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Abstract

The effects of temperature, water vapor, and stress on the rate of sub-critical crack growth (SCG) in fused silica are
reported. The crack velocity was measured using the double-cleavage-drilled compression method. In contrast to other
inorganic oxide glasses, crack growth velocities (in region I) were found to decrease with increase in temperature. Hence
a small temperature rise has the apparent effect of improving the mechanical strength of a stressed-glass part. Despite
the anomalous temperature dependence, SCG in fused silica is still likely governed by the established water-enhanced
stress—corrosion mechanism; another competing phenomenon is proposed to cause the observed temperature depen-
dence. Measured crack velocities are described using an empirical model (for region I) and a mass-transport model

limited by Knudsen diffusion (for region II).
© 2003 Published by Elsevier Science B.V.

1. Introduction

Vitreous or fused silica (i.e. SiO, glass) is a
technologically important material because of its
excellent optical qualities, low thermal expansion,
and resistance to both high temperature and
chemical corrosion. In many use applications,
fused silica parts are often subjected to a range of
mechanical stresses. Under such conditions, small
pre-existing flaws in the glass can grow at stresses
below the critical stress needed to cause failure.
This type of crack growth, often called sub-critical
crack growth (SCQ), stress—corrosion cracking, or
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slow crack growth, occurs in many materials such
as metals, ceramics, polymers and glasses. A
slowly growing crack on an automobile windshield
is a common example of SCG. The velocity of the
fracture can vary by orders of magnitude from less
than 0.1 pm/min to a fraction of the speed of
sound (~10° pm/min); therefore the failure time
for a component can also vary by orders of mag-
nitude.

Atomistically, the fracture of SiO, glass in-
volves the cleavage of oxide bonds as the crack
front propagates. Because of the strong covalent
bonding and the unique network of SiO, tetrahe-
dra, SiO, glass is intrinsically one of the strongest
materials. However, its strength is dramatically
reduced by the chemical attack by water [1]. In the
case of silicate glasses under stress, water lowers
the energy required to cleave a siloxane bond:
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H,O + Si—O-Si — 2(Si-OH). An increase in tem-
perature enhances this stress corrosion reaction
rate, and, therefore, SCG should increase with
temperature.

Previous studies of SCG in fused silica have
been performed in various liquids (water, alcohols,
etc.), vacuum, and air at various humidities [2-7].
However, little has been reported on the effect of
temperature on fused silica SCG in air at a con-
stant water vapor pressure.

In this study, SCG velocities in fused silica are
measured in air at various temperatures, water
vapor pressures, and stresses using the double-
cleavage-drilled compression (DCDC) method.
Instead of increasing with temperature (in region
I), as observed in most glasses, crack velocities in
fused silica are found to decrease with tempera-
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ture. The practical implication is that an increase
in temperature can potentially increase the resis-
tance of fused silica glass to further crack growth.
Potential mechanisms for the anomalous temper-
ature dependence are qualitatively described, and
an empirical model is used to describe the data.
Then, the region II crack velocity behavior of
fused silica is compared to the behavior observed
in other glasses, and the data is described using a
Knudsen diffusion mass-transport model.

2. Experimental
The SCG velocities of fused silica glass (Corn-

ing 7980, ~1000 ppm by weight OH) were mea-
sured using the DCDC technique [8-10]. A
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Fig. 1. (A) Schematic of the experimental setup used to measure SCG velocities using the DCDC method. (B) Images of a propagating
crack (T = 25 °C, Py,0 = 0.3 Pa, applied stress = 88 MPa) in fused silica at various times viewed ~45° from the hole-drill axis. Dark
regions in the images represent the fracture plane that initiated from 2 mm hole.
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schematic of the experimental setup is shown in
Fig. 1(A). During the measurement, cut and pol-
ished rectangular glass (75 x 6.5 x 7.5 mm?®) sam-
ples with a 2 mm diameter drilled hole through the
center were compressively loaded at the 6.5 x 7.5
mm?’ faces within environment-controlled test
chamber, which is quartz tube surrounded by high
temperature heating tape and fiber insulation. The
load was measured using a calibrated load cell (0-
9000 N), and the position of planar cracks prop-
agating from the top and bottom of the hole in the
glass was monitored as a function of time using a
CCD camera and imaging software. Images of a
propagating crack plane at various times are
shown in Fig. 1(B). The crack velocity was calcu-
lated by a simple finite difference between succes-
sive data points, i.e. v = AL/At where AL is the
incremental crack length and At is the incremental
time. In the current test geometry, the stress in-
tensity (K;) decreases as crack length increases;
hence the velocity decreases with time. K; values
were calculated from the applied stress, measured
crack length, and hole radius using a relationship
determined by Michalske et al. [8].

