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ABSTRACT

Fracture velocities of soda-lime glass plates in different environments
such as air, vacuum, helium, nitrogen, carbon-dioxide and water were measured
by means of high-speed photography. No environmental effects were observed

on the terminal fracture velocity. However, when elastic strain energy stored
in the specimens was not enough to keep cracks running at the constant maximum
apeed, some effects appeared to be present. These results may be interpreted
in terms of the generally accepted theory.

Three kinds of theory have been published regesrding the velocity of cracks
propagating in a brittle isotropic material., These theories reach different

conclusions as to which characteristic elastic wave velocity the maximum !
fracture velocity is associated with. The first, which originated with Mott

(1), associates it with the longitudinal wave velocity. The second, which was
postulated by Poncelet (2) and Yoffe (3), associates it with the transverse

wave velocity; and the third, which was advocated by Broberg (4) and Craggs (5),
associates it with the Rayleigh's surface wave velocity.

Among these three, Moti's theory seems to be most widely accepted. Ac-
cording to this theory, the terminal velocity should be a certain fraction of
the léngitudinal wave velocity. Also, it implies that the terminal crack
velocity is not dependent on surface properties such as surface energy but
only on the mass density and elastic moduli of the bulk material.

At the Swampscott Fracture Conference, however, Schardin (6) reported
measurements for glasses having a variety of compositions, and showed that
observed maximum crack speeds do not correlate as well with sound velocities
as they do with a quantity defined as the square root of the ratio between
nicrohardness and mass density. Since hardness is known to be related with
the surface energy, he suggested that the surface energy might influence the
limiting fracture velocity. More recently this idea was emphasized by Kerkhof
(7), who estimated the surface energy of various glasses from interatomic
distances, and derived a linear relationship between the limiting fracture
velocity and the square root of the ratio of surface energy to mass density.
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The fracture velocities listed in Table 1 were obtained with surface-
treated specimens of high-strength, and of little fluctuation in the time
of crack initiation. By reducing the time delay between impact and the
flash illumination, crack propagation in specimens of rather low strength
could be sometimes photographed (8), Table 2 lists the results obtained
with such specimens. The maximum velocities observed were under the
limiting value of about 1.5 km/sec, so in this case some influence of
a surrounding gas on the crack velocities seems to be present. It should
be noted that, assuming other conditions are constant, the presence of
A surrounding gas which reduces the surface energy of glass appears to
increase the crack velocity. Therefore, surface energy and fracture
velocity have a negative correlation, whereas Kerkhof's theory predicts
a positive correlation between these quantities,

Since it can be shown that the surface energy is approximately propor-
tional to Young's modulus, it is difficult to decide whether surface energy
really affects the limiting crack speed, when materials with different
Young's moduli are compared, Therefore, it was interesting for the authors
to study crack speed in the same material as it wag held in different environ-

The present study was based of course on the idea that surface adsorption
may reduce the surface free energy of a solid, Thig is a thermodynamic
phenomenon that requires quasi-static equilibrium, so there remained some
doubt as to whether enough molecules from the environment can arrive at the
tips of very fast cracks to have an effect,

Fig. 1 shows g schematic diagram of the experimental apparatus, The
specimens were sheets of soda-lime glass picked from g commercial lot, The
fracture phenomena were photographed with g Beckman-Whitley high-speed camera
at a rate of 3—6x105frames/sec. In order to make the time of crack initiation
uniform, each Specimen wags polished in a dilute hydrofluoric acid solution,

According to Mott, crack velocity ¢ may be described by an equation

of the following form.

. . Co ¥ (1)

C = C.m (1 b E- )
where ('l,.: limiting crack velocity, C,= Griffith's critical crack .size
and ¢ = instantaneous half size of a growing crack. By a mathemat%cal
refinement, Dulaney and Brace (9) obtained another expression as given by

E=tult- L) (2)
From the Inglis stress concentraion relationship, it is possible to rewrite
Eq. (1) and (2) in terms of @*, the stress at the crack tip, and of the
surface energy ¥ as follows:

The polished sSpecimens were held vertically by a rectangul ar frame, which
was placed in a metal Vacuum chamber. Cracks were started by hitting the
specimens with a smal} electricaly triggered hammer, which also triggered
the camera when it hits the specimen, The atmosphere inside the chamber was
controlled through standard vacuum ang 853 supply systems. Tests were done
at pressures down to 10"Torr, and after introducing various pure gases such
as hydrogen, helium Or carbon dioxide. Since the time required for crack

propagation was so short (less than about 107 sec), a pressure of 10 Torr C=¢ {1 - (lE. -I.}% (3)

was adequate to prevent a significant amount of surface contamination during " Rrofs Y

a test. Tests were also carried oyt in the room atmosphere and in water, t=2¢ {1 = (L‘ﬁ-)l.}?' (4)
= m Tr' o2

where E denotes Young's modulus and T the radius of the crack tip.

