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Stress Corrosion of Glass
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This paper presents a review of environmentally induced stress corrosion (static fatigue) mechan-

isms of glass. The rates of extractions of glass constituents by alkali ion-exchange or silica dissolution

in water and buffered solution were discussed as a basis of stress corrosion, and the strength increase

of abraded glasses after immersing in water was explained in terms of potential strengthening mechan-

isms. And a detailed chemical bond rupture model in silica glass for the interaction of the environment

with mechanically strained bonds at a tip of crack was presented as a stress corrosion crack growth

model.

The stress corrosion behavior and static fatigue limit of glasses obtained by measuring crack velo-

city as a function of applied stress using the double-cantilever cleavage specimen were shown, and the

effects of temperature, pH and vapor concentration on fracture behavior and the stages of stress cor-

rosion was also discussed.

1. Introduction

Glass is noted for its chemical inertness
and general resistance to corrosion, and used as
lining, electronic substrate, nuclear waste wrap-
ping and optical fiber waveguide materials, and
Table 1 shows compositions of some commercial
glasses. But glass is extremely susceptible to
stress corrosion cracking(SCC) caused by water
or humidity in the environment(!). This failure
occurs after being subjected for some time to a
stress level too low to cause failure on a short

time scale, and is known in the glass literature

*
as ‘“‘static fatigue” or “delayed failure”. Glass

corrosion occurs by two processes (1) selective
leaching of the alkali ions, and (2) dissolution of
silica network. This corrosion rate is dependent
on the glass composition and the environment.
The susceptability of glass to SCC was
observed first by Grehet(z), who noted a time
delay to failure and a loading rate dependence
of strength. Glass® s relatively weak when
loaded slowly or forced to support the load for
a long time. The subsequent studies have demon-
strated that the effect is an activated process
caused by water in the environment®®) 1t
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Table 1, Some commercial glass composition (%).

Application Si0, | AL O3] B,03 | MgO | CaO BaO | ZnO | PhO | Na, O (K, 0
Labortary 99.9

equipment

Glassware 80.5 2.2 |13 38 0.5
(pyrex)

Containers 72.2 1.9 1.5 ] 9.6 14.6
Window glass | 72.0 1.3 35| 82 14.3
(soda-lime)

Lamp bulbs 71.5 2.0 2.8 | 6.6 155 |[1.0
Lead crystal 56.0 29.0 2.0 }13.0
Tungsten 75.5 2.6 |16.0 37 1.7
sealing

Sodium vapor| 5.5 |17.5 |16.0 9.51 52.0

resistant

Solder glass 5.0 17.0 14.0 | 64.0

is currently believed that static fatigue of glass
result from the growth of small pre-existing
surface flaws under the combined influence of
water vapor and applied load. The small flaws
grow until they are large enough to result in
catastrophic failure. This decrease in strength
with time under load in ambient environments

is observed for most glasses and ceramics.

2. Corrosion of glass in aqueous solution

The “corrosion” and ‘‘chemical

durability” of glass are often used interchange-

terms

ably and cover a wide range of situations ranging

from invisible surface destruction to gross
destruction of glass.
The aqueous corrosion of glasses occurs

by two processes(6), (1) the selective leaching of

the alkali ion in the glass or the selective removal
of soluble glass constituents by ion exchange
which can result in crazing or spalling, and (2)
hydrolysis of the Si-O bonds leading to the
dissolution of silica network in the glass. And
the schematic drawings of glass leaching and
dissolution are shown in a Fig. 1.

Hench®) (lassified the factors affecting
glass durability as shown in a Table 2 and re-
vealed the formation of the SiO;-rich layer and
dissolution of silica on glass after immersing in
water by the infrared-reflection spectroscopy(g),
and showed decrease of leaching of alkali ion
(Na+) by adding calcium as a modifier. And to
improve the durability of glass, ion exchange
technique was applied by exchanging the leach-
able alkali ion on the surface with a less leachable

jon. The example of this technique are proton
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Fig. 1, Schematic drawings''® of (A) leaching, (B) dissolution and (C) reaction zone (much
thicker leached layer will develop on a glass of low durability).

Table 2, Factors affecting glass durability.

L

IL.

11

V.

Bulk glass composition

Environmental factors
1.

