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ABSTRACT

Crack initiation plays an important role in the mechanical fatigue of
many glasses. It was shown earlier that only water (and ammonia) can
cause crack initiation under sub-critical stress by entering a glass
due to stress-accelerated diffusion. The mechanical properties of
glasses containing water were investigated to clarify the process of
crack initiation. It was found that the critical stress at which per-
manent deformation takes place decreases with water content and with
stressing time. This can cause the reduction of the crack initiation
stress and can explain the fracture strength degradation with time for
water-containing glasses in paraffin 0il and many conventional oxide
glasses in a water vapor-containing atmosphere.
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INTRODUCTION

It is well recognized (Proctor et al., 1966) that water causes mechanical
fatigue of glasses. Water also promotes slow crack growth in glassees
(Wiederhorn, 1967) and it is usually assumed that mechanical fatigue
and slow crack growth are related (Evans, 1974; Evans and Wiederhorn,
1974). Namely, the mechanical fatigue is often explained in terms of
slow crack growth. This explanation is valid only if a glass specimen
which exhibits mechanical fatigue has the same crack tip geometry as

a slowly propagating crack. If the specimen has a different crack

tip geometry from the propagating crack, for example, if the specimen
initially had a blunt crack tip (or notch), its fatigue lifetime cannot
be equal to the time for slow crack growth since it involves the time
for initiating a sharp crack.
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In our earlier investigations (Ito and Tomozawa, 1982a; Bando et al.,
1982; Hirao and Tomozawa, 1987a, b), it was shown that the crack tip

of glasses can be made blunt either by annealing in air or by a hot
water treatment, and that these treated glasses with blunt crack tips
showed a different mechanical fatigue behavior from freshly abraded
glasses with sharp crack tips. It was found (Hirao and Tomozawa, 1987b)
that while the fatigue behavior of freshly abraded glasses with sharp
crack tips can be explained in terms of slow crack growth, those of

the glasses with blunt crack tips cannot since the fatigue lifetime

for these consists mainly of the crack initiation time. Consistently,
non-aqueous liquids such as formamide, which are known (Michalske and
S.W. Freiman, 1983) to cause slow crack growth in glass but do not ini-
tiate a sharp crack under a sub-critical stress (Hirao and Tomozawa,
1987b), were found to cause mechanical fatigue in freshly abraded glas-
ses, but not in treated glasses with blunt crack tips (Tomozawa and
Hirao, 1987a). It was found (Hirao and Tomozawa, 1987b; Tomozawa Hirao,
1987a; Wakabayashi and Tomozawa, 1988) that only water and ammonia are
capable of initiating a sharp crack from a blunt crack under sub-critical
stress, causing static fatigue failure for specimens with a blunt crack
under sub-critical stress. The time required for crack initiation in
water (and probably in ammonia) was found to be dependent on stress
(Hirao and Tomozawa, 1987b). It was suggested that the unique ability
of water and ammonia to cause crack initiation under a sub-critical
stress is related to their ability to diffuse into glasses under stress
(Wakabayashi and Tomozawa, 1988; Hirao and Tomozawa, 1987c).

Diffusion of water into glass is slow at room temperature but can be
accelerated by stress (Nogami and Tomozawa, 1984). The most dramatic
manifestation of stress accelerated diffusion of water into glass at
room temperature is water entry into silica glass during microhardness
indentation (Hirao and Tomozawa, 1987c; Tomozawa and Hirao, 1987b).
Because of the water entry, the microhardness decreases with the inden-
tation loading time when measured in water or in a water vapor-containing
atmosphere, while the microhardness remains constant, independent of

the indentation loading time, when measured in non-aqueous liquids such
as toluene (Westbrook and Jorgenson, 1965). It is anticipated that
similar time dependent hardness values would be observed when the micro-
hardness indentation measurement is performed in ammonia.

In view of these observations, it was suggested that crack initiation
in glasses involves stress-accelerated diffusion of water (or ammonia)
into the glass specimen near the crack tip. The objective of this
paper is to explore the process of crack initiation after water entry
into the crack tip of glasses by examining some of the mechanical pro-
perties of glasses containing water.

Most of the observations described so far were made on silica glass

and high silica glass but qualitatively similar trends are expected

for other oxide glasses. Therefore, sodium silicate glasses with various
water contents will be used since many properties of these glasses were
previously investigated (Takata et al. 1981; Acocella et al., 1984;
Tomozawa et al., 1983).

