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SYNOPSIS

Glass specimens tested in simple tension, bending, or torsion, with
breaking strengths up to approximately 100 Kg/mmz, develop a characteristic
morphology of the.fracture face which has become knovm as "mirror, mist and
hackle'. This general pattern and some variants have been observed in
the fracture of other materials. Smekal (1) has defined a quantity
called the "reduced tensile strength" based upon this fracture pattern.
During an unsuccessful experimental reexamination of Smekal's parameter, an
empirical relationship between breaking strength and the "mirror" depth
was observed., This relationship, arising from an independent observation,
was later found to have been used by several workers (Levengood (2)
Shand (3), (&), but had not been examined in any detail by them.

The relationship may be expressed in the form
1

Zc? = constant
where Z is the breaking strength,
and ¢ is the ™mirror" depth (a term fully defined laicr),
The experiments described in this thesis have yielded information on the
numerical value of the constant in the above relationship and on the
significance of the characteristic morphological fracture pattern itself,
Chapter 1 describes the gross features of the mirror, mist and hackle
pattern and defines some of the terms in constant use throughout the work,
The second chapter describes the apparatus and techniques used to
1

measure the numerical value of Zc? <for some common glasses under

various experimental conditions.
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The results are reviewed briefly in Chapter 3. The main conclusions
are that at a given temperature of test the value of Zc% for any one
glass is constant, but different for different glasses, The constant
appears to be unaffected by the surrounding media and is relatively
insensitive to the fibre drawing method. For one glass a variation
in the value of Zc% with temperature seems likely. Particular
attention is paid to the results of tensile and bend tests on "as received"
soda glass rods which suggest a method of determining the mirror shape
to be expected from tests conducted with diffeerent stressing systems.
Also in this chapter is a review of previous observations of the empirical
fact that Zc% = constant.

Chapter 4 describes the gualitative examination of detail in the
mist zone with the aid of optical microscopy. This examination showed
the presence of stopped sub-surface micro-cracks in the mist zone which
correlate with surface features, It is proposed that the morphological
elements meking up the mist zone can be classifiied by introducing two
gencralised types of mist feature. A discussion concerning the possibility
of explaining the formation of these features in terms of micro-crack
interaction follows. Finally this chapter closes with a discussion
of possible mechanisms of micro-crack formation during crack growth and
the acceptance of secondary nucleation as a working hypothesis,

Chapter 5 contains a review of theoretical work having a bearing
on the problem of the formation of the mirror, mist and hackle
morphology.

Chapter 6 discusses the energetics of brittle fracture in real

materials with reference to the work of Griffith (5) and Mott (6).



- -

Using a critical energy criterion for the bifurcation condition and
utilising the work of Culf (7), a form of Mott's equation is proposed
which gives theoretical Zc% values for glass approaching those found
in practice. This criterion associates the value of Zc%' with the
fracture energy of the material, Further discussion is given to the
possibility of extending these principles to include other materials.
The theoretical value for Zc% in perspex is predicted on this basis,
The postscript gives a brief account of further experiments performed
to check this latter value., Preliminary results show encouraging

agreement between theory and experiment even for this material,
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CHAPTER 1 THL CHARACTERISTICS OF "WEAK" FRACTURE OF GLASS RODS AND FIBRES

1o Introduction

The study of complex fractures is of' considerable practical
importance to glass technology. Of'ten an analysis of the fracture
system together with a study of the {racture faces makes it possible to
draw conclusions concerning the origin and cause of fracture.

Preston (8) has given what is probably the most comprehensive general
survey of the field of fracture phenomena for the failure of sheets of
glass, and other glass objects and masses under a variety of mechanical
and thermal stresses., Recently interest in this type of study has
increased and widened to include a variety of different materials
e.Z., single crystals, polymers, polycrystalline metals etc, Probably
this is because there are many associated fracture phenomena which are
able to provide a certain amount of information on the physical and
mechanical properties of the material, As far as glass is concerned,
experiments which involve the examination of fracture faces are usually
confined to instances in which the specimens have been induced to
fracture at relatively low stress levels, i.e., a few tens of Kg/mm?,
This is because a specimen failing at, for example, 360 Kg/mm? is
usually reduced to fragments, many of the pieces acquiring considerable
velocities. There is therefore little left to examine after such a
fracture. It must be borne in mind that anything which is said
concerning the fracture process subsequently, camnot at the moment be
proved to have equally valid application to fracture in such high
strength material.

Attention will be largely confined in this work to the fracture

characteristics of glass tested in tension or bending
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when failure is induced at low stress levels (i.e., 3 -

70 Kg/m?), Under these conditions a specific and constant type of
morphological pattern appears on the fracture surface. A typical

example of one such pattern is shown in Fig. 1. It is convenient at

this point to give an account of the typical features of fracture surfaces,
using the fracture pattern of Fi:. 1 as the archetype, and define some
terms which will be in continuous use throughout the text.

152 Fracture of weak glass rods and fibres in tension

If a glass rod or fibre, of low strength (i.é., 3« 70 Kg/mm?),
is broken by means of an axial pull, then the fracture surfaces always
develop the same morphological features. One such surface is shown
in Fiz. 1. The most important points are, that fracture commences in
a direction approximately at right angles to the direction of maximum
tension, anc. subsequent events take place in a characteristic order,
this order alirays remaining the same, The crack is nucleated at a
local flaw K (diagrams a, b - Fig, 2) existing usually on the surface
of the rod and propagates perpendicularly to the tensile axis as shown
at 5 (diagram b - Fig. 2). The crack continues in this direction for
some part of the way across the specimen, how far, in this simple case,
depends to some extent on the severity of the flaw existing on the glass
surface before fracture since this determines the external applied stress
at which the specimen fails. If the rod has been heavily damaged the
fracture may continue right across in the same plane, Usually however,
after breaking through the area S, the primary crack branches at X and
two ¢ racks F' and T'' are subsequently propagated. As a result of this

a wedge of glass ' of crescent shape is thrown out during the fracture



Photomicrograph of ribs and striae in an X8 fracture

surface (see text). Magnification x 75.

Transmitted light.



-1 -
processy; Three more or less distinet and separate zones can be
indicated on the resultant fracture surface, The separation into
three zones was originally due to Poncelet (9) and the nomenclature
used here is that of Andrews (10). A part of the surface is optically
smooth and perpendicular to the tensile axis, this is usually called the
mirror, and is the area S as shown in Fig, 2a. It is surrounded by
an arcuate area with a stipoled surface appearance when observed under
a low power optical microscope. This seconc zone is called mist.