Temperature

2. Exposure time (continuous or cycled)
3. Relative humidity

4.
5

. Presence of inhibitor in the corrosion

Solution pH

solution

. External stresses upon specimen

7. Radiation

8. Solution composition

Physical factors

1. Weathering vs. aqueous corrosion

2. Dynamic vs. static corrosion

3. Corrosion behavior of bulk glass vs.

1.

[ O NN

powered glass

Specimen state

Thermal history
a. Degree of annealing
b. Phase separation

c. Ratio of crystallization

. Prior corrosion exposure history

. Surface roughness and composition

Homogeneity of glass

. Surface treatments

exchange using SOj3 gas treatment, Cu(l) ex-
change from CuCl vapor and Li ion exchange in
molten Li, SO, baths. Bartholomew!®) showed
that the amount of leached alkali ions were
below the detection limit in the Nay O-SiO, and
K,0-8i0O, glasses treated with Li containing
molten salt baths. And in the case of silica
optical fiber, the polymer coating11(12)(13)
were studied to avoid the determinantal effect

of moisture on the strength of fiber glass.

2.1 Extration of alkali ion in water

Isard!®) showed that the amount of alkali
ion extracted from a commercial soda-lime-
silica glass immersed in water increased linearly
with the square root of time. And Doremus!®
showed this time dependence of soda-lime-
silica glass for times up tp 300 hours. In this
process, sodium ions diffused to the surface
through the glass, and this diffusion was rate
controlling process. In general there was a linear
relation between the amount of alkali extracted
and the square root of time in the early stages
of the reaction, but in the later stages, the
process became linearly dependent on the time

anQa8)(19)  pe change from root time depen-
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dence to linear variation with time for an alkali 2 T
< 5
glass as shown in a Fig. 2 was explained with the 5o b
fact that, as the time elasped, the diffusion velo- Q
S
city would gradually slow down as the leached @
O
layer (reaction zone) became thicker because f
the diffusion distance increase. g o
@ 0r
10 g
T 50 ] — Y A . N
84.1°C 0 ! 27 374 5 P2;
0 1 2 3 P2)
sl C 4ol | LOG TIME (MIN.) 0 1 2 PI;
i Fig. 3, Time dependence of silica extraction by
[99]
& 6 ‘33 the water for potassium oxide—silica glasses.
3 [ 18 ] (P15 : 15K,0—85Si0,, P20 : 20K.0—80Si0,, P25
o Rl 25K.,0 — 755i0.)
< 4t 4 G20t 69.4°C -
z 1 z 2.3 Extractions of alkalj and silica in buffered
5 68.4°C
i .
s el //:,1 = 10} 59.3°C solution
60°C
// ! The pH dependence(17)(21) of alkali ex-
0 s ) 0 1 L A . . )
0 4 ) 12 O 2000 4000 6000 traction for all the glasses fell into two regions in
VTIME (MIN. TIME (MIN.) binary glasses as well as soda-lime-silica glass;

Fig. 2. Water —leaching of 15Na,0—85Si0. glass
at various tempertures.

2.2 Extraction of silica in water

The rate of extraction of silica from binary
alkali oxide-silica glasses was related approxi-
mately to the rate for alkali so that it may be

expressed in terms of following equation(17)(20).
Q=K

where Q is the amount of extracted in time ¢,
and K and a are apparant constants at constant
temperature.

Fig. 3 shows the amount of silica extracted
against the time. The value of ¢ is larger than 1.
The value of K increases as the silica content
of the glass decrease. Thus, unlike alkali, silica
extracted from a glass decreases as its percentage

in the glass increases.

(1) the rate of extraction is almost independent
of pH of solution from pH 1 to about 9, and
(2) above 9, the rate decreases with increasing
pH because the transport of alkali ions through
the leached layer is retarded. The amount of
alkali extracted against pH change is shown in
a Fig. 4. Tholen®? concluded that in the range
of pH 4.5 - 9, aqueous corrosion is a combina-
tion of a dissolution and diffusion-controlied
leaching of alkali ions governed by the penetra-
tion of molecular water which independent of
composition and pH of the corroding solution,
and at a pH of 13, the rate of leaching proceeds
much more slowly and the outward diffusion
of Na ion becomes rate determining and not
the inward diffusion of H,0. The quantity of
silica extracted from a glass(”)(“) in a given
time increases with pH increasing after pH

of about 7 as shown in a Fig. 4.
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Fig. 4, The pH dependence of alkali and silica
extraction at 35C for 15K.,0—855i0. glass.

