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Slow crack growth-in glass and the corresponding me-
. chanical fatigue phenomenon, in the presence of water
" or water vapour are explained in terms of a stress corro-
sion reaction between water and glass accelerated by a
tensile stress. The specific reaction between glass and
water, however, is not clear. From the analogy between
the structural changes induced by thermal and mechani-
cal treatments and the corresponding property changes,
the glass dissolution and hydrolysis reactions of silica
glass are considered unlikely to be accelerated by tensile
stress. On the other hand water diffusion into a silica
. glass, or hydration, is accelerated by tensile stress. From
these observations it is suggested that the ‘stress corro-
sion’ process is tensile stress accelerated water diffusion
into the glass. The relationship between the water diffu-
sion rate and the slow crack growth rate is discussed.

Glasses, including silica glasses," * exhibit 2 mechani-
cal fatigue, i.e strength reduction with time while un-
der mechanical load. During loading a crack develops
on the glass surface and grows gradually to a critical
length. For pristine glasses with no surface cracks” or
glasses having cracks with blunted tips'®' the process of
initiating a sharp crack plays an important role in the
fatigue process as this step often dominates the fatigue
life of the glass.” ® For glasses with pre-existing sharp
~“cracks. however, slow crack propagation appears to be
.'the main step involved in the strength degradation.
Many suggested mechanisms'® '* for slow crack

growth involve a stress corrosion process in which a
¢hemical reaction between the glass and water is accel-
" érated by the applied tensile stress. In fact, ‘slow crack

growth’ is oflen referred to as ‘stress corrosion crack-
‘ing Yet the exact nature of the stress corrosion reac-
“tien has not been clearly established. In this paper

vatious possible corrosion reactions are discussed in

téftns of their potential for causing ‘stress corrosion

cracking’ in silica glass.

Possible stress corrosion reactions

Dissolution

On; of the pos51ble corrosion reactions between silica

glass and water is the dissolution of the glass into wa-
Fer. 1hca glass has a finite solubility i in water and its
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dissolution rate is a function of temperature, pressure,
pH as well as electrolyte impurity concentration. It is
possible that the dissolution rate of silica glass into
water is accelerated by applied stress and that crack
growth involves such stress enhanced dissolution. Thus,
the dissolution of silica glass into wateris one possible
‘stress corrosion reaction’. 'Even when the-glass is
stressed in water vapour it is conceivable that, depend-
ing upon the water vapour pressure and-curvature of
the crack tip, liquid water can’exist. at the crack tip
owing to capillary condensation.

In general the dissolution rate, k, varies wtth the
hydrostatic pressure, P, according to

k=ky exp (~PAVIRT) (M

where k, is the dissolution rate under zero hydrOStatxc
pressure, AV is the activation volume, R isthe universal
gas constant and T is temperature in Kelvin. At 285°C
the dissolution rate of silica glass was found"” to in-
crease with increasing hydrostatic pressure which indi-
cates that the activation volume. A V in the above
equation is negative.

During the dissolution experlmcnt quoted above both
the glass and water were subjected to hydrostatic pres:
sure while during fracture only the glass is stressed. The
activation volume'in Equation {1):for silica dissolution
in water under hydrosta’uc pxessure can be expressed as

AVEV VaormVag (2)

where V,, is the volume of an acmated complex and
Vsio, and mVy,o are the volumes of reacting silica and
water molecules, respectively. The coefficient m refers
to the number of water molecules which are reacting
with one silica molecular - unit. The volumes of both
silica and water decrease under hydrostatic pressure. If
water is not subjected to hydrostatic pressure its vol-
ume, m V.0, would be greater. Thus, the activation vol-
ume for the silica glass dissolution rate; when only the
silica is placed under hydrostatic pressure, would be even
more negative than for the above experimental condi-
tions. It is cledr, therefore, that the dissolution rate of
silica glass into water increases when the glass is sub-
jected 10 a hydrostatic pressure.

In order to show that the effect of hydrostatic pres-
sure on the glass dissolution rate is similar to that of
compressive stress, the dissolution rate of amorphous
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silica produced by the ox1datlon of sﬂlcon, which is un-
der biaxial compressive stress was. investigated."® The
etch rate of the amorphous silica film by a buffered 10%
HF solutlon was measured a;gd compared with the stress
in the film. The results showed clearly that the etch rate
increased with increasing biaxial compressive stress.