SCG measurements were carried out in an N,
atmosphere at different temperatures (7, 25-450
°C) and water vapor pressures (Py,0, 0.3-10000
Pa). The water vapor pressure in the test chamber
was controlled by the flow of N, gas (from cryo-
genic supply) that had been bubbled through water
in a temperature-controlled water bath. The gas
flow rate (5 standard liters/min) was regulated by a
mass flow controller (Brooks 5850i), and the input
gas supply was preheated to prevent water con-
densation in the gas lines and to shorten tempe-
rature equilibration times in the test chamber. For
generating low water vapor pressures (0.3—-120 Pa),
gas traveling through the water bath was mixed
with a controlled amount of dry N, gas. The water
vapor pressure was measured from the gas exiting
the test chamber using an optical dew point sensor.

The error in the crack velocity was dominated
by the error in the measurement of the crack
length (£10 um) in the CCD camera image. Using
standard error propagation calculations, the error
in the crack velocity ranged from +3% in region
III where AL is relatively large (~400 pm) to +10%
in region I where AL is relatively small (~100 pm).
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Fig. 2. Crack growth velocities of fused silica glass at (A) 25 °C
(B) 150 °C and (C) 300 °C at various Py,o ranging from 0.3 to
10000 Pa. The points are measured data and the lines represent
predicted crack velocities using Egs. (2), (6) and (9). Each set of
points represents data collected from a single sample.

In Figs. 2 and 3, the error bars are no larger than
the two times the size of the data points.

3. Results

Crack velocity data for oxide glasses are typi-
cally plotted as log velocity (log v) vs. stress in-
tensity (Kj). Stress intensity is a quantity that
describes the driving force for fracture at the crack
tip. These data commonly show three distinct
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Fig. 3. Crack growth velocities of fused silica glass at Py,o of
(A) 0.3 Pa, (B) 120 Pa, (C) 2130-2400 Pa and (D) 6900-10 000
Pa at various temperatures ranging from 25 to 450 °C. The
points are measured data and the lines represent predicted crack
velocities using Egs. (2), (6) and (9).

regions, designated by regions I, II, and III (see
Fig. 2(A)), which can be described in terms of the
Si-O-Si bond breakage by a stress—corrosion
mechanism [3,11]. Region I refers to the condition
when crack growth is reaction-rate limited, and is
generally characterized by a near exponential de-
pendence of crack velocity on Kj. In this region,
transport of H,O to the crack tip is rapid enough
that crack growth is limited only by the rate of
reaction between H,O and the Si—O-Si bond. In

region II, the crack velocity is no longer reaction-
rate-limited, but instead is limited by mass trans-
port (i.e. diffusion) of H,O to the crack tip [3].
Consequently, the onset of region II behavior is
usually observed at higher stress intensities where
crack velocity outpaces the rate at which H,O can
be supplied to the crack front. Lower water vapor
pressures and temperatures generally enhance the
onset of region II behavior. The measured crack
velocities in region I remain nearly constant with
increasing K;. Finally, in region III, the crack ve-
locity is no longer limited by mass transport [3].
The onset of region III is indicated by a rapid in-
crease in crack velocity at the end of region II (see
Fig. 2(A)). This typically occurs as K| approaches
the glass fracture toughness; at the fracture
toughness limit (i.e. K; = Kj.) the growth velocity
approaches a value about 1/3-1/2 of sound speed
in the material [12].

The measured slow crack velocities for fused
silica at various temperatures and water vapor
pressures are shown in Figs. 2 and 3. Figs. 2(A)-
(C) are plots at constant temperatures (25, 150,
and 300 °C, respectively) illustrating the effect of
humidity on the crack velocity. Figs. 3(A)—(D) are
plots at constant water vapor pressures (0.3, 120,
~2200, and ~8400 Pa, respectively) illustrating the
effect of temperature on the crack velocity. At a
fixed Kj, the crack velocity in fused silica glass
increases with humidity in regions I and II. How-
ever, the crack velocity decreases with increase in
temperature in region I and does not change with
temperature in region II.