Plotting the normalized crack speed C/C,.. on a non-lin:aris;haiennes
against ¥/p**, Eq. (3) and (4) can be represer.rcer.l by two stra nof i
as shown in Fig. 5. Three dotted lines there indicate the mgaxtlt s
vélocities listed in Table 2, From :h: inter::}la:stgfd::::mz t;e e
i elocity axis, i S poss
:;'thf;h:‘n:mr:iizzihvmediumf Although the sloPes of the lines ?:o re;:;::ent
the crgck speed equations are more or less arbitrary, it is o?vmu:he
this ratio of T/@*‘ is independent on the slopes, Tablta % ;g:lie:ma-lime
ratio of 3‘/0.*1 thus obtained and ratio of surface energies t; e
glasses tested in varous media., It seems rather surprisingh 1:awas =
tendency for the surface energy to change with tl:le medium tha
for static tests is also observed for such dynamic tests.

crack velocities, Fig. 3 shows the frame following next to Fig, 2. Time
interval between these two frames is 5 ysec.

Table 1 sumarizes our measurements of velocities for different environ-
mental conditions, It may be seen that there is no perceptible change compared
to the results for room conditions, which agree quite well with results obtained
by other authors for soda-lime glass. For specimens immersed in water the
contrasts of the pictures were lowered because of the similar refractive
indexes of glass ang water, so the errors of the measurement increased,

However, it seems safe to conclude that no detectable influence of water on
the maximum erack speed was found. Fig. 4 is presented to illustrate the
equal growth rates of cracks in different environments,
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As a summary of the present results it may be pointed out that:

£ No environmental effects on the terminal crack velocities in glass
were observed.

2. For crack velocities markedly smaller than the terminsl value, some
environmental effects appeared to be present.

S It is possible to explain both of these results in terms of the
generally accepted theory of crack velocities,
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TABLE 1

Schardin: "Fracture", MIT-Wiley, New York, p. 297 (1959)

Observed Maximum Values of Glass Crack Velocities

carbon
Medium air vacuum Aloxide hydrogen water
Prenmure 760 1074 1 et 245 760
(Torr)
Nimber: of 16 16 6 15 6
Measurements
Veloclty |, 55 4 0.02]1.54 £ 0,04 |1.50 + 0,05 | 1.53 + 0,04 | 1.55 £ 0.08
(xm/sec)
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FIG. 4: Equal Growth Rate of Glass Cracks.
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1.0
TABLE 2,
sEEN2 (Mott Eq.)
Crack Velocities smaller than 0.9 AIR
the Terminal Value, N N T
Co,
Pressure Velocity 0.8 T
Medium (Torr) (km/ sec)
air 760 1.% | VACUUM
0.7 o ——— —
air 760 1139
vacum | 2,0 x 10°* | 1.0 o/ca | (Dulaney &
vacuum 4,4 x 107% 1.03 Brace Eg.)
vacum [8.2%x 107 [ 1,04 0.5 P
He 12.4 .24 L Be 7x1o’: dyne/cm?
He T.2 1.43 . TR AT I oo
0.3
CO, 6.4 1.28 0 i . ;
Co2 5.4 1.22 0 5.0 10.0 15.0
H 1.4 1.39
g,lxlo" cm? /dyne
FIG. 5: Relation of Normalized Crack
Velocity with the Ratio of
Surface Energy to the Square
of Crack Tip Stress.
TABLE 3,
Ratio of Surface Energy of Glass in Different Media.
Medium . carbon
Author BE dioxide vactmm
Berdennikov 1* 4,2
. 3.0
S
choening 1 (1.7 ~ 12.1)
Culf 1 1.9
T/ 2 1 1.6 2.4

* Although Berdennikov

his data for water shou

1

made no measurements at TO0!

1d hold for wet air,

870

m conditions,
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