The third sone consists of the remaining part of the fracture surface
and is called hackle®, The surface of the hackle area consists of
macroscopic furrows directed radially towards the fracture origin,

but the surface of individual furrows is smooth., The transition area
between the zones of mist and hackle is detected as an irregular arc
more or less concentric with the mist arc (see Fig. 1 and Fig, Za).

It is at points along this irregular arc that the initial crack
bifurcates by some mechanism, and two independent cracks are
vropagated (F' and F'') in two planes forming a small angle with each
other, The dividing line betireen the mirror zone and the mist zone

(the inner locus), cannot be placed with the same certainty as that

- Footnote: the term hackle used here defines an area of the fracture
surface. It has been used previously by Murgatroyd (11) to denote
certain surface features associated with rib markings. The rib and
hackle features of Murgatroyd are called here ribs and striae -

see Fig. 3.
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between mist and hackle (the outer locus)., 1In fact, assigning a
position to the inner locus is an entirely arbitrary process and is
nearly aluays dependent on a set of subjective conditions being
satisfied. Of'ten, especially when the mirror is small, a new
formation of mist cen be seen within the furrows of the hackle area.
This precedes a second bifurcation of both cracks (F' and F'') and
sometimes, in favourable cases, further instances of crack
bif'urcation can be seen.

Although the description given above refers to fracture surfaces
produced in tensile tests on glass, in fact it is also possible to
produce the mirror, mist and hackle morphology in bending and torsion
as well., Then complete mirrors are formed it is possible to see that
each separate stressing system produces characteristic changes in the
shape or profile of the mirror area., An attempt to unifyy the whole
problem of the variation in mirror profiles will be included in
Chapter 3.

Attention will be largely conf'ined in this work to the mirror, mist
and hackle pattern produced in glass when tested in tension or bending,
and the morphological features to be considered are those associated with
this fracture pattern. The existence of surfaces bearing other types
of fracture face (e.g., see Fig. 3) is recognised, Usually these
features develop in complex stressing systems and will not be considered
further except insofar as they enter the general discussioi.

The mirror, mist and hackle pattern is not confined to glass, a wide
variety of brittle or semi-brittle materials show broadly similar

features on their fracture surfaces. These materials can vary both
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in homogeneity, e.g., pitch and rubber at low tempverature, and in

structure, e.g., ceramics,anc crystalline materials like LiF and
NaCl. The similarity of these fracture patterns in different materials
indicates that they may have a common basis for their production, Following
the considerations of the fracture process in glass given in the final
discussion, an attempt will be made To generalise the arguments advanced
there to include a wider variety of materials,

In addition to verious cualitative studies (3), (9), (10), aekal (1)

has been responsible for a quantitative examination of the mirrori mist

and hackle phenomenon,

-

1.3 The relationship Zc2 = constant

Smekal (1) has given an expression which shows that, for tensile test
producing the mirror, mist and hackle morphology, the ratio of the load at
fracture to the area occupied by the hackle should be constant. This
ratio was called by Smekal "the reduced tensile strength™. The very carly
experimental vhase of the work reported in this thesis was performed to
examine the reproducibility of Smekal's parameter, which naturally depends
upon the development of the mirror, mist and hackle morpholozy. The
wrork was soon chandoned since no sensibly constant value could be obtained
for the "recduced tensile strength™., In addition the limits on the
acceptable mirror size set by Smekal diminished the usefulness of this
parameter for experimental purposes. However, another empirical
relationship was observed to hold true for the same specific morphological
pvattern. This relationship, subsequently found to have been recorded
by a number of workers (Levengood (2), Shand (3), (A), Terao (42)), can be

most easily stated as follows,
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Zc< = constant 1555
where Z 1is the tensile stress at fracture,
and c¢ is the mirror depth.
A full defianition of whet is meant by these terms is given later, The
relationshiy represented by Lg. 1.3.1 had anparently not been examined
in any detail previously. Such an examiration forms the substance of

Part I of this work. The experimental work described refers in the

fa

o

main to determinations of the value of Zc“ for different glasses under
various conditions of test. The results show that the value of Zc% is
constant for any one glass, but different for different glasses.

The value of the constant is apparently unafflected by specimen drawing
conditions except where these lead to real mechanical stresses in the
material, in which case the value of the constant is affected. In addition,
a variation in the value of Zcé as a function of temperature has been
found for one glass. The results are given a preliminary discussion,

but full interpretation is not possible until the phenomenological evidence

presented in Part IT is properly evaluated.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES AND RESULTS

25 Introduction

The present chapter is devoted to an account of the experiments
performed to measure the value of Zc% for glasscs and determine the
variation of this value with changes in the experimental testing conditions
and changes in the methods of specimen production, It should be emphasised
that these experiments are in the nature of a preliminary survey and the

extension of some of the experiments performed to embrace a wider range of

glass types would be both profitable and desirable,

-

22 Specimens and glasses used to measure the value of Zc2

Glasses used were:-
1. Vitreosil - Thermal Syndicete Limited.
2. X8 - G,E.C., soda-lime-silica glass, Mg. pt. 560°C,

nominal composition as given below,

3t 0, M. 70.5% Ne ,0 " 16,%
Al Ofe e 2.6% K,0 n 1.2%
Cal " 5.7% B Oz et 0.5%
MgO " 2.9% S04 "o 0.2%

3, L1 - G.E.C., lead glass, Mg. pt. 47000, nominal composition,

8i0, " 568 X,0 " 8.0%
PbO " 30% Na,0 " L 6%
Al O3 " 1.3%

Tests were conducted in bending and tension on >mm and 5mm rod, and
in tension on fibres (diameters from O.5mm to 1mm). In forming the rod
specimens for tensile tests, lengths of 3mm or 5mm cane were cut into

pieces 8 - 12cms long and these were wiped with a clean cloth to remove
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Slotted ring-grips. Magnification x %.
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excess grease and dirt, By heating a small length of each rod-end in an
oxy-coal-ges flame and rotating the rod whilst cooling, a symmetrical
glass ball was formec oi each end of the rod, These balls provided the
means of holding the specimen for test in slotted ring grips, as in Fig. 4.
To form fibres, the central portion of a rod specimen was heated in a fairly
hot flame with simultancous rotation of the specimen; +this hot zone was
then removed from the flame and pulled by hand to the desired diameter.

It was found that pre-treatment of the specimens was required to give
a useful distribution of mirror sizes, and this was accomplished by damaging
the samples by one of two methods, The 3mm and 5mm rods were simply
scratched with fine emery paper. Fibres were damaged by dropping fine
silica sand onto them from a pre-determined height. These treatments were
found to give a satisfactory range of mirror sizes.

