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Abstract

Specimens, cut from commercially available glass sheet, were pressed
with a Vickers-diamond to form a definite indentation accompanied with two
semicircular cracks, which would initiate the fracture in bending tests.
They were then etched with a solution containing 4 per cent hydrofluoric
acid and 4 per cent sulphuric acid over various ranges of etching times.
The bending tests for those specimens revealed, that the fracture occurred
always at the place of the indentation even after etching and that the
strength increased rapidly to over 200 kg/mm2 with advance of etching,
corresponding to the rounding up of the initial cracks. The stress concen-
tration factor of the fracture-initiating etch pits developed from the
Vickers indentation was calculated and used to determine the intrinsic
strength of flawless sheet glass, which was evaluated to be about 310 kg/mm2.

1. Introduction

Glass is an amorphous substance composed of a continuous and irregular
spatial network. There is no long-range order in the structure as in a
crystal and no concept of an extended fault such as a dislocation is accep=-
table. The absence of dislocations causes glass to show distinctive strength
characteristics quite different from those of crystals.

We know that the strength of glass under practical conditions is of
quite low level and is largely controlled by the presence of surface micro-
cracks. But, if precautions are taken to avoid any mechanical damage to the
surface of glass samples during preparing and testing, they show remarkably
high strength values entirely independent of their dimensions. For instance,
fused silica rods about 0.5 mm in diameter showed strength as high as 1400

mn? in the experiments recently reported by Hillig(l). Thomas determined
the strength of E-glass fibers (calcium aluminoborosilicate glass) to be 380

‘mm2, independent of fiber diameters, with a coefficient of variation of
only about 1 per cent, provided that production and testing conditions were
strictly controlled(2). It makes a sharp contrast with the case of crystal
whiskers, whose large tensile strength readily disappears when the dimension
exceeds a few microns in cross section.

It seems that glasses with pristine, that is, damage-free surfaces have
a definite strength value which may be close to the theoretical estimates,

1 Research Laboratory of Asahi Glass Company, Ltd.
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but few experiments except the study by Thomas have given any consistent 3. Experimental Results

results. On the other hand, in order to obtain damage-free surfaces, the
i We can assume that during etching acid freely penetrates cracks and

removes material at an equal rate from every part of the exposed surface
including crack surfaces. In such a way, the two original semicircular
cracks will develop to a shallow circular eteh pit after a sufficient
etching time. The width of crack increases rapidly, while the depth of
crack remains constant.

observed in relatively massive specimens of various technical glasses(3~5)

The results showed, however, that a very considerable scatter in the test
values was observed even after etching, which made it difficult to form an
exact picture of the ultimate strength of damage-free glass, In the present
study of effect of etching treatment upon the strength of glass, a technique
for making consistent measurements has been developed and used to determine

Fhe pristine strength of sheet glass, which has never been exactly treated
by other investigaters.

First, it was confirmed, that the fracture in bending tests always
began at the place of indentation even after etching. It showed that the
severest crack at the beginning remained the severest throughout the
etching and no new severer cracks were produced during etching. On etching,
the strength increased rapidly at the initial stage, somewhat gradually in
the later stage, with increasing depth of surface layer removed, and finally

_Specimens, 1.8 mm thick, 5.0 mm wide and 80 mm long, cut from com- came to over 200 kg/mnu? (Fig. 1). It must be noted that the coefficient of
mercially available glass sheet, were pressed with a Vickers-diamond to variation for the results was very low, and was indeed of the order of accu-~
form a definite indentation at the center of the surface by use of a micro- racy of experiments, that is, the accuracy of the measurements of the thick-
hardness tester. With a load of 200 g fractures are formed which proceed ness or width of specimens. If no indentation was attached to the specimens
f'rorfl the four corners of the impression. Those fractures penetrate into the prior to etching, the bending strength measured showed a large scatter but
inside, vertically to the surface, and form two semicircular cracks inter- was always greater than that of indented specimens, as was expected. The
secting with each other. The load of indentation, 200 8, was chosen in such maximum strength observed for unindented specimens attained 292 kg/mm2 after
& way that the crack produced should be the heaviest of all defects which the removal of & surface layer 130 u thick.
had already existed on the surface. Thus, in bending tests, fracture began
’alvays at this crack and strength values measured to be fixed at 7.5 + 0.2

mn2, while without indentation the values scattered in the range f:
9 to 30 kg/mm2, "t