3. Crack blunting of glass

When the abraded high-silica rod* which
has surface crack is kept in water, the strength is
increased®?, This strength increase is explained
by the release of the residual tensile stress
assisting the diffusion process around crack
tip(“)(zs), and the change in the crack tip geo-
metry due to the crack tip blunting(23)(26)(27)
caused by the dissolution or ion-exchange reac-
tion of the glass in water as following chemical

reaction;
= 8i-0-Si =+ H, O == SiOH + HOSi =

* to avoid alkaliwater ion exchange which can
produce the surface stress.

The crack blunting increases the ratio of
crack-tip curvature as shown in Fig. 5 and 6,
and strength is increased because the strength is
propotional to curvature inversely. This curva-
ture effect on strength can be explained by

Inglis equation;

O hax = 20\/7—‘;-.

where O max is the maximum stress at tip of
crack, o is the applied stress, ¢ is the crack

length and p is the crack-tip curvature.

Fig. 5, Blunting of crack tip. (A) immediately after
crack introduction and (B) after immersing in
water at 90°C for 7 days.
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Fig. 6, Schematic drawing of crack —tip geometry.

And Tomozawa®®)(@® showed that the
increase of strength of high-silica glass immersed
in H,O and Si(OH), at 88°C for 240 hours are
16% and 20% respectively, and the rate of
strength increase by aging in water is the reverse
order of chemical durability of glasses with
water (i.e., soda-lime glass > borosilicate glass >
high-silica glass), and the same order of the ion
exchange tendency (i.e., abraded soda-lime
glass showed higher rate in acid than alkali),
and an acidic solution produced the fastest

strengthening,

4. Chemical bond rupture in silica glass

In silica glass, the bridging Si-O-Si bonds
connect adjacent [SiO4]'4 tetrahedral units as
shown in a Fig. 7@9 And these bonds support
applied stress, therefore its rupture is important
in fracture process. The interaction between
a strained bridging bond (Si-O-Si) at crack tip
in silica and a water molecule from the environ-
ment can be represented by a three step process
as in a Fig. 8G9 This process explains the
reason for crack growth promoted by H,0

for all silicate glasses.

Fig. 7, Schematic drawing of adjacent SiO,
tetrahedra showing Si—O—Si bond.

s Nl N
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H——OO\ I 0
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\ H
o |
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71N AN

2 3
Fig. 8 Representation of proposed reaction
between water and strained Si—O—Si bond at
crack tip.
(1) step 1; A water molecule from the environ-
ment orients and attaches to a bridging Si-O-Si
bond at the strained crack tip. The water mole-
cule is aligned by (a) formation of the hydrogen
bond with the O atom in bridging and (b) inter-
action of the lone-pair orbitals from O atom in
water with the Si atom. (Oxygen atom has 2s,
2px, 2py orbitals; two of which sigma bond with
hydrogen atoms, one is lone-pair orbitals).
(2) step 2; A concerted reaction occures in which
proton transfer to the O in bridging is accom-
plished simultaneously with electron transfer
from the O in water to the Si atom. As a result

of this reaction, two new bonds are formed one
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between O in water and Si, and one between
hydrogen and O in bridging, so the original
bridging bond between O in bridging and Si is
destroyed.

(3) step 3; Rupture of the weak hydrogen bond
between O in water and transferred hydrogen
occurs to yield surface two Si-O-H group on
each fracture surface.

This rupture model predicts that the other
environmental molecule which would promote
stress-corrosion crack growth in §iQ, possessed
lone pair orbitals available at one portion of the
molecule and proton donor sites at the other
site such as water. There may be size limitations
to fit between the Si-O bond since the Si-O
bond distance is only 1.63 AGD. To evaluate
this prediction, crack growth experiments were
performed on vitreous silica in water, N, gas
atmospheres of various low relative humidity,
and several nonaqueous environments. Fig. 9

shows the crack growth curves for ammonia
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Fig. 9, Fracture behavior of vitreous silica.