2.3 Mirror Criteria and Measurement

The presencc of the two more or less distinct loci, i.e., the mist
and hackle arcs previously_described, raises the problem of how to define
the end of the mirror for the purposes of measurement, the first apvearance
of mist normally forms quite 2 regular boundary, but the position of this
boundary depends upon the lighting and the magnification at which it is
seen. Under inspection by an electron microscope, mist can be resolved
in what is secen under optical conditions as the mirror zone, but gradually
falls below the resolution of even this instrument in a direction towards
the origin of the crack, The boundary of the hackle is much less ambiguous
in position but is very much less regular. For this reason the mirror

radius was measured to the inner locus as defined under a given set of

subjective conditions,
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The reproducibility of these measurcments has been checked from time
to time by examining results taken by a number of obscrvers in this
laboratory. The indcpendent observations have usually agreed within
3 - L4%.

For the purposes of measuring 6 and D (see Fig. 5) a direct method
of observation was employed using a micrometer eyepiece attached to the
microscope, In this method, a length of about 2 cmas was cut off the
specimen af'ter testing and this piecce was set up vertically on the micro-
scope stage, so that light was transmitted through the fracture surface
of interest. Both portions of the broken specimen were set up on the
microscope stage in this manner and the diameter of both pieces measured.
Mirrors of good symmetry usually resulted from the pure tension tests, and
by setting the intersections of the mist arc with the rod or fibre surface,
on the vertical cross-wire in the eye-piece (as m, n on cross-wire xy in
ige 5), a fairly accurate measure of ¢ could be obtained along the
diameter perpendicular to the chord mn as shown., The diameter D ,
was measured on both picces, as noted above, along the same diameter
perpendicular to the chord mn, and between the tangents to the circumference
of the specimen, formed by traversing the cross-wire xy .

The first apoearance of mist using constant magnification and
subjectively the same lighting conditions was chosen as the criterion
for the end of the mirror zone. The mist zone in fibre fractures is
usually quite narrow an! in this case it is not particularly difficult to
decide upon a2 position for the end of the mirror, There is usually a
somewhat broader mist zone on the fracture faces of 3mm and 5mm rods, it

then becomes rather more difficult to define a beginning to the mist.
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In the early experiments it was found that a slight de-focussing of the
microscope or, alternatively, of the eye, showed up this position as a
slightly roughened arc,

During the course of the work, access to a Vickers Projection lMicroscope
was obtained, so that when large numbers of 3mm and 5mm specimens were being
tested a different method of mirror measurcment was used.,

In this case an image of thc fracture surface was projected onto
the screen of the microscope using oblique incident illumination.  'With
the light falling obliquely on the fracture surface (parallel to mn in
Fig. 5) a limit to the extent of the mirror surface could quite clearly be
secn on the screen, By calibrating the latter with a graduated slide
the mirror radius was easily obtained. This method however had the effect
of reducing the value of c¢ slightly for any given specimen when compared
+7ith the value obtained in direct observation, so that the numerical values

of the later 3mm and 5mm results are slightly less than the early values.

2.0 Testing devices

T The Beam Machine

A tensile testing machine was constructed from 5cm steel scaffolding.
As shown diagrammatically in Fig 6 the basis of this machine was a counter-
palanced first orier lever having a mechanical advantage completely variable
from 1 to 7. Loading was accomplishel by pouring lead shot into a tin-plate
can suspended from the eni. of the beam, The beam itself vas mounted between
170 flat stecel platforms and pivoted on tio case-hardened steel points,

one resting on each platform., A stecl tube, sliding inside a scaffolding

clemp attached to 2 rigid mount, provided a simple means of accommocating
e

soecimens of different sizes.



Fige

Direct loading apparatus. Magnification x 1/6.
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Several different types of grip were tried out with this machine

including some with tapered polythene inserts designed to prevent failure
at the balled-ends when applying loads in the region of 50 Ksms to rod
specimens., However, thec most successful arrangement was found to be the
simple ring-grips showm in Fig. 4, used in conjunction with a sheet lead
Upufi® fitted below the ball on each end of the rod, The lead ruffs were
1om squares cut from 2mm thick leac sheet with a 3mm or 5mm hole punched
in the centre and a cut from one side to the hole, The rufi's could then
be easily fitted to a svecimen by forcing the latter down the cut and into
the central hole. The lower grip was fitted with an "outstretched arms'
attachment enabling the grip to be arrested in its fall almost immediately

by a retort ring. In order to prevent the two halves of the specimen

from being throvn from the grips on fracture, small plasticine caps were

fixed over the ends of the specimen where these were held by the grips.,

Tl Direct Loading Avvaratus

The direct loading apparatus was a simple arrangement used only
for testing fibres in tension. The grips were the same as those used
in the beam tensile-testing device and the upper grip was suspended by a
short length of chain from a rigid overhead support. The lower grip
again had an "outstretched Arms” attachment and a retort ring was used as
the catching device to reduce the fall of the lower grip to a minimum.
From the lower grip a light tin-plate can was freely suspended into*which
was poured the lead-shot used as a loading material., Any tendency for
the can to swing under the influence of air currents was reduced by

shielding the lower half of the apparatus with a box, By careful shot-

pouriné' the can as prevented from swinging under the impact of the shot.
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In loading a specimen by this method, a small extra quantity of
loading material unavoidably entered the can due to the time lag in the
experimenters reaction to the completion of the fracture process.

It was demonstrated by simple subsidiary experiments that the resulting
error in measuring the load was approximately compensated by the small
additional force exerted on the specimen due to the loss in momentum of
the lead-shot on striking the can,

A photograph of the apparatus is shown in Fig., 7. The draught shield
is removed and the specimen is shown in place retained, as in the tests,
by small pieces of plasticine,

In this apparatus a specimen occasionally fracturcd into more than
two pieces., If the breaks took place close together it was possible to
lose small pieces of the original fibre and have left two non-matching
fracture surfaces. Rather than take steps to eliminate or account for
the sporadic appearance of this effect at this stage it was decided to
measure the total length of all specimens before and after test, rejectiry
those measuring less than their original length af'ter test.

III Cantilever Bending Device

The cantilever hending device was designed partly to determine
the valuc of Zc% in bending and partly to attempt to impose the high
stresses on 3mm and 5mm rods whiclhi could not be attained in pure tension
because of ball failures. Basically, as shown in Fig. 8a, the beam
(consisting of the glass rod under test) was built in at one end and
supported with an overhang at the other, The support conformed to the
requirements of a "hinged movable support". So that, neglecting friction,

the reaction at the support must act through the centre of the hinge and
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be perpendicular to the planc on which the support rests (Timoshenko (13)).
With a fixed non-hingcd support an unknown longitudinal tension can develop
during the test in that section of the rod between the support and the
built-in end. A movable hinged supnort is necessary to eradicate this
source of error. The load was applied at P by suspending a tin-plate
can from this point and filling it with lead shot. The bending moment
distribution for this complex cantilever arrangement is shown in I'ig. 8b,
It can be seen that the bending moment distribution attains a maximum
value at the support and falls avay to either side. Thus by damaging
the rod in the area of the support it could be induced to fail preferentially
in a region where thc bending momcnt could be calculated, The actual
value of the bending moment at the point of fracture wias computed f'rom
the load and bending beem formulae (sce Timoshenko), A prototype device
embodying only a simple cantilever gave a great deal of trouble in that
a large proportion of fractures took place flush with the built-in end.