Crack growth measurements are commonly per-
formed under uniaxial or biaxial tensile stress, and dis-
solution rate data as a function of tensile stress are
desired, but such data are not available. However, be-
cause the glass volume increases under tensile stress,
while it decreases under hydrostatic pressure or
compressive stress, the effect of tensile stress on silica
glass dissolution is-expected to be opposite to that of
compressive stress. Namely, it is likely that the dissolu-
tion rate would be suppressed by tensile stress contrary
to general expectation for stress corrosion cracking.

Supporting evidence for this point of view is pro-
vided from the fictive temperature dependenc= of the
glass dissolution rate. For fictive temperatures ranging
from 1000 to 1500°C the density of silica glass increases
with increasing fictive temperature because silica glass
has an anomalousnegative thermal expansion over this
temperature region. A study on the HF etch rate at
room.temperature of silica glasses with different fictive
temperatures showed that the etch rate is higher for
glasses with higher fictive temperatures and higher den-
sities."® An increase of fictive temperature, hydrostatic
pressure or biaxial compressive stress all produce simi-
lar structural changes; specifically, the Si-O-Si bond
angle decreases and the volume of the glass decreases.
Both the HF -etch rate and water dissolution rate ap-
pear-to increase: with increasing glass density or de-
creasing Si-O-Si bond angle. The structural change of
silica ‘glass subjected to tensile stress was studied by
several mvestxgators‘” Y using Raman and infrared
spectroscopy. A review of these studies shows that un-
der tensile stress the silica glass volume increases and
the 8i~O-Si bond angle increases.” Judging from the
effect of fictive- temperature on glass dissolutlon rate,
which was lower for glasses with larger Si-O-Si band
angles, it is likely that the glass dissolution rate-would
decrease with increasing tensile stress. -~ - .1

. Thus, the dissolution of silica into liquid water does
not appear to be the stress.corrosion process responsi-
ble for:slow crack growth in silica iglass. This point.of
view is reinforced when one examines the effects of elec-
trolyte additions to water on the crack growth rate and
glass dissolution rate. It is well established that the silica
glass dissolution rate into water is affected by the addi-
tion of electrolyte. For example, the addition of sodium
_ chloride to water measurably accelerates the silica dis-
solution rate.”? On the other hand the crack growth
rate of silica glass in water is unaffected by the addi-
tion of sodium chloride.®

Hydrolysis

Another possible corrosion reaction between silica glass
and water is the hydrolysis reaction expressed by

=Si-0-S= + H,0 — 2=SiOH 3)
on the surface of silica glass. This is essentially the

66 Physics and Chemistry of Glasses Vol. 39 No. 2 April 1998

‘stress corrosion’ mechanism elaborated by Michalske
& Freiman®? but there is no evidence for acceleration
of this reaction under tensile stress. Michalske & Bun-
ker explained that an observed faster hydrolysis rate
of silica glass with'lower 8i-O-Si bond angle indicates
the stress corrosion effect. However, the Si-O-Si bond
angle of silica glasses tends to become smaller accom- -
panied by the volume reduction under hydrostatic pres-
sure or compressive stress as previously mentioned.
Thus, the observed faster’hydrolysis reaction for silica
glasses having smaller Si-O-Si bond angles suggests
that the hydrolysis reaction is faster under compressive
stress contrary to the expected trend of the ‘stress cor-
rosion’. The faster hydrolysis reaction rate under hy-
drostatic pressure or cormipressive stress is consistent
with the experimental observation that the silica glass
dissolution rate is enhanced by hydrostatic pressure or &
compressive stress. Afier all, the hydrolysis reaction #
a part of the glass dissolution process since the disso-
lution of silica.occurs when all four Si~O-Si bridging
bonds around a silicon atom are broken by the hydroly-
sis reaction forming silicic acid, Si(OH),. Under tensile
stress a larger Si—O-Si bond angle results and a slower
hydrolysis rate is expected.

Thus, it appears that neither the glass dissolution
nor hydrolysis reactions can be responsible for slow
crack growth in the presence of water since neither is
accelerated by tensile stress.