EXPERIMENTAL

Sodium trisilicate (Nay0-3Si0;) glasses with various water contents

1564

3 1 of
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The indentation microhardness was measured as a fu(I]Cthll of loading i
time in toluene, using a Vickers hardness tester Model M , Akashi
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Works Co Japan) at 100 g load. The part of the specimen where the
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diamond indenter made contact was covered with toluene, whi P

i i imilar
treated with a molecular sieve. The experimental method here is sim

to that described earlier (Hirao and Tomozawa, 1987c).

RESULTS
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The dynamic (steadily rising load) fatigue ofg;gs)gi::si: ;Eziidin ..
as investigated earlier (Ito and Tomozawa, 1 1s _she n Fig
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with the view that paraffin oil is incapable o c?z. % 2 slow crack
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not cause slow crack growth nor time dependent cra; initiation unde

4 sub-critical stress for ordinary glass?s. The 3 :i e enarl oF e
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specimen itself rather than from the environmental e

i i ! odulus value obtained from the
The corresponding effective Young's m e e i Mg, O FHor
effective Young's modulus
For glasses with less

stress-strain curve (Ito and Tomozawa%
specimens containing more than 20 wt % wa;er;
was found to be stress rate or time dependent.

i ! tant
than 15 wt % water, however, effective Young's modulus was cons

during the fatigue measurement.
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45 determined by IR spectroscopy (Acocella et al, 1984), is shown in Fig.
5. Comparing this result with the glass transition temperature, and
assuming that the glass transition temperature of the glasses with water
ir given by the weighted average of those of dry glass and water, it was
suggested (Tomozawa et al., 1983) that the reduction of the glass transit
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(after Acocella et al., 1984)
DISCUSSION

s of the microhardness of glass. One is that
formation, similar to the case
ulate the yield stress from the
the hardness,

There are two interpretation
{he hardness is a measure of plastic de
It is possible then to cale

of metals.
For example, Johnson (1970) showed that

hardness value.
H, is given by
H = (2Y/3) [1 + In (E tan B/3Y)] (1)
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where Y is the yield stress, E the Young's modulus, and B the inclin-
ation of the wedge face to the surface of the solid, 22 degrees for the
case of the Vickers indenter. March (1964a, b) used a similar expression
to obtain the yield stress of glasses from the indentation hardness and
found that the yield stress was smaller than the theoretical cohesive
strength of glass. He suggested, consequently, that the fracture of ordin-
ary glasses involved plastic deformation near the crack tip. In this
interpretation, the reduction of the microhardness with increasing water
content can be attributed primarily to the reduction in the yield stress.
Water apparently makes the plastic deformation easier. This interpretation
is consistent with a phencmenon called hydrolytic weakening (Briggs and
Blacic, 1984) observed in crystalline silica, in which yield stress is
observed to decrease with water incorporation. It was reported (Aines

and Rossman, 1984) that molecular water may be primarily responsible for
the yield stress reduction. In addition, it appears that water in glass
causes the yield stress of a glass to decrease with the loading time.

The other interpretation of the hardness of glasses is non-Newtonian
viscous flow (Douglas, 1958). According to this model, when a glass

is subjected to an increasing stress, viscosity decreases and a permanent
deformation takes place, by non-Newtonian viscous flow, at or near a
certain critical stress. During indentation, when the tip of the dia-
mond indenter first touches the glass, stress is sufficiently high and
the viscosity is low enough to allow the deformation of the glass.

As the indentation size increases, the viscosity becomes high and further
deformation becomes impossible near the critical stress. Phenomenolog-
ically, this critical stress is similar to the yield stress since a
material exhibits a permanent deformation near that stress value. The
analo%g between the glass transition temperature at a constant viscosity
of 10 poise and the room temperature hardness (Fig. 4) appears to support
this interpretation of hardness in terms of non-Newtonian viscous flow.

According to Griffith (1921), the fracture strength, o¢, for plane stress

is given by
of = J2iy/mcC
- Jeame @

where Yy is the fracture surface energy, Ge the critical strain energy
release rate, which is equel to 2y for a perfectly brittle material,

and C the crack length. Several attempts were made to extend the
Griffith's equation to materials which show permanent deformation before
fracture. For example, Cottrell (1965) suggested the following expression:

Ge = 2YV(C)* (3)
where V(C)* is the critical crack opening displacement at which the

fracture occurs. The crack opening displacement is given, for a nearly
brittle material, such as glass, by

V(C) = 4YR/TE (4)
where R is the length of the plastic deformation zone (Tetelman and
McEvily, 1967). Although Griffith's equation (2) is the condition

for crack growth, its extention, equation (3), is considered to be valid
for the crack initiation, also (Tetelman and McEvily, 1967).
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