A photograph of' thc apparatus is shown in Fig., 9. In the foreground
of the photograph can be scen a travelling microscope. This was used
to measure the distancc from either the support or the built-in end to
the point at which fracturc took place. The second microscope which
can be seen pointing down thc axis of the glass rod was used for a
preliminary examination of the fracture surface, In many tests the
pnoint of origin of thc fracturc was not located on the linc of maximum
stress at the top of the rod (sco Fig, 10), but was displaced from it
some distance around the circumfercnce of the glass rod, The amount of
this displacement was estimated by measuring the angle between two

imaginery lines. One drawn betieen the point of maximum surface stress
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and the geometrical axis of the glass rod, the othar between the point
of origin of the fracture and the geometrical axis of the glass rod,
That is, the lines defining the angle 6 in Fig. 10. Practically this
was accomplished by fitting the sccond microscope with rotatable cross-
wires attached to a polythene ring graduated in degress. The cross-wires
were brought to coincidence with the geometrical axis of the glass rod
(C in Fig. 10), and the angle 6 by which the fracture was judged to

be "off axis™ was determined by rotating the N - S cross-wire from the
point of maximum surface stress until it intersccted the fracture origin.
The angle 6 in degress was then read off the polythene ring against a
fiducial mark,

Fractures which originated at points more than about ten degre~s
of f axis were rejected sincc they produced mirror shapes or profiles
which appeared to be distorted, The question of mirror profiles in
general and the phenomenon of "break-through” also found in bending
fractures is discussed later.

1—
2.5 Thc valuc of Z¢® in air

X8 Glass
The value of Zc% in gir was measured for a group of X8 3mm
rods and also for a group o:i flame-drawn X8 fibres. Both groups were
heat-treated for onc hour at 53000, and cocled initially at a rate of

4.5°C, per minute for the first 200°C. The results from these

experiments are shown in Fig. 11 where the breaking strength 2 is
4

given as a function of ¢ “, the relationship between these two quantities
over the range of specimen diameters and mirror sizes encountered, is a

linear one.
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Silica Glass

A group of flame drawn silica fibres had been vroduced during the
exper imental work on Smekal's paramcters  The results for this group,
shown plotted in Fig. 11, were obtained by re-analysing the photographic
record which was kept of the fracture surfaces from specimens tested
at that time. It should be noted that the mirror radii obtained for
this group may have been slightly different had the method of direct
observation becn used, but it is thought that this difference would not
reduce the value of Zc% by more than asbout 2 - 3%,
Lead Glass

The value of Zc% in air was determined for lead glass fibres

also, the glass having the composition outlined in Sccfion 2.2,
A batch of flame-dravmn lead-glass fibres was annealed for one hour at
42000., and tested in the usual manner in the direct loading apparatus.

The results for these fibres are given in Fig. 11.

2,6 Tests in Liquidls

Two groups of X8 fibre specimens were tested, onc under water
and the other under methyl alcohol. These tests were pcrformed on the
beam machine with thce mechanical advantage reduced to 1.

A water-tight perspex box becms by 7cms by 418cms was constructed
with the top end open. Through thc perspex base plate was a screwed
brass rod arranged so that a short length projected into the box, and
a short lensth projected below the box, thus facilitating its attachment
to the rigid support of the tensile-tester., The inside pro jection
carried a ring grip of the same type as those used previously, Thus

when the box was mounted vertically on the machine and filled with
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water or alcohol, the upper end of the specimen just projected from the
surface of the liquid and could be held by the upper ring-grip. For
these tests the spccimens were not pre-damaged as described in Section 2.2,
The results for the two groups are shown in fig. 12 and are compared
with an air tested batch. There is no apparent change in the value of
Zc% o The distribution of the water and methyl alcohol points in the
small mirror range is a reflection of the fact that these svecimens
were not pre-damaged.

2.7 Electrical-"rawing and flame-drawing

The possibility of a difference between electrically-drawn and

=Y

flame-drayn fibres led to a cursory examination of the value of 762
given by such specimens.

The production of flame-drawn fibres has already been described
(Section 2.2). In producing electrically-dfawn fibres, a rod of 3mm x 8
with "balled" ends was suspended vertically, held by its upper end,
inside a coil of Nickel wire through which a current of 200amps at
5 volts could be passed, A 20 gm weight attached to the lower end
of the rod was used as the drawing load.

Six flame-dravm and six electrically-drawn X8 specimens were broken
in air in the direct loading apparatus. These fibres werc not heat-
treated in any way after drawing. In addition, six flame-drawn and
six electrically-drawn X8 specimens were hecat-treated together at 53000,,

for three hours and cooled at a rate of less than 1°C per minutce for

the first 200°C.
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The rcsults are given in Table 2.7.1 below

Table 2.7.1

]
Non heat-treated Heat-treated
Flame- Electrically| Flame- [Electrically
drawn drawm drawn drawn
1 ¥
Mean Zc? (Kgfunf) 6,06 6.16 6.23 6.27
Total sprcad 0.57 0.87 0.25 045

2,8 Electrical-draving under large loads

The sensitivity of the value of Zc% to the presence of strains
within the glass was examincd for two types of strain, Under this
scction-hcading, the strain concerned is of the typc arising out of the
stress applied during thc fibre-drawing process and was originally described
by Stirling (14). These "frozen" strains induced in the specimen during
drawing are considered further in Chapter 3, Seotion 3.2,

Fibres were drawn by hanging weights up to 4 Kgms. on the lower
end of & rod suspended in the electrical heater described in the previous
section., Upon obscrving that extension of the rod had becen initiated,
the current was switched off and the drawing process allowed to come to
completion. By this method up to 12 Kg/hm2 drawing stress was obtained
on the final fibre cross-section. The results from a batch of X8
£4ibres made by this method are shown in Tig. 13 together with the results
from a batch of X8 fibres hecater-drawn and anncaled at 53000. The
figures recordcd by the side of cach point representing a fibre containing
"frozen” strain indicatc the value of the stress apvolied during drawing

as calculated using the cross-scctionel arca of thc fracture surface.
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9o Variation in the value of Zc with temperaturec

In order to investigate the high temperaturec variation in the
value of Zc% s o small clectrically-hcated oven wes made in which
specimens could be broken whilst held at a given temperature. This
oven wes constructed in the following manner,

A silica tube 9 cm in length and 8 mm internal diameter was wound.
with two layers of wet asbestos paper., About 50 turns of 28 8.7.G
aichrome wire were wound onto tho asbestos paper while it was still
damp. This winding was then in turn covered by a further five
thicknesses of asbestos paper and set aside to dry.