Water diffusion

A silica glass/water interaction which is accelerated by
tensile stress is the diffusion of water into silica glass.
Earlier we showed®™ that the apparent water diffu-
sion coefficient in silica glass increases under tensile
stress while it decreases under compressive stress as well
as under hydrostanc pressure at low temperatures such
as 200°C. . .

Even at room temperature where most of the fatigue
and crack growth studies for silica glass have been per-
formed, -water.entry into silica glass occurs accelerated
by tensile-stress. After a silica glass specimen was slowly
fractured.in the presence of water, hydrogen was de-
tected, hy-nuclear reaction analysis. not only on the
fracture:surface but also inside the surface to a depth
of several hundred angstroms.”

- Once water enters into silica glass the propertles of
the glass are expected to change drastically. Indenta-
tion hardness of silica glass, for example, decreases with
increasing water content. Changes of other properties
of silica glass with water entry, although not specifi-
cally known, can be inferred from the changes of the
properties of silicate glasses containing water.”’
Namely, the elastic constant would decrease, chemical
durability would deteriorate and fatigue susceptibility
would increase. In fact the fatigue behaviour, measured
in a water free environment, of an abraded, hydrated
and subsequently dehydrated silica glass was found®”
to depend strongly upon the dehydration heat treat-
ment temperature. A sample heat treated at higher de-
hydration temperature containing less residual water
showed a greater fatigue resistance. This suggests that
the water in the silica glass promotes fatigue.
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Thus, it appears that water already inside the glass
can cause fatigue. Also, because water diffusion into
the glass is accelerated in the presence of tensile stress,
it is expected that for initially dgy glasses under tensile
stress water penetrates rapidly into the glass near the

crack tip. It is this entry of water which appears re-

sponsible for crack growth in glass.

Water diffusion and crack growth rate

Under a constant stress intensity the growth rate of a
‘sharp crack is constant at a constant temperature and
water vapour pressure. Thus, if this crack growth is pro-
moted by water entry into the glass, the water concen-
tration.profile in front of ‘the:erack tip must be at a
.steady state during crack growth: This phenomenon is

analogous to steady state glass dissolution promoted :

by water diffusion into the glass. This type of glass dis-
solution has been analysed bysolving the diffusion equa-

tiort under a moving boundary condition.®" If x is the
depth inside the glass as measured from the original sur- -

face and y is the depth as measured from the moving
surface during dissolution (or crack growth), then xand
y are related by the following equation when dissolution
(orcrack growth) occurs at a constant rate, v .-
yEx-vt o 4)
where ¢is time. Using this moving surface as a:bound-
ary a concentration profile of the diffusing species can
"be obtained in terms of y. When the steady state condi-
tion is achieved the concentration, ¢, of the diffusing
species becomes

-.c=¢y exp (—-vy/ D) &)

where ¢, is the concentration of the diffusing species at
.the new surface and D is the diffusion coefficient. For
-the case of crack growth the boundary is not a flat sur-
-face as was assumed for Equation (5). But still it can
“be assumed that a similar functional form of the steady

-state concentration profile is achieved at least along the -

y axis (crack propagation direction). A possible water
‘coticentration profile neara crack is;shown schemati-
callyin Figure 1(a). o oo

- To' maintdin this stéady state concentration profile,

the coefficient: of y in the exponent of Equation (5):

has to be constant and the crack velocity, v, is:given by
v=comstantD . ®
-Here the constant should have dimensions ofa recipro-
-cal of length. This equation shows that the crack veloc-
ity must be proportional to the diffusion coefficient.
_Thecrack velocity of glass is known to increase rap-
<idly with increasing stress intensity, K, and its:emipiri-
--cal relationship is often given by one of the following

equations®*%4
V?A(Pugo)“ exp (bK/RT)exp (-U/RT) . )
,}.Jlfj_“B(Pl-Izo)a K" exp (-UIRT) (8)

" ‘where 4, B, or, n and b are constants and py, is the
.~ Water.vapour pressure. b is proportional to the activa-
“#on:volume and is known to change slightly with tem-
Wﬂtum increasing with decreasing temperature. U is
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by . R
. ‘Figure1. ‘Schematic water concentration profile {u) alongy axis behind
- a propagating crack and (b ) under increased water vapour pressure

Water concentration

(a)

the zero stress activation energy.

