INFLUENCE OF INTERNAL STRESSES ON THE DEVELOPMENT OF CRACKS
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ABSTRACT

Fracture phenomena due to internal stresses in toughened glass plates are descri-
bed. Compared with uniform stress fields a different crack propagation and bran-
ching behaviour is observed which can be explained formally by an effective crack
length of the order of the plate thickness. The influence of internal stresses
on the crack front curvature is shown and a method to measure the K-distribution
along the crack front is proposed.
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INTRODUCTION

Internal or residual stresses can influence brittle fracture processes very
strongly as for instance in glass. Depending on their magnitude and distribution
an extremely different failure behaviour can arise, e.g. very slow crack propaga-
tion can lead to final failure after a long time, or a rapid shattering can de-
stroy the component immediately as known from safety glass. Some of these phenome-
na will be described in this paper and the principles behind these phenomena will
be discussed.

For simplification plates are considered containing stress distributions which va-
ry only through the thickness and which are symmetrical to the center plane. Such
distributions can be obtained by thermal or chemical treatment of glass plates.

In the case of thermal toughening, a parabolic distribution with compression in
thick surface layers and tension inside is achieved where the amount of the ma-
ximum pressure at the surface is twice as high as the maximum tension in the cen-
ter plane. In the case of chemical toughening the plates contain a distribution
with very high pressure in thin surface layers and low, nearly constant tensile
stresses in the large remaining inner part. The cracks considered are through-
cracks which propagate in planes perpendicular to the plate surfaces.

PRINCIPAL CONSIDERATIONS

In order to discuss the distribution of the stress intensity factor K along the
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crack front caused by the internal stress field a stepwise application of the prin-
ciple of superposition will be used. It will be assumed that the residual stress
field can be considered as the integral of line loads acting directly at the crack
surfaces and showing a parabolic distribution. Therefore, as a first step, the ef-
fect of single pairs of line loads P(z) applied to both crack surfaces in the dis-
tance c, from, but parallel to the straight crack front is discussed. Fig. 1 shows
the comparison of a constant line load with one of a parabolic distribution. The
following differences in the resulting K-distributions will be observed. Neglec-
ting the outcome of refined numerical 3D-FE-calculations the constant load leads
to a constant K along the crack front. Since K o< P/VC the K-value will decrease
with increasing distance c according to the given l/VE'proportionality - as it is
illustrated by c, in Fig. 1. —-. In comparison the parabolic load, which represents
the thermally produced residual stress field and which fulfils the condition of
equilibrium hfP(z)dz = 0, causes an approximately parabolic K-distribution along
the crack front (Westmann, 1973; Riedmiiller, Sommer and Winkler, 1977). Because
each part of the line load contributes to the K-value at any arbritrary point along
the crack front, the effect of the tensile forces will be compensated partially by
the compression forces weighted by their distance from the point under considera-
tion. Thus, the resulting K-distribution - especially in the center of the plate

- will be considerably lower than that caused by a constant line load of the same
maximum magnitude. As a consequence of this effect of compensation a significant
K-distribution will result only for distances c smaller than the plate thickness.

According to the principle of superposition the K-distribution for a crack subjec—
ted to the complete stress field will be achieved by integrating a sequence of line
loads over the whole crack length a (Fig. 2). For uniform constant stresses the
well known dependence Ke< 0Ya' results which is illustrated in the diagram of Fig.2
for three different stress levels by dotted curves. However, in the case of the re-
sidual stress field the parabolic line loads will mainly contribute to the integral
only as long as the distance a remains small compared to the plate thickness.
Therefore, the K-distribution will increase with a only for small crack lenghts and
then remain constant for longer cracks. This is illustrated in the diagram of Fig.2
by the solid curves which show this behaviour schematically for the K-value in the
plate center again assuming three different levels of residual stresses. The maxi-
mum tensile stresses in the center are assumed to be equal to those of the uniform
stresses discussed before. These curves demonstrate clearly that for small crack
lengths the K-distribution will be a function of the crack length and the stress
level, whereas for cracks exceeding a certain "effective" length on the order of
the plate thickness, K will be a function of the stress level only.

As a result of this effect, pronounced differences in the propagation behaviour of
cracks subjected to inhomogeneous internal stresses or uniform external stresses
would be expected. Normally the increase of the crack velocity v is governed by an
increase of the stress intensity factor K according to the well known experimental-
ly established curve shown in Fig. 3 (Wiederhorn, 1967; Richter, 1974). Characte-
ristic values of K can be attributed to typical changes in the fracture appearance
as the onset of slight roughness Kp or branching Kg

On the basis of these consideration the fracture phenomena caused by residual
stress fields of different distributions and magnitudes will be explained in the
following sections. The first section describes the fracture behaviour in the range
of high velocities where branching occurs. The second section deals with relatively
slow propagating cracks and in the third section the effect of the inhomogeneous
K-distribution through the thickness on the crack front curvature is discussed.

BRANCHING EFFECT

In glasses cracks running with the maximum velocity will branch at a K-value Kg
which is about four times greater than Kr. (see Fig. 3). A crack propagating in a
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Fig. 4. Crack branching in
toughened glass.
High speed photo-
graphy on the left,
notation on the
Q, o right side.

uniform stress field will in every case exceed this value Kg and will branch accor-
ding to the stress level at different crack lengths

anKg/d2 (1)
as it is illustrated for three different levels in Fig. 2 by the dotted curves.
Opposed to this a crack in a residual stress field will exceed Kg only if the
stresses are high enough; for instance oj3 in Fig. 2. For low stresses, such as Oy,
no branching will occur, and a limiting stress level oy, should exist at which Kg
will just be reached.