The oven was used in conjunction with the direct loading apparatus
and was held in position around the fibre by a laboratory clamp and stand.
Currenﬁ was suoplied to the oven by means of a"Variac'"variable transformer
comnected to the mains supply. The time taken for the oven to rcach
thermal equilibrium was determined from a series of time-temperature
curves, with a thermocouple in place of the fibre and the Variac settings
in 10% steps from 4O: to 100% of the output voltage. The time taken
for the oven to attain a maximum temperature was found to be about
15 minutes,. The time allowed for the specimen to reach the temperature
of the oven was fixed at 30 minutes from the moment the Variac was
advanced to its pre-determined position,

The specimens for thesc tests were fibres flamedrawn from 3mm X8 rods.,
The length of the fibre scetion was 4 - 5 cms and the overall length was
such that the balled-ends of the rods projected a little way beyond the
ends of the oven enabling the specimen to be casily fixed in the grips

of the direct loading apparatus. Before testing, the specimens were
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anncaled together for one hour at 530°C., =nd cooled initially at o rate
of 1°C. per minute. Each spccimen was damaged (sce Section 2,2) before
testing and a notc was madc of the initial fibre length so that tests
in which multiple breaks occurrcd could be eliminated (Section 2..4 TT)%

. Fig. 14 shows the results of eight high tcmperaturc tests up to
1_,.35°C, and the mean of fibres testcd at room temperature from the same
batch, These high temperature results should be rcchecked since each
point represents only one specimen.

Ti7o experiments were performed to determine the value of Zc% for X8
at temperatures below 0°C.  In order to do this a container was
constructed similar in form to that shown diagrammatically in Fig. 15.
The container was held in place around the fibre by a laboratory clamp
and stand, the fibre being held as before in the ring grip of the direct
Joading apparatus.

In the first cxperiment liquid nitrogen was allowed to evaporate
from the anmilar cavity marked "liquid N;” in Fig. 15. Ice was pruvented
from forming on the specimen by passing gaseous nitrogen through a copper
helix immersed in liquid nitrogen and then into the copper cylinder
surrounding the specimen, The gas was then allowed to seep through
the space betiwecn the end caps and the specimen, The temperature of
a specimen in the copper enclosure was e¢stimated before cach test by
means of & chromel p~2lumel thermocouplc enclosed in a glass envelope.

The temperature attained by this arrangement was found to be fairly

0
constant at about - 136°C.
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The second expcriment was identical in its details with that above
but in this case finely crushcd solid carbon dioxide was packed into
the annular space which previously held liquid nitrogen., The temperature
of fibres in the copper enclosure was this time estimated to be about
- 63°C.

The means of the results of tests at these two temperatures are
also shown in Fig, 14.

RE
2.10 Value of Zc? for "as received" 3mm and 5mm X8 rod

As noted in Section 2.8 the effect of tiro types of internal
strain in glass on the value of Zc15 was examined., Here the interest
was concentrated on the ¢ffect of thermally induced strains, resulting
in real mechanical stresses, in the glass, These stresses will be
considered further in Chapter 3, it is sufficient for the moment to state
that it is well known that when produced under specific conditions, the
distribution of these stresses in a glass object follows a parabolic
lawe. This scries of cxperiments constituted an attempt to measure the
value of Zc% as a function of thc penetration achiceved by the crack

into a stress field of this type before the occurrence of crack

bifurcation. This will be referred to below as a measurement of the

N

value of Zc as a funotion of ¢ .

Fig. 16 shows the results of 10 specimens of "as received" 3mm X8
rod tested in the beam tensile tester. In addition the results from
five tensile tests on annealed 3mm X8 specimens are also shown. It was
found to be very difficult to obtain mirrors with radii less than
approximately O.4mm from rods tested in tension because of feilure at

the balls. In order to obtain mirror radii smaller than this it
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was necessary to go to bending and for this purpose the cantilever
bending device described in Section 2.4 III was built,

The results of 11 tests in this machine on "as received" 3mm X8 rod
are shown in Fig. 16. In fact this batch also contains a few rcsults
obtained from a prototype simplc cantilever system, As described in
Section 2.4 IIT the simple cantilever system was replaced by the arrangement

of Fig. 8 which allowed virtually all specimens to be included in the

Lt

results. The breaking stress Z used for these Zc? values was the
surfacc stress as detcrmined for the fracture origins, i.e., Zm cos 6
and the curve obtained for these specimens is so marked. This figure
is discussed fully in Chapter 3.

In addition to the 3mm rods described above, two batches of
5mm X8 rods were also tested in the cantilever bending device, One
batch was tested "as received", the other batch was heat-treated at
530°C for threc hours and cooled at about 1°C per minute, The results
from these two groups are shown in Fig, 17, where the results referred

to at this stagc are the curves marked "Zm cos 6 correction".
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CHAPTER 3 PRELIMINARY ANALYSIS AND DISCUSSION OF RESULTS

251 Introduction

The experimental work described in the previous chapter has yielded
Ak
a body of factual informetion on the value of Zc“ for various glasscs
under different conditions, In this chapter it is intended to examine

some of the interesting points arising immediately out of these experiments,

although a comprchensive interpretation of this information cannot be made

4

2

until the full physical significance of the value of 2Z¢° is known.

This is discussed in a later chapter., A comparison of the numerical values
obtained in the experiments just described and the results obtained by
other workers is also made under this heading, although for convenience
this latter section is held over from its conventional position at the

head of the chapter until later.

3,2 Some points arising from the results

It is apparent from Figs. 11, 12, 13 and Table 2.7.1 that at a

given temperature of test, the value of Zo% for any one glass is constant,
put different for different glasses, is unaffected by the surrounding media
and is relatively insensitive to the fibre-drawing method. Fig. 14 shows
that for X8 the valuc of Zc% depends upon the temperature, The value
of Zc% is constant over a wide range of mirror sizes and specimen diamcters.