The diffusion coefficient, D, is also -known in gen-
eral to be strongly dependent upon applied stress. For
example, Watson®® showed that between 1100 and
1400°C Ca** diffusion coefficient in a silicate melt var-
ied with hydrostatic pressure, P, according to the gen-
eral equation =~ ‘

D=D, exp (-23 keal/RT)exp (~PAVIRT)  (9)

where the activation volume, AV was found to be 2:2
to12 cm’/mol being larger at lower temperatures. This
relation suggests that the diffusion coefficient would
increase under negative P or tensile stress. Similarly at
room temperature, McAfee®® observed that the He gas
diffusion rate in a borosilicate glass increased rapidly
when a tensile stress approaching the breaking stress of
the glass was applied. No such increase in the He diffu-
sion rate was observed when shear stress was applied.

The diffusion of water into silica glass involves both
the diffusion of water molecules and their reaction with
the silica glass network to form immobile hydroxyls. At
high temperature it is believed"’” that this reaction is fast
and a local equilibrium is established during the water
diffusion and that most of water exist as hydroxyl. At -
lower témperature, however, the reaction appears to be-
come. slower™*® and an.increasing amount of water
molecules can diffuse into the glass without being re-
stricted by the reaction equilibrium, i.e. water molecules
behave similarly to noble gas atoms during diffusion.
Thus, it is possible that the water diffusion coefficient
increases rapidly with high tensile stress similarly to He
gas diffusion coefficient at room temperature.

The observed higher crack velocity under higher
water vapour pressure can be attributed to a higher wa-

.ter concentration in the glass. If a constant water con-

centration is necessary for crack growth under a
constant stress intensity, the increase in water concen-
tration by the increase in vapour pressure would lead
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Figure 2. Tensile stress strain relationship for a silica fibre ( after
Reference 43). Solid line: experimental duta at room temperature; dotted
line: extrapolated values using Equation (10). Hatched area corresponds
to wltimate tensile stress and strain as liquid nitrogen temperature

to the higher crack velocity as schematically shown in
Figure 1(b) consistent with the experimental observa-
tions. The proposed stress accelerated water diffusion
mechanism for stress corrosion cracking, therefore, at
least qualitatively agree with all experimentally ob-
served behaviour-of silica glasses. ) .
"Quantitative comparison between the water diffu-
sion and the experimental crack growth is not possible
at present partly because there are wide variations
among experimental crack growth data. Foi cxample,
values for the parameters in Equation (8) have been
reported to be: a=2-5 and 0-57 for fibre™ and bulk®?
silica glasses, respectively; n=20 to 40:4324 44 U=33-1
keat/mol 1o 97-6 kcal/mot* for bulk silica glasses -
Discussion ;. A
In-order to show that tensils stress on glass is unlikety
to atcelerate the glass dissblution and hydrolysis rates,
- theanalogous'structuril charige caused’by both Tictive
temperature changé ad by meéchanical stress was con-
sidéred. Namely, when the fictive temperature of silica
glass is reduced the glass volume as well as the Si~O-Si

-bond angle increases and the glass dissolution rate and
hydrolysis rate decrease. Since tensile stress tends to
increase the glass velume and the Si-O-Si bond angle,
thedissolution rate:and hydrolysis rate are expected to
decrease with increasing tensile stress.

' Silica.glasses exhibit nonlinear elastic behaviour'™ ¥
under high stress where the elastic constant increases
with increasing tensile stress. For example, Krause er
al® found ‘that the neminal:(or engineering) tensile
strain, € at room temperature is given by .

e=01E~32 (ofE)+12 (0lE) (10)

where o is the nominal (or engineering) tensile stress

and £, is Young's modulus in the limit of Zero stress.’

Figure 2 shows the stress strain relation represented by
Equation (10) using the reported Young's moedulus at
room temperature, £,=72-3 GPa"“" which is nearly the
same as that at liquid nitrogen temperature, E,=71-9
GPa.“"Duncan et al* estimated from two point bend
tests that the fracture stress and strain of silica glass at
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Figure 3. Kinetics of silica giass surface structurgl relaxation under
different water vapour pressures at 930°C. O=355 torr: @=0-3 101,
After Reference 52 S :

liquid hitrogen temperature, where there is little fatigue,
are approximately 12-9 GPa and 18%, respectively. Sub;

‘sequently, Proctor* corrected these values for the

nonlinear elastic effect and obtained 18 GPa and 7%
respectively. These values fall near the extrapolated #he
shown in Figure 2. Kurkjianet af compiled the strength
of silica glass fibres** 7 and concluded that this high
fracture strength at liquid nitrogen temperature is the
intrinsic strength of the silica glass. This notion is con-

sistent with the earlier observation by Kurkjian &

- Paek'® that optical fibres can be flaw free.