(NH;3), hydrazine (N,H;), and formamide
(CH3NO) along with the curves for N, gas and
water. The absence of a plateau in curves shown
in a Fig. 9 for these environment except N, gas

indicates that they enhance crack growth.

5. Stress corrosion behavior of glass

The double-cantilever cleavage specirnen(32)
shown in a Fig. 10 was mounted in a universal
testing machine and a constant force was applied
to the ends of the specimen after annealing the
specimen to remove residual stress and the crack
velocity was measured as a function of a applied
force in specific environments. The stress inten-
sity factor, KI for this configuration specimen

can be calculated from following equation(33).

K =(PL[(Wa)®5 t15](3.47+2.32/2)

Where ¢ :@ the uncut portion of glass along

the midplane. L: crack length, W: thickness,

2t: height, P: applied force

.
i f o]
) %

e laaeta'a

{

Fig. 10, Specimen configuration. Cross—hatched
area desigmates fracture surface ; direction of
crack propagation is from right to left.
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The fracture behavior of four glasses in
water at 25°C is shown in a Fig. 114%). The
composition of glass has a marked effect on
the rate of crack growth. For soda-lime silicate
and borosilicate glasses, the crack velocity
depends exponentially on the stress intensity
factor for velocities greater than 107 and 10°8
m/sec respectively. At slower velocities, the
crack velocity decreases at greater than an
exponential rate, suggesting a threshold stress
intensity below which crack motion does not
occur. This threshold is known as the static
fatigue 1imit(35)+(38) (also referred to as stress
corrosion limit). The aluminosilicate and silica
glasses differ from the others in that there is no
indication of static fatigue limit. Charles and
Hilling(37)(38) explained the fatigue process in

terms of balance between the applied stress

T T

BOROSILICATE

SILICA

I
T

10 "=

ALUMINOSIL
CATE [

CRACK VELOCITY (m sec)
= =
i 1

10 "=

107" -

| 1 ] 1
3 4 5 6
STRESS INTENSITY FACTOR, K, (Nm "~ 10%)

Fig. 11, Fracture behavior of glasses in water
25C.

which increase the rate of dissolution and surface
curvature which slow the chemical dissolution.
At stress which the equilibrium between the
crack tip dissolution and crack wall dissolution
is achieved, crack front maintain constant shape,
and the stress below which crack tip radius
increases with time is termed as fatigue limit.
And Wiederhorn®®) and Freiman®®®9 showed
the effect of counterion in the test environments
on fracture behavior by measuring crack velocity
in LiOH solution as a function of Kl. In Liion
containing solution, the binary soda-silicates
glasses showed Li+-Na+ ion exchange which
produce a protective layer and so the rate of

crack growth was decreased.

5.1 The effect of temperature and pH

The influence of temperature on stress

corrosion is shown in a Fig. 12 for soda-lime sili-

T T T T
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Coro - -
o
@]
|
3]
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@)
<
=
S
10 *j- —~
10 . —
o
L ]
| 1 1 1
3 4 ] 6

STRESS INTENSITY FACTOR, Ky, N/m**x 10
Fig. 12, Influence of temperature on fracture
behavior of soda—lime silicate glass in water.
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cate glass. The curves showed same slope at
different temperatures, but shifted to higher
crack velocities with increasing temperature.
And the dependence of fracture behavior®?
on pH was shown in a Fig. 13. The slope of
crack velocity curve is larger in the acidic en-
vironment than in the basic environment. This
dependence of slope on pH means that the pH
affects crack motion and this dependence can be

explained by the ionic reaction at crack tip.
The reactions between glass and water can

produce either acidic or basic solutions at the
crack tips by the dynamic balance between
the ion-exchange and ion-diffusion processes
depending on the composition of the glass. If
the glass contains mobile alkali ion, hydration
occurs by the ion-exchange between hydrogen
ions from the water and alkali ions in the glass,
resulting in OH ions in the crack tip solution

and the formation of a hydrated silica-rich (an
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Fig. 13, Fracture behavior of various glasses in
acids, bases, and water ; (a) silica glass, (b)
borosilicate glass and (c¢) sodalime silicate glass.
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alkali-deficient leached) layer on the surface

of glass as the following equation:

= SiO"Na* ( glass ) + H, O = = SiOH ( glass )
+ Na+OI-r

And the composition of crack-tip solution
can be shown to depend on crack velocity.
Mobile ions must diffuse through the glass to
reach the interface. Similary, the counter-
diffusion of H' ions through the glass is required
for ion-exchange to occur. This sodium-hydrogen
ion-exchange can be identified by investigating
the strength of glass(42). Metcalfe? @ showed
modified E-glass fibers containing 5% Na,0
or K, O fractured spontaneously after immersing
in HCI, but the strength was restored by placing
it in a NaCl solution. This effect was larger in
dilute HCl solution than concentrated HCI
solution. And Metcalfe explained the fracture of
high-strength fibers (4 x 10° psi) was attributed
to flaws or stresses in the surfaces of glass arising

from ion-exchange.

5.2 Stage in the stress corrosion of glass

The fracture of glass can be devided into
two stages; a growth stage in which the crack
motion is relatively slow because of chemical
attack at crack tip, and a catastrophic stage in
which crack motion is rapid when the crack
is long enough to satisfy. In a Fig. 14 for the
effect of water vapor on crack motion at room
temperature, the curves for soda-lime glass are
characterized by three distinct regions of crack
propagation(32)(45). In region I, the crack velo-
city, V is exponentially dependent on the applied
force, P by the following equation;

InV=a+ bp where g and b are constants.

T T t T T
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] m
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> 1.0%
3]
é .t 0.2%
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<
ol
© 0.017 %
o (RH)
107 F i
1 ° ] 1

1 1
4.0 5.0 6.0 7.0 8.0
STRESS INTENSITY FACTOR K; (Nm **x10 %)

Fig. 14, Dependence of crack velocity on
applied force.

And as the relative humidity decreases, the
curves shift to lower velocity and higher force.
The exponential behaviour of curves and the
shift with water concentration can be explained
by the Charles-Hilling theory(37). It is believed
that crack propagation in the region I is due to
corrosive attack of water vapor on the glass
at the crack tip. For a given K P crack velocities
in the region I were related to the relative humi-
dity, i.e., partial pressure of water through an

expression of the form.
Ve=a (Pi/P0 » exp (5K )

Where a and b are constants, P is the vapor
pressure of pure water at temperature of interest,
and Pi is the vapor pressure of water in the gas
or the equilibrium vapor pressure over the

solution, and n is the order of the chemical
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reaction.

In the region II, the crack velocity is nearly
independent of the applied force, but crack
velocity is increased as the relative humidity
is increased. This behavior can be explained by
assuming that the crack velocity is limited by
the rate of water vapor transport to the crack
tip. As the crack velocity increases the highly
strained bonds is increased and the active species
depleted zone is increased, thereby creating a
diffusion gradient. And the rate of the active
species diffusion through the depleted zone to
crack tip is becomes slow the crack tip reaction
rate, and hence becomes the controlling step in
the crack growth process.

In region III, the crack velocity is exponen-
tially dependent on the applied force and is
independent of relative humidity in the environ-
ment. But for the crack propagation in the
region, no satisfactory explanation has been

found.

6. Summary

1. The aqueous corrosion of glass occurs by the
selective leaching of the alkali ion by ion
exchange process and dissolution of silica
network due to hydrolysis of Si-O bonds.

2. The amount of alkali extracted in water in-
creases with square root of time in the early
stage, and increases linearly with time in the
later stage. And the rate of alkali extraction
decreases with pH above 9, and the rate of
silica extraction increases with pH above 7.

3. The crack blunting is explained by the re-
lease of the residual stress around crack tip

or the change of crack tip geometry by the

—

ion exchange or dissolution.

. The chemical bond rupture model for silica

showed that enviornments containing mole-
cular structure which has lone pair orbitals
and proton donor sites have strong effect on

crack growth.

. The stress corrosion behaviors of glass is

dependent on glass composition and environ-
ment factors such as temperature, pH and
humidity, and three regions were identified.
In region I. crack velocity is limited by the
rate of corrosive reaction of water with glass
at crack tip, and in region II, crack velocity
is limited by the rate of transport of water

vapor to the crack tip.
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