime silica glass®® or
in binary alkali silicate glasses.®® Although there are interesting
and unexplained changes in the shape of some portions of the
v—K; curve, the same environments were responsible for crack
growth in these glasses as in vitreous silica.

(2) Quantum Mechanical Modeling of Crack Growth

The model presented by Michalske and Freiman is based on the
empirical observation that subcritical crack growth occurs when
small molecules are able to donate both protons and electrons to
the strained Si—O bonds at the crack tip. Whereas experimental
evidence of the model is compelling, the theoretical background
for such a detailed crack growth mechanism is sparse. Ideally, an
ab initio quantum mechanical calculation could be used to deter-
mine the rate of bond breaking at the tip of a crack into which
water has penetrated. Such crack-tip calculations have not yet
been accomplished because of the complexity of the problem and
the large demands such calculations would place on modern com-
puters. Several approximations have, however, been carried out to
capture aspects of the bond breakage with regard to activation
energies and activation strains needed for the Si—O bond to break
when attacked by a water molecule. In this section, we briefly
outline some of these calculations and summarize their results.
In one such study,90 ab initio, molecular orbital calculations
were used to identify the effect of stress and environment on the
electron distribution in a pyrosilicic acid (HgSi,O7) molecule
using a Hartree-Fock calculation. It was assumed that this mol-
ecule represented the primary structure active at a crack tip. In
the first portion of the study, the effects of both bond stretching
and bond angle distortion on the charge redistribution in the
molecule were analyzed in the absence of an external environ-
ment. It was observed that the density of bonding electrons as-
sociated with the bridging Si and O atoms decreased with
increasing strain up to 20%. It was also found that the density
of partitioned electrons associated with oxygen increased, indi-
cating a buildup of charge and a polarization of the Si-O group
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as a consequence of applied strain. Clearly, more electrons will
be available to interact with an external molecule.

In a second part of the study,” similar strains were placed on
the H¢SiO; molecule in the presence of molecules of water,
ammonia, formamide, argon, and nitrogen. On approaching
the silica molecule, interaction energies were lower for those
environments that enhanced crack growth, and the interaction
energy decreased with increasing strain. These results suggest
that the effectiveness of a substance in enhancing crack growth
in silica is controlled, in part, by the magnitude of reaction be-
tween that substance and the Si—O bond. The increase in elec-
trostatic charges due to strain, as mentioned above, could aid in
attracting an environmental molecule to the reaction site.

A more recent ab initio quantum chemical investigation was
carried out by Del Bene et al.’! using second-order perturbation
theory and included electron correlation effects. They also used
a larger basis set than was used by Lindsay e a/.*® The bond
length and the angle variations were considered key indicators of
the fracture process. More specifically, the authors examined
“the dependence of the fracture process on the nature of the
interacting water species (monomer, dimer, trimer), the length-
ening of the Si—O bond and the bending of the Si—O-Si angle.”
The principal finding of the study was that the strongest bonding
occurred when water reacted as a dimer (H,O), with the Si-O
bond rather than as a single molecule. Hence, the authors con-
clude that water reacts with glass as a dimer rather than as the
single molecule assumed by Michalske and Freiman.3>%¢ It
should be emphasized that both of the molecular studies®®®’
were carried out on model systems (molecules rather than solid
silica located at a crack tip). The applicability of these models to
more realistic crack tip situations remains to be seen.

Another approach to subcritical crack growth was adopted by
West and Hench,” who used a semiempirical quantum-mechan-
ics-based Austin method AM1% to quantify the ring contraction
method of straining Si—O bonds. They considered the interaction
of three-, four-, five-, and sixfold silica rings with a water molecule,
and found it to be energetically conservative for these rings to de-
generate one step at a time before final rupture of the Si-O bond.
Although not mentioned by the authors, if such a process occurs
at the tips of cracks in silica glass, glass failure should be very
similar to that occurring in polymers for which a craze zone pre-
cedes the crack tip.”*"" Although such a craze zone has never been
observed in glasses, no one has ever looked for them; if they are
present, the mechanism proposed by West and Hench would
really challenge our current ideas of the structure of crack tips in
glass. One possible way to test the presence of a craze zone at a
crack tip in silica glass is to estimate the size of the zone using the
strip yield model proposed by Dugdale.”> An estimate for the
length of the plastic zone for silica glass is 0.64 nm, for a critical
stress intensity factor of Kj.=0.811 MPa-m'? and a yield stress
of 10 GPa.”® Thus, the size of the plastic zone, 0.64 nm, is about
the size of one of the silica rings and would not allow the devel-
opment of a craze zone.