The experiments of Stirling (1)) showed that fibres drawm under loads
exhibited optical activity proportional to thc stress applied in drawing
them. The optical activity was shown to be uniform across the specimen
and indicated a strain of one sign only, in thec casc of fibres drawn as
described in Scction 2.8 a tensile strain, Clearly there can be no real

internal stresses associated with this type of "strain" since the specimens

would not bc able to maintain static equilibrium, An examination of Fig, 13
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shows that there is no major chenge in the valuc of Zc% due to the presence
of Stirling's "frozen" strains in X8 fibres. The slight increase in scatter
does not vary in a regular manncr with the amount of strains if the value

of the applied drawing stress is taken as 2 measure of the strain induced

in any one sample.

However the most interesting results at this stage arc those obtained
from the cxperiments described in Section 2,10, Thesec experiments were
conducted on "as received" 3mm and 5mm rod which can be shown under the
polarizing microscope to contain mechanical stresses. It is useful to
record briefly how thesc stresses arise,

Unless the cooling rate of the glass is carefully controlled during
the drawing process (or for that matter during any heat-treatment - but for
the stresses to be permanent the glass must attain the softening temperature),
the surface cools more quickly than the interior and temperature gradients
are set up in the glass. The rcmoval of these gradients results finally
in the generation of compressive stresses in the surface of the specimen
and balancing tensile stresscs in the centre. ‘When the specimens are
cylindrical in shaope, provided that the cooling rate over the whole surface
layer isthe same, the locus or all points subsequently having the same
compressive or tensile stress is a cylindrical shell concentric with the
axis of the rod. The stress distribution a2long a diameter of the cross-
section of a rod may be rcpresented by a parabola, the exact shape of which
depends upon the temperature range over which the rapid cooling takes place
and the rate of cooling within this range. The presence of stress distrbuted

in this mammer can easily be detected in the 3mm and 5mm X8 rod used in

these experiments by means of a polarising microscope.



For o cylindrical specimen in which the stress distribution of the
statically balanced stresses over any cross—scction may be represented
by the rotation of a parabole as dcscribed above, there is, at some
distance below the surfacc of the cylinder, a layer with no stress, that
is, a ncutral zone. If a section could be madc across the rod
perpendicular to its axis without disturbing the stress distribution,
the sum of the tensile stresses acting within the neutral zone would
be belanced by the sun of the compressive stresses acting over the area
around the neutral zone. Also if some of the surface of the specimen
is removed by some method, for example chemical etching, these stresscs
are re-distributed until a ncir equilibrium is reached,

Assuming o paraboloidel distribution of stresses within the rods
and assuming also that the stresscs within the specimens are in
equilibrium with each othcr, it is possible to calculatc, using a simple
approach, thc position of the neutral stress zonc for any rod.

The calculation is given in Appendix I, but the result is that the
distance of the neutral laycr from the axis of the rod is r/v2 , where

r isthe radius of thc rod. The vertical cross=hatched zones in

Figs. 16 and 17 represcnt thc maximum and minimum values calculated for
the neutral layer for both 3mm and 5mm rods within the diametcr variation
encountercd in the cxperiments,

The results of the tiwo serics of tensile tests shown in Fig. 14

indicate that the presence of these internal stresses cxercise a distinct
1

influence on the valuc of Ze® . It is clear that the "as rcceived"

rods giving mirrors falling inside the neutral zone yield a value of

N}

702 which is consistently lower than the value given by annealed rods,
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However, by comparing the rcsults of these tensile tests with the results
from the "as rcceived" 3mm rod (Zm cos 6 curve Fig, 16) tested in bending,
it is immediately apparcnt that an incompatibility exists between the

two. It was found that the bending results could be reduced to give
valucs consistent with the tensilc results if the meaning given to the
quantity 2 in Egn. 1.3.1 was altercd slightly, as follows, Suppose
that the stress Z uscd in the equation was regarded as being the applied
stress acting locally, immediately prior to fracture, at that point in
the material where bifurcation of the crack subsequently took place,

no alteration in the values of Zc? for anncaled specimens tested in
tension would be requircd. However, in the case of the bend values

for Zc1§ the Z wused in E¢n, 1.3.1 would not now be Zm or

7 cos 6 (depending on the position of the fracture origin) but

7 cos @ <r ; °> (sce Fig. 10). The effect of dealing with the bend
m

results in this manner produced a set of values compatible with the
-0 \
curve | .

/

An cxemination of the combined curves for the tensile and bending

tension results as shown in Fig. 16 (Zm. cos 6.

tests on the "as received" rod, and the tensile tests on annealed
material as shown in Fig. 16 leads to the following conclusions.
Mechanical stresses within the glass have a marked effect on the value

of Zc%. Both 3mm and 5mm (when corrccted - see Fig. 17) annealed rods
give the samc value for Zc%, but the "as rcceived" rod values are
differently distributed for 5mm and 3mm rods. In addition it will be
observed that the curves of the results for both 3mm and 5mm “as received"
spccimens pass through the line of the annealed-rod results at two

spccific points. This will be considered further in the next section,
)e K



- 37 -

At this stage it is sufficient to note that inside the neutral zone,
1

i.e., in the zone of tensile stresses, the measured value of %02 is

consistently lower thon anncaled value, Outside the neutral zone,

L
i.e., in the zone of the compressive strcsses, the value of Zc? is

consistently too high. In order to reduce the ecxperimental "as received"
1 4

7Zc2 values to the amnealed Z¢? values the stress 2 has to be adjusted.
In the compressive zone Z must be reduccd (in the particular case of
these rods) by a maximum of 1 - 2 Kgms/mm?, and increased at the axis

of the rod by a maximum of about 1 - 2 Kgms/mm2®., Since these stresses
are at the sort of level which might easily be introduced during the
cooling stage of the manufacturing process, the curves of Figs 16 and 17
suggest that the values of Zc% given by them could be used to give

an accurate measurc of these actual stresscs. Corroborative evidencc

for this proposal will be given shortly.