.. . The observed nonlinearity, i.e. S-shaped stress strain
relation shown in Figure 2 can be explained qualita-
tively by postulating that at low stress, where Young's
modulus increases with increasing tensile stress, the domi-
nantstructural change is an increase in the Si-O-Si bond
angle, whereas at high stress, where Young's modulus
decreases with increasing stress, Si-O bond stretching

-plays an increasingly important role. Simmons®® and

Kurkjian” pointed out to the author that during frac-
ture the 8i-Obond stretching may be taking place while

" 8i~0-8i bond angleincrease-was primarily considered

by-the author. There is a possibility. that while a low
tensilé stress; which widetis the Si-OLSi bond angle,

?;:et’éit‘ds;tﬁé‘d‘issolu’tion;aﬂd’hydm’lysis reactions, a very
*high'stress may stretch the Si-O bond length and ac-

celerate the same reactions.

Figure 2 shows that Young's modulus increases up
to atensile stress of approximately 6 GPa. The strength
of' pristine silica. glass at room temperature in air is
approximately 5-5 GPa for rapid fracture (e.g. 10 s) and
decreases to 28 GPa for one week static loading.** "' It
is expeeted, therefore, that silica glasses are subjected
to these stresses at the crack tip while the crack is grow-
ing at room temperature in air. Th us, it is likely that the
slow erack growth of silica glass at room temperature
in. airis“accompanied by, an Si-O-Si bond angle in-

. crease. .

1t is suggested here that water entry into the glass is

.responsible for the slow crack growth. One possible

process by which water entry can reduce the strength
and promote the crack growth is by surface relaxation.
The strength of glasses'decrcases with the lowering of
fictive temperature™ and the relaxation of a glass at
low temperature would réduce its fictivé temperature.
Water in glass, especially molecular water' 2 acceler-
ates the relaxation kinetics and water entry is acceler-
ated by tensile stress. Thus, the tensile stress in the
presence of water vapour is expected to cause the glass
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weakemng through accelerated water entry and surface
- relaxation., Tn fact we reported. recently*” experimen-
tal evidetice for the accelerated relaxat}\on kmeucis of
. face. by water vapour. An example is
W sias%w C&M);gte the change of the infrared
mfm y of silica structural band near
W el represants the fictive temperature
mﬁf V‘g&as gurface, is plotted against time for
‘ métﬁ‘amﬁfrwaﬁi vapour pressures. The observed re-

. laxation timeaf the glass surface was shorter when the
. waterwapour.pressure is higher during the heat treat-

n@m&and Ahmse surface relaxation times were much
shorter than the bulk relaxation time. In addition, we
mquimee foritheraccélerated kinetics of the sur-
“ fa¢e telixation of silica glass by an applied tensile
gﬁ%sm’ at 650°C. This accelerated surface relaxation
] “glass by water and tensile stress is likely to be
¢ urce of the strength reduction and crack growth
ved under tensile stress in moist atmosphere.

dchanical fatigue of silica glasses with a sharp
ja.'xplamed in terms of slow crack growth caused
By' ;tress corrosion. However, the exact nature of the
. if% ¢orrosion reaction was not clear. It was shown
: (tﬁ tensile stress accelerated silica glass dissolu-
t O‘n ritowater and tensile stress accelerated hydrolysis
ionis do not occur and are unlikely to be the cause

of the fatigue. On the other hand, water diffusion fol-
_ lowed by relaxation of the silica glass is accelerated by

) &‘ﬂmi stress. It is suggested that stress accelerated wa-
“$er diffusion intto silica glass is the cause of slow crack
‘*T "“gmwth Ténsﬂe stress accelerated water diffusion ap-
“ ﬁlars to acce?rate the surface structural relaxation and

s accelerated relaxation is likely to be the cause of
Z gth reductron and crack growth of the glass uh-

e i
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