2. Experimental Procedures

Since the shape of the fracture initiating etch pits is precisely known,
the intrinsic strength of damage-free sheet glass could be estimated, if the
stress concentration factor of the pits would be computed theoretically.
This calculation is not so easy because we are now concerned with a three-
dimensional case. Herewith, a theory presented by Sadowsky and Sternberg(7)
was employed for the calculation, which gave the stress distribution around
& spheroidal cavity in a three-dimentional continuum. The shape of etch pits
is not exactly spheroidal and the calculation is not made for the half-
spheroid at the surface but for the spheroid in the inside, so that some
deviations of the calculated value from the real concentration factor may be
expected. This may be neglected as a small amount for the first approxi-
mation. Expected strength curves for indented glass specimens after etching
are shown in Fig. 1, under the assumption of intrinsic strengthes of 300 or
320 kg/mm2. All the values observed lie between the two curves. Thus, the
intrinsic strength of damage-free sheet glass was determined to be about
310 kg/mm2.

Etchi{lg was carried out in a solution containing 4 per cent hydro-
fluoric acid ang 4 per cent sulphuric acid. With a suitable holding system
32 specimens could be treated at the same time. The depth removed from

The bending strength was measured in 3-points bending over a span of
4 cm by use of 5 conventional loading machine. Selfevidently, the inden-
tation on the Sample was placed just under the central kinife-edge. Quite
large deflections do occur in case of strong specimens. The breaking
strength, that is, the maximum tensile stress at the surface, was computed

using the expression &iven by Freeman(6), which tr ted
deflections of beams, 7 e TS FRRG Ly

4. Discussion

The strength now estimated will be the attainable highest value for
strength of sheet glass at room temperatures. It is fairly low, compared
with the strength of fused silica, but is close to the maximum value ever
observed by other investigators for various technical glasses containing
much of alkaline or alkaline earth oxides.

When fractured, Samples burst into small pieces. But, the identifi-
cation of the fracturs origin could be satisfactorily made by using the
4-points loading instead of the 3-points loading and applying adhesive tapes
onto'the bressed side of specimens. The 4-points loading could not be
applied to the actual measurement of strength because of difficulty in com-

It must be noted, that micro strength of sheet glass measured by
puting the stress at the surface due to large diflections of samples.

pressing the surface with a tiny hard sphere to cause a Hertz crack, which
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increases noticiably with decreasing sphere diameters, has marked only
200 kg/mm? and never attained 300 kg/mm2. In this respect, the micro-
strength can not at once be considered to be the ultimate strength of
glass, as wag formerly considered.

Finally, on the basis of the above results some comments may be
offered on the nature of Griffith cracks, which determine the ordinally
glass strength., The stress raising effect of a sharp crack is approxi-
mately expressed by the Inglis relation

Fo = F(l + 2 /—-Z)
r ’

where Fo is the stress at crack tip, which is equal to the pristine strength
of glass, F is the fracture stress applied to the sample, ¢ is the crack
depthza.nd T is the crack tip radius. From the observed values, Fp = 310
kg/m2, P = 7.5 vg/m2 ang A= 251, the crack tip radius T is esiimated to
be a!:out 600 X, which is far greater than the interatomic spacing. Either
the inelastic behavior of glass under high stress or the chemical effect of
atmospheric water Vapor may cause the rounding of crack tips.

F, =320kg /mn’
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