In order to obtain consistent values for Zc% in tension and
bending, as recounted asbove, it was found nccessary to place a different
interpretation upon thc¢ value of Z used in Egn., 1.3.1 than had been
employed up to that point, It will be recalled that Z was re-defined
above as that stress acting locally, immediately prior to fracture,
at that point in the specimen where bifurcation of the crack subsequently
took place. This simple shift in emphasis allows the diversity in
mirror profiles obtained from the various testing procedures to be
explained. Some of thc most characteristic mirror shapes can easily
be obtaincd by geomctrical construction as described in the next section.
But first, the modified interpretation of the strcss to be used in

Egn. 1.3.1 is supported on several grounds, First, it is apparent
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Showing a D-shaped mirror. Non-annealed X8 rod
broken in tension. Magnification x 45
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from the tensilc results of Chapter 2, Section 2,10 that it is the

local thermally induced mechanical stresses which have a profound effect
on the value of Zc% . That is, it is the local stress existing prior
to fracture at the point at which bifurcation subsequently appears

which matters. Second, the results of Scetion 2,10 indicate thet the
propagation of thc crack does not produce any major change in the
distribution of the local stress ficld during its passage. This shows
that the part of the locel stress field which is duc to the independent
mechanical stresses within the rod, is not altered in any important

way by the elastic disturbances produced by the propagating crack.
Finally, that part of the local stress field due to the externally
applied tensile stress would not be expected to change radically during
the time of passage of the crack ( 3 - 5 microseconds). Any such
alteration in this stress can only be made by longitudinal stress

waves travelling from the crack region to the grips and back. This
timc is usually much largcr than the time required to sever the specimen,
On this basis, the interpretation placed on the Z required by Eqn. 1.3.1
is felt to be recasonable,

B Generation of mirror profiles by geometrical construction

The experiments conducted in tension on "as received® 3mm X8 rod
and described above, yielded mirrors which had shapes differcnt from
those from fibre, or annecaled rod, fractures. Thc profilc of an
"as received" rod mirror (hercafter called a D-shaped mirror) is shown
in Fig. 18 and can be compared with the mirrors observed in the fracture
of annealed rods (scc Fig. 1). Both thcse are different in profile

from the mirrors obtained from bending breaks and these latter also
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havec a diversity of shape within their own group. For instance, no
completc mirror has been obtaincd in these experiments grecater than
O.5mm in radius from a 3mm rod, or zreater than 1mm radius from a 5mm rod
when tested in bending. After thesc distances bif'urcation appears
to fail to take place in the centre and thcre is a "break-through”
of grcater or lesser cxtent, although there is nearly always successful
lateral forking giving rise to "wings™ on the f racturc surface (see
Fig. 19). This type of fracturc has been reported in the literature
(Shand (3), (4) etc.). Onec other typc of mirror profilc produced in
bending is the "off axis" break which gives rise to its own characteristic
distortion (Fig. 20) and which may also be combined with the "break-
through™ phenomenon.

All those types of mirror profile may be gencrated by geometrical
construction with a fair degrec of success by utilising the changed
aporoach to the meaning of the stress 2 in Egn. 1.3.1.

For any given value of thc constant (say 6) in Egn. 1.3.1 there

ol

is a unique set of pairs of values of Z and c¢“ which give k es
a product. Fig. 21 shows such a sect given in the form Z as a function

(o3 AT o T Only combinations of Z and ¢ given by points on this

s

N

curve will yield a product Zc 6 .. The curve is unique for any
given value of the constant and should be true for specimens of any
diametcr. The curve of Fig. 21 has becn drawn for Zc'13 = 6 (the
experimentelly determined value for X8 glass rods) and as far as

¢ = 3,0mm, It is possible to reprcsent on Fig. 21 the tensile stress

acting, immediately prior to failure, at all points in o specimen

being tested in tension by a line such as AB. The intersection of
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Fig. 20

the fracture surface which resulted from a bend test

v

X8 rod when the fracture origin lay off the line of

maximum surface stress

SS. Magnification x Dty

)
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AB with the curve CD gives thec valuc of ¢ to be expected from failurc
at this stress level, and it can also be scen that pure tensile tests
in general will yicld only one valuc of ¢ 1o be expected from the
particular stress level concerncd, This is not surprising, in fact

so far this is only a graphical rc-statcment of the empirical truth

of Eqhe 1e3.714 Hovever if the stress distribution is not that due

to a tensile test but that duc to bending, then a different result is
ecvident,

In thc bending case the diametir of the specimen is important
since the reasonable assumption will be made that for round rods the
necutral bend axis is a plane containing the geometrical axis of the
rod. Supposc, for the purposcs of illustration, a 5mm rod is placed
in bending. It is possible to rcorcsent the stress distribution in
the rod immcdiately prior to fracture by some inclined line like EF
on the graph of Fig. 21. Clcarly a large number of such lines could
be drawn through the neutral bend axis, the intcrcepts of these lines
on the principal stress ordinate depending only on the maximum surface
stress reguircd to initiate fracture, Such a line as LF is seen to
intcrsect the curve CD in two places, one corrcsponding to a small
value of c¢ , thc sccond intersection to a larger velue. This is the
first point to be made, that is, the larger mirror radii in bending
require surfacc stress levels in the same range as thc surface stress
lcvels required by small mirrors.  Therefore in the crack devclopment
process the construction indicates that the conditions necessary to
produce a small mirror are always satisfied first. Also it will be

observed from the diagram that a line drawn through the point represeniing
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Showing the breaking str$ss Z as a function of mirror
depth for a value of Zc2 = 6,



- 41 -

the neutral bend axis and at a tangent to the CD curve is the minimum
slope at which the Zc% product can be satisfied in bending, At
surface stress levels below that given by this line the implication
is that bifurcation should fail to take place.

In order to generatc the complete mirror profilec it is necessary
to visualise the meaning and construction of this process in three
dimensions., The principal stress ordinatc can be visualised as being
located at the origin of fracturc on the circumference of the specimen,
but the stress distribution (in the case of bending) is now an inclined
plene (not o line) passing through the neutral bend axis. The mirror
profile is obtained by rotating the CD curve about the principal stress
ordinate and finding the locus of all the points in vhich the CD curve
intersccts the EF plane, All the "large-mirror" points should be
disrcgarded as being cxcluded solutions, and the true mirror profile
is given by projccting the locus so found into a horizontal plane.

This process is most casily carried out using standard gecometrical
construction and engineering drawing techniques. A selection of
mirror profilcs obtained using such techniques is given in Fig, 22,
These profilcs represent various solutions of the bending case involving
one off axis break (ef with Figs 19 and 20).

It is a simple matter to perform the constructions for various
stress distributions i.e., tensile stress, tensile stress with
paraboloidal stress distribution in the rod, and bending stress.

Al1]1 yield fairly successfully shapes corrcsponding to those obtained
in practice. In addition it will be scen that the tengents to

the CD curve through the respecctive neutral bend axes for rods of



Fig., 22

Sketches of four mirror profiles (bending case)
obtained using geometrical and engineering

drawing techniques. Arbitrary scale.
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verious sizes give the maximum values to be expected for the mirror

radius of & complete mirror, In particular the CD curve in Fig. 21
1

drazm for Zc? = 6 gives,

maximum complete mirror radius o445 = .55mm for 3mm rods,

I

andie o ¢ o W e?5 - .95mm for 5mm rods.
It can be seen from Figs 16 and 17 that these values are very close
to the maximum complete-mirror size obtained in practice for X8 rods

a2
tested in bending and having this value for Zc?

[N

3¢4 Previous observations of a rclationship between Z and ¢

Several workcrs have previously observed a relationship
between brecking strength and the square root of the mirror depth,
end have given empirical equations for it. It is intcresting to
compare the present results with their values.

Levengood (2), using small specimens of sheet glass broken in

roj=

bending, obtained = veluc of Zc¢* as follows,
3
Zo® = 2,7x10° Jelpe
where Z 1is the breaking strength in pounds per square inch, and

¢ 1is the mirror depth in inchcs.
B
The value for Zc? given above is an average value caloulated from

all points on the curve, with a variation of + 16J.,  Levengood did
not qualifly the valuc of the stress Z to be used as was done in
section 3.2 above, Orr (15) has given an cempirical equation for
this typc of fracture which was identical in form to Eqn. 3.4.1 and
he reported o variation in the value of the constant from 1.7 to

2.0 x 10® 1bs/in 5
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By using the exparimental data given by Terao (12), Levengood computed
a value of Zc% for rods 5mm in diamcter which were broken in bending.
Terao plotted the depth of thc mirror as a function of thc breaking
stress, using differcnt rates of loading for tiwo groups of samplecs.
Average values were taken directly from these curves by Levengood and
1

the value of Ze® was found to be 1.65 x 10°, with e rendom variation

of + 0.1 x 10® - units as before. There were no apparcnt effects

from variations in the rate of loading.

-y

Cameron (16) has rccently obtained results for the value of Zo<
in bending, tension, and torsion for rods up to 10mm in diamcter.
Within the limits of experimental error his values arc scnsibly in
agreement with those given so far,

It seems curious however that none of the previous workers using
round rod in flexure (i.e., Terao, Camecron, Shand (17)), reported the
non-constancy in the value of Zc% as measured in thc present work
and described in Section 3.2.Shand (17), using thc value of Zc% for
round rods in bending to estimate the tensile stress at failure in

tests where this would otherwise rc¢main unknown, made the Zm cos @

adjustment described in Chapter 2, Section 2.1C but did not report

=70

finding it nccessary to meke a Zm cos @ ad justment to obtain
consistent results. Of the other workers Orr would be precluded

from the possibility of obscrving this effect by his use of rectangular
specimens and his method of measuring ¢ along the surface of maximum
strcss.

Orr also confirms that, for flat plate, thec local thermally induced

mechanical stress in the platc must be added to the stress at fracture
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in order to obtain a value for Zc% which is in agreement with the
value of Zo% obtained from strain free material,
It should be noted that Griffith (5) showed from theoretical

considerations that the breaking strength Z , depends on the inverse

square root of a crack length as follows,

/J.EEf
Z _/ = 3elie2

wherc E 1is Young's Modulus of the glass,
¢ 1is the surfacec tension of the glass,
and ¢ 1is one half the crack length on the surface.
Equation 3,4.2 bears a superficial resemblance to Eqn. 3.4.1 but it
should be said here that the two equations are not equivalent.
Griffith's equation applies to the situation in which a plane, statie,
pre-existing crack is contained in a brittle medium, and his equation
is concerned with dctermining the conditions for spontaneous expansion
of this crack. Fcuation 3.4.1 is an empirical rclationship found to
hold for the instantaneous position of a moving non-planar crack at
which position the crack is producing mist of o fairly closely defined

scele, For these reosons the Griffith relationship (Eqn. 3.4.2) is

-

considered to be different from the Zc¢? functions given by
Levengood, Orr and that given in this thesis.

The empirical relationship used in this thesis has the precise
form of Eqn. 3.4¢1. It was independently discovered during a
re-exanination of the results taken to examine Smekal's parameter,
the "reduced tensile strength"., The values of Zc% for the glasses

uscd fall in thc range 5.5 = 7.5 Kgms/mmi/z, that is 1.5 - 2.0 x 10°1bs/in S
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These values are in good agreement with thosc of Orr and Terao.

The cocfficient of variation of a group of samples (ebout the mean)

is approximately 3%& which is within the estimated maximum experimental

crror of approximatcly 5%.

PEN

3.5 Prcvious explanations of empirical fact Zc2 = k

-

Bateson (18) has developed the rclationship Zo? = constant,

from theoretical considerations, and as he indicates that the valuc of

Zc® ought to depend principally on the meximum fracturc velocity and the
surface tension his work will be discussed in some detail below,

Bateson derived an expression for the velocity of crack propagation in
a brittle material on the basis of the distortion encrgy at the crack
surface, By differentiating this expression with respect to time he
obtained the acceleration of the crack as a function of the applied
stress, crack tip radius and some physical constants of the material.
Up to this point Batcson's equation is in general agreement with most other
workers. However, Bateson took the result further by assuming that

a terminal velocity Vf is rcached when hackle® appears and that the

% In this thesis a distinction is madc between mist and hackle (see
Chapter 41, Scction 1.2), but it seems clecar that Batcson does not
make this distinction. The term hackle used in the text is Bateson's
term. It is thought that this must have the seme significance as the
term hackle as defined in Section 1,2 of Chapter 1. The fracture
features called mist in this thesis can be shown, by the use of the
electron microscope, to be in existence at a very early stage in the
development of that fcaturc which is called mirror when ohscrved with

an optical microscopc,
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acceleration of the crack remains constant, Elementary mechaniocs can
1

be applied and the mirror relationship, Zo? = k, is easily extracted.

Bateson's final equation is given below with slight changes in notation,

1 Vf %
726? = (T) [E ¢ (1 +v) ] 36541
Y

where 2 1is t'e applied tensile stress,

¢ is the mirror depth,

E 1is the Young's Modulus of the glass,

@ is the surface tension per unit area of the glass,

Vf is the terminal velocity of the crack,

VT is the transverse wave velocity in the glass,

and v is the Poisson's ratio for the glass.
Bateson offers no explanation of the role of terminal velocity in the
production of mirror, mist and hackle, It is not clear why the
attainment of a terminal velocity by the crack should result in the
observed fracture morphology. If the assumptions on which Eqn., 3.5.1
is based are accepted for the moment, the value of Zc% as determined
experimentally can be compared with the values predicted by Eqn. 3.5.1.
The value of Zc% as measured experimentally for X8 glass is

approximately 6,0 Kgma/mmi/z. The value predicted by Bateson's equation
can be obtained by substituting experimental values for E, a, Vf/VT and
v in Eqn. 3.5.1. Some typical values for these quantities are given

in Table 3.5.,1 overleaf,
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Table 3.5.1

Glass of X8 composition

Value Source
E dynes/cm? 6.5 x 10" Lob.-bending bean
Calculation using
@ dynes/en 310 Dictzel's (19) method
vV./V 45
/¥ } Schardin (20)
v 25

1
The theorctical veluc of the constant 2Zc® for a glass of