More recently, the stress corrosion of silica in the presence of
water molecules was explored by calculating the stress-depen-
dent, potential energy surface for the reaction of water with a
silica nanorod.”” Quantum mechanics was used at the level of
molecular orbital theory. The calculation involved the reaction
of a single water molecule with a nanorod of silica consisting of
36 SiO, units arranged in six layers of six SiO, units each. All of
the Si*" are attached to four O°~, and all of the O*~ are
attached to two Si*' as would be expected for silica glass.
This approach to the stress corrosion problem has an advan-
tage over the cluster calculations discussed above in that the
structure allows meaningful calculations of stress and strain.
Furthermore, the atoms of the structure are rigidly tied together
as they would be in a real physical structure of glass, and the
strains and angle changes calculated would be constrained and
more characteristic of those actually occurring in a silica glass.

“"Craze zones in polymers form at the crack tip normal to the maximum principal tensile
stress. In the craze zone, voids form between fibrils, which are bundles qf aligned molecular
chains. The zone grows by drawing additional material into the fibrils.”*

Vol. 92, No. 7

Three reaction pathways were considered and the minimum
energy path for each reaction pathway was calculated. The
pathways were characterized by three different initiation pro-
cesses: (I) water dissociation, (IT) water molecular chemisorp-
tion, and (III) direct siloxane bond breaking. The pathway that
had the lowest energy for the widest range of applied stresses
was the water molecular chemisorption pathway, which was
similar to the mechanism proposed originally by Michalske and
Freiman.®>*® In addition to determining the lowest energy path-
way, the stress dependence of the crack driving force and the
reaction pathway was determined. Unlike in classical analyse of
energy release rates, a linear stress dependence of the driving
force was found. This term was found to be related to a
relaxation displacement associated with surface creation and is
especially important in nanosize systems when “foreign species
are inserted into the fracture process.” The activation barrier
is also found to be dependent on the applied stress, and its stress
dependence is used to establish the reaction path when compet-
ing barriers are present.

Summarizing this section, the earlier modeling of the stress-
corrosion processes, which were essentially cluster calculations,
had too many degrees of freedom to obtain realistic values for
changes in bond angle or bond length. The more recent calcu-
lation using nanorods seems to have the kinds of constraints
needed to obtain realistic values for these parameters. The cal-
culation seems to provide a realistic description of the reaction
of silica nanorods under stress with water. The model should
also be tested against other molecules identified by Michalske
and Freiman as causing crack growth in glass.

VIII. Summary

Delayed failure is due to the slow growth of cracks that are
subjected to a tensile stress. Crack velocity is found, experimen-
tally, to be a strong function of the applied stress intensity fac-
tor, Kj, which means that the crack velocity increases rapidly as
the crack becomes longer. Failure is assumed to occur at a crit-
ical value of the stress intensity factor, at which point the crack
is moving fast enough (about 1 m/s) such that failure will appear
to occur instantaneously. Delayed failure occurs because of the
time required for a crack to grow from a subcritical to a critical
size. Water in the environment is the most prevalent cause of
subcritical crack growth, decreasing the time to failure as its
partial pressure is increased. Finally, the temperature depen-
dence of the failure time is the temperature dependence of the
crack growth rate. In an aqueous environment, the time to fail-
ure decreases as the temperature is increased. Some anomalous
behavior is observed, particularly in highly porous glasses where
osmotic forces can lead to compressive stresses around the crack
tip that retard crack growth. Fatigue, or crack growth limits are
also observed in glasses that contain mobile alkali ions, which
can exchange with hydronium ions that cause compressive
stresses to build up around the crack tip.

Based on reaction rate theory, models of crack growth have
been developed to quantify crack motion as a function of ap-
plied force and temperature. Three types of models have been
developed: one based on the assumption that plastic deforma-
tion occurs at crack tips; the second based on the assumption
that crack growth is a consequence of a decrease of environ-
mental adsorption at crack tips; and the third based on the as-
sumption of a direct chemical attack of the environment on the
crack tip. Of the three models, the third appears to have the
strongest experimental support, primarily because of the exper-
iments of Michalske and Freiman,®>%¢ who demonstrated a mo-
lecular route to crack growth that was consistent with a direct
molecular attack of the water molecule on the strained bonds at
the crack tip. The molecular mechanism of crack growth is one
in which the stress-enhanced reaction of the environmental spe-
cies, e.g. H,O, reacts with the highly strained Si—O bonds at the
crack tip, causing the crack to extend. The mechanism is as-
sumed to be due to the ability of water to donate both electrons
and protons to the strained Si—O bonds. Environments other
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than water, e.g. ammonia, and hydrazine, can also donate elec-
trons and protons to the Si—O bond, and therefore, also enhance
the crack growth rates in glass.
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