4. Discussion
4.1. Region I behavior

Hillig and Charles [13] and later Wiederhorn
[3,11] have described the region I crack velocities
(v1) in glass due to stress corrosion by the follow-
ing reaction-rate expression:

Pio\" Kib —
UI:S< ;;O) exp (—IRTQI>, (1)

where S is a pre-exponential constant (m/s), Py,o is
the water vapor pressure (Pa), Py the atmospheric
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pressure (10° Pa), b is a parameter (m*?/mole)
related to activation volume and radius of curva-
ture of crack tip, Q is the activation energy (kJ/
mole), and m is the ‘order’ of the reaction that
often appears in reaction-rate expressions. The
above relation predicts an exponential increase in
crack velocity with K; and an Arrhenius-like in-
crease with temperature. The Arrhenius tempera-
ture dependence of SCG (which we call a normal
temperature dependence) has been reported in
many silicate glasses and non-silicate glasses
[9,10,14-16].

The region I temperature dependence for crack
growth in fused silica observed in this study is
opposite of that found in other glasses (Fig. 4).
For example, at a constant water vapor pressure
(Pu,0 = 2100-2400 Pa) and constant stress inten-
sity (say 0.49 MPam'/?), an increase in tempera-
ture from 25 to 300 °C produces a 10* decrease in
crack velocity (see Fig. 3(C)). In contrast, the
crack velocity of soda-lime silica and phosphate
glasses increases by 10 over the same temperature
range [4,10]. The decrease in crack velocities with
temperature in fused silica was observed for all
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Fig. 4. Comparison of SCG velocities in region I of different
glasses as a function of temperature. The lines represent model
fits to the data. All velocities were determined at stress inten-
sities that are 80% of the fracture toughness of that glass. Da-
shed lines are from data on various silicate glasses measured in
vacuum [4,32] and on various phosphate glasses measured in an
N, atmosphere at Py,o = 2700 Pa [9,10]. The solid line is from
data on fused silica measured in N, atmosphere at Py,0 = 2700
Pa from this study.

water vapor pressures used in this study (see Fig.
3).

Despite the fact that the temperature depen-
dence of SCG in fused silica glass does not follow
the temperature dependence expected with the
stress—corrosion mechanism (Eq. (1)), water vapor
still enhances crack propagation in a similar
manner to that observed in other glasses. Crack
velocities have been reported to depend on Py, as
given by Eq. (1) where m varies from 0.5 to 2 in
fused silica and other glasses [4,10,17]. It is likely
that the stress—corrosion mechanism for crack
propagation in fused silica still applies; however,
some other phenomenon is providing a strong
negative temperature dependence that is compet-
ing with Arrhenius-type temperature dependence
given in Eq. (1).

Anomalous fracture behavior in fused silica was
first observed by Wiederhorn et al. [4]. They ob-
served that fused silica glass would not exhibit
SCG under vacuum while other glasses did. One
explanation given is that high negative pressures
(tensile stress) at the crack tip result in a stiffer
crack tip [4]. Hence the glass appears more resis-
tant to fracture. Later Fisk and Michalske [18]
observed a negative temperature dependence in
fused silica SCG at temperatures between 25 and
100 °C at a single water vapor pressure. They
proposed this was caused by a decrease in the H,O
activity at the crack tip with temperature, stem-
ming from enhanced adsorbed-H,O desorption
rates from the crack tip surface.

To our knowledge, fused silica is the only glass
that has been observed to have this anomalous
temperature dependence. The structure of silica
glass can be described as a random network of
interconnected SiO, tetrahedra. These tetrahedra
form silica rings, typically consisting of 5-6 Si at-
oms. Other silicate glasses deviate from this basic
structure through the addition of alkali metal and
alkaline earth oxides that act as network modifiers
[19]. In addition to other glasses, quartz (a crys-
talline form of SiO,) also shows normal tempera-
ture dependence of SCG [20]. Hence, we speculate
that the mechanism for this anomalous behavior
stems from structure (not just the glass composi-
tion) of the silica glass. Also, the anomalous be-
havior is likely not a result of a unique surface
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chemistry of SiO,, since both fused silica and
quartz should have similar surface chemistries.

The word ‘anomalous’ has been used to describe
many of the properties of fused silica [21-23]. For
example, the thermal expansion coefficient, specific
heat, compressibility, elastic modulus, acoustic
loss and dielectric loss are all considered anoma-
lous in fused silica [21-23]. Consider the elastic
modulus; it increases with both temperature and
applied tensile stress. In other words, temperature
and tensile stress stiffen the glass [24-26]. Most
glasses exhibit the opposite trend. Some have
suggested that these anomalous properties stem
from a change in Si—O-Si bond angle with change
in temperature and pressure [21,27]. Although
lacking direct evidence of structural rearrange-
ment, indirect structural measurements and mo-
lecular modeling show that such a rearrangement
of the SiO4 tetrahedra can occur [21,27,28].

We speculate that the same proposed structural
change in the silica glass structure that has been
used to explain the other anomalous properties of
fused silica may also explain the negative temper-
ature dependence of SCG in vitreous silica. Spe-

cifically, a change in the distribution of oxygen
bond angles in the vitreous network can modify
the material properties such that the crack tip
stiffens under tensile stress and at higher temper-
atures [21,27,28]. Another possibility is the struc-
tural change with temperature results in a weaker
temperature dependence (i.e. lower activation en-
ergy) for the stress corrosion reaction causing H,O
desorption rates at the crack surface to dominate
[18]. However, regardless of the mechanism, the
SCG behavior in region I for fused silica over most
of the temperatures and water vapor pressures
examined in this study can be described using an
empirical relationship, such as
CPY. 301 )
|

U = €Xp —A+BK[

where A, B, C are constants with best-fit values of
59, 80 MPam!'/?7!, and 2.3 x 107 K3/Pa'/?, re-
spectively, determined by multiple non-linear re-
gression analysis. The empirical relationship does
a reasonable job describing measured crack ve-
locities in region I (Figs. 2 and 3).

(1) Gas diffusion
vil  TIPR,T
(2) Surface diffusion
vil  TTR,T
(3 Knudsen diffusion
v, PyoT

(& H,0 + SiO0, --> 2(Si-OH)
v 1T KT PHZOT

@ Increase in SCG resistance
of glass

v T

Fig. 5. Schematic illustrating the types of processes governing mass transport of H,O and the possible interactions governing crack
propagation. The up/down arrows in the bottom half of the figure describe the increase/decrease of the term listed to the left. For
example, crack velocity in region II (vy;) will increase with increase in water vapor pressure (Py,0) and will increase with decrease in

temperature for process 1, gas diffusion.
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4.2. Region II behavior

In region II, the rate of mass transport of H,O
to the crack tip limits the rate of crack propaga-
tion. Mass transport to the crack tip is controlled
by H,O diffusion through the crack either by gas,
along the fracture surface, or by Knudsen diffusion
(see Fig. 5). The crack velocity in region II for
fused silica increases linearly with water vapor
pressure, and is essentially independent of tem-
perature and stress intensity (see Figs. 2 and 3).

For other glasses previously examined (e.g.,
metaphosphate glasses), crack velocity in region II
show an Arrhenius-type temperature dependence
[9,10]. Mass transport is controlled by surface
diffusion of H,O to the crack tip in these glasses
[9,10]. When measured at the same temperature
and humidity, phosphate glass SCG in region II is
about 100x slower than in fused silica (Fig. 6).
This suggests that the mechanism of H,O trans-
port to the crack tip is different in these glasses.
Also, because the region II crack velocity in fused
silica was essentially independent of temperature,
it cannot be explained by surface diffusion (Fig. 5).

However, mass transport by Knudsen diffusion
does coincide with the observed temperature be-
havior for fused silica. A Knudsen diffusion mass-
transport model to describe SCG was originally
developed by Lawn [12,29,30]. In the model, H,O
vapor transports to the crack tip by free molecular
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Fig. 6. Comparison of SCG velocities for fused silica and a
metaphosphate glass measured at 298 K and 270 Pa Py,o.

flow (gas diffusion) as long as the crack width is
larger than the mean free path of H,O. However,
as the crack width gets narrower near the crack tip,
H,O vapor transport becomes impeded by the
collisions with the wall of the crack. Knudsen
showed for that gas flow through a narrow pore
impedes vapor transport [31].

In Lawn’s model [28], the crack velocity in re-
gion II (vy), the Knudsen impedance factor (x),
and the mean free path (1) are given by

K(PHZO — PC)AI

Un = ) (3)
1’]NA (2TEmH20kT)1/2
32K?
= 3nE%ayIn (A/ag) @)
and
kT

)\, = —7 5

V2ne2P, )

where n is the reaction order, N is number of
bonds intersecting area of crack plane (#/m?), 4, is
the width of crack tip (m), mpu,o is molecular
weight of H,O (g/mol), k is Boltzmann’s constant,
the a, is adsorption site spacing (m), 4 is the mean
free path of H,O (m), ¢ is the cross-section of the
gas species (m?), P, is the minimum H,O pressure
required for crack propagation (Pa), and FE is
Young’s modulus for fused silica (Pa).

Substituting Egs. (4) and (5) into Eq. (3), and
assuming P, = 0 the crack velocity in region II
simplifies to the following relation:

K?Py,0
R i Sl A 6
= (G T ©)
where F and G are
324,
F= 2 1/2 (7)
37T,a()E NAW](ZTEmHzok)
and
k
= 8
\/ETCP()O'Z(,ZO ( )

During the SCG measurements, the atmosphere
contains H,O and N,. We used the cross-section
(o) of N; (3.75 A) to calculate the mean free path
(see [12,28,29]), because the majority of the gas is
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N, and hence the majority of molecular collisions
are due to N», not H,O. The mean free path ranges
from 60 to 150 nm. The order of the reaction (#) is
assumed to be 1. Also, we gsed E =73 GPa,
mpy,o = 18 g/mol, ay=32 A (Si-O-Si bond
length), Ny = 9.8 x 10" m~* (based on a Si-O-Si
bond length of 3.2 A), 4, =3.2 A, and P, = 1 atm.
The values of F and G for fused silica are then
determined as 4 x 1077 K!?/(Pa*s) and 0.681
K.

Notice that Eq. (6) predicts a linear increase in
the crack velocity with water vapor pressure. Al-
though there is a temperature and stress intensity
dependence in Eq. (6), they are both relatively
weak. In the work reported here, the temperature
and stress intensity vary by a factor of 2, whereas
the Py,o varies by 10*. The region II crack velocity
described by Eq. (6) are compared to the experi-
mental data taken on fused silica in Fig. 7. Cal-
culations of the crack velocity were performed at
two temperatures, 300 and 700 K. Notice the rel-
atively weak temperature dependence of the model
and the data. The measured region II crack ve-
locities are well described by the Knudsen diffusion
model as shown in Fig. 7.

The expressions for vy and vy (i.e., Egs. (2) and
(6)) describe the crack growth velocity in the limits
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Fig. 7. Crack growth velocity (vy) of fused silica glass in region
II as a function of water vapor pressure in the environment. The
points represent measured velocities and the lines represent
model predictions using Eq. (6). Note that the measured data is
shown for data at temperatures ranging from 25 to 300 °C.

of region I and II, respectively. These two veloci-
ties can be combined into a single expression de-
scribing the composite SCG velocity across both
regions I and II:

_ Uin
- )
Ur + Ui

©)

where the composite crack growth velocity (v) is
the harmonic mean of the crack velocity, vy, in
region I (Eq. (2)) and, vy, in region 11 (Eq. (3)) [29].
Note that in the limit of region I, Eq. (9) ap-
proaches v—v;, and similarly in region II, v—vy;. The
velocities calculated by Eq. (9) are compared to the
experimental data in Figs. 2 and 3. Using a single
set of parameters, these expressions do a reason-
able job predicting measured crack velocities at
various temperatures and water vapor pressures.
These expressions for crack velocities in fused sil-
ica should serve as a useful tool to predict crack
velocities and hence lifetimes of glass parts ex-
posed to various temperatures, water vapor pres-
sures, and stresses.

5. Conclusions

In contrast to other inorganic glasses measured
to date, the temperature dependence of SCG in
fused silica is anomalous. In region I, crack ve-
locities of fused silica were found to decrease with
increase in temperature at a constant water vapor
pressure. This negative temperature dependence is
believed to stem from a change in the slow crack
growth resistance of the glass upon exposure to
temperature and stress, a process that competes
with the expected normal temperature dependence
as predicted by the stress—corrosion mechanism.
An empirical relationship does a reasonable job at
describing the crack velocities in region I at vari-
ous temperatures, water vapor pressures and
stress. In region II, crack velocities were found to
be independent of temperature. In contrast, other
glasses (such as metaphosphates) were shown to
have crack velocities that increase with tempera-
ture in region II. A mass-transport model based on
Knudsen diffusion developed by Lawn can quan-
titatively described the measured crack velocities
in region II.
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