This branching behaviour has been demonstrated experimentally by initiating center
cracks in thermally toughened square plates (300 mm x 300 mm) of different thick-
ness and with different stress levels. The crack usually branches symmetrically at
a certain length 2a, such as shown in Fig. 4. The new generated cracks branch again
at approximately equal lengths which are denoted by a;. In Fig. 5 the measured ini-
tial crack lengths are plotted versus the inverse square of the maximum tensile
stress in the plate center. The results in Fig. 5 show that for high stress levels
the branching behaviour in residual stress fields can be approximately described

by the same proportionality as in uniform stress fields according to relation (1);
i.e. for low ogn'they can be fitted by a line. For lower stresses - varying with
the plate thickness - this dependence is no longer valid and a large scatter is ob-
served. For h = 6 mm a well defined limiting stress can be determined which is ob-
viously higher than those which can be estimated for h=8mm and 10mm.

Since the limiting stresses for h=8mm and 10mm cannot be determined accurately
enough from the data, they are calculated from the data for 6mm. For this purpose
all data points which have been used to calculate the single regression lines in
Fig. 5, are combined - assuming a similar behaviour for the different thicknes-

ses - and only one least square fit is made shown in Fig. 6. Assuming furthermore
for the sake of simplification that the limiting stress depends on the thickness

by owxl/15g=<l/VF, the limits for h=8mm and 10 mm are computed from that for 6mm
and drawn in Fig. 6 as vertical dotted lines. Their points of intersection with the
regression line define formally '"effective' crack lengths; i.e. the maximum lengths
up to which the K-value depends on the crack lengths. Longer cracks are then con=-
trolled by a constant K which may vary locally due to slight imperfections in the
toughening process.

A comparable behaviour can be shown for the secondary cracks. The mean values of
the crack lengths a; (compare Fig. 4) measured in 6mm thick plates are plotted in
Fig. 7 in the same manrer as before. In Fig. 8 all results for different thicknes-
ses are combined and following the same procedure, but with a; instead of 2a, the
neffective" crack lengths are determined. The resulting values are practically
equal to those in Fig. 6 (note that the double values are represented there). In

h=6mm
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summary an "effective" crack length of .7 -
.8 h results from all branching experiments
in such parabolic stress distributions.

If the stresses are distinctly lower than

the limits only single cracks without bran-
ching are observed which propagate with high
but nearly constant velocity. This was veri-
fied by measuring the velocities with the
ultrasonic modulation technique (Kerkhof,
1970). It can also be demonstrated clearly by
the resulting fracture surfaces. Whereas in

a uniform stress field the surfaces are as
smooth as a mirror at the beginning and then
show roughness, hackling and finally bran-
ching with increasing crack length (compare
Fig. 9 upper part), in residual stress fields
these surfaces are smooth or equally rough in
the center over the whole length. This is
illustrated in the lower part of Fig. 9 where
the roughness even decreases (due to a change
in the stress level) despite of increase in
crack length.

SLOW CRACK PROPAGATION PHENOMENA

A similar propagation behaviour with constant
velocity should also be found for the lower
velocity range. In this case, however, boun-
dary influences must be taken into account
which were neglected for the rapid cracks
with lengths small compared with the specimen
dimensions. As an example center cracks in
square plates are considered again. In this
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case, however, the stress distributions, which
are shown schematically in Fig. 10, result from
a chemical toughening process. These plates
were given the same treatment and therefore ex-—
hibit equal compression layers. But since the
thicknesses vary, equilibrium requires that the
magnitudes of the tensile stresses inside are
different. In Fig. 11 the variation of the
crack velocity with the relative crack length
a/v for a plate width w of 100 mm) is drawn

for three stress levels oy. At first, this fi-
gure seems to establish a strong dependence on
a. If an estimation is made using the relation
for uniform stress fields K = o yma and the
real crack lengths, K-values result, however,
which should be accompanied by much higher velo-
cities up to the maximum ones. Otherwise, using
the v-K-curve of Fig. 3 as a calibration curve
the real K-variation with a/w can be deter-
mined. This is depicted in Fig. 12. It can be
se¢n that K varies by only about 25% from small
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Fig. 10. Stress distribution in chemically
toughened glass (schematically)

Fig. 9. Crack surfaces in
uniform (on the left
and parabolic stress
fields (below) at
the maximum velocity
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from Fig. 11

the center plane resulting

crack lengths up to a/w =.6. This change can be explained by boundary influences
alone (see e.g. Paris and Sih, 1965, who state a correction factor of 1.33 for
a/w =.6 for uniformly loaded center cracks), so that in this case the propagation
is also governed by a constant effective crack length which can be estimated

again to be in the range of h.

CRACK FRONT CURVATURE AND K - DISTRIBUTION

Due to the inhomogeneous K-distribution through the thickness the front of cracks
propagating in residual stress fields show a pronounced curvature compared with
fronts resulting from a uniform stress field. Figs. 13 and 14 give examples for
the slow propagation range; the same specimens as in the section before are con-
sidered (compare Figs. 10 - 12). In order to evaluate the local K-distribution
experimentally the real local crack velocities v, normal to the crack front have
been determinded; these follow from the integral velocity v, as shown in Fig. 15.
Again using the v-K-dependence (Fig. 3) as a calibration curve, the correspon-
ding K-distributions for the four examples under consideration are plotted in

Fig. 16.

Whereas the crack in the uniform stress field shows an almost constant

K, K decreases for the cracks in the residual stress fields from the center to
the surface and shows an especially strong decay in the region of the compres-

sion layer s.

Although these results seem to be reasonable, the applicability of the evaluation
method may be limited. The calibration curve is established for values of v and K
averaged over the plate thickness for cracks in uniform stress fields and thus d—
does not exactly represent the local dependence between crack velocity and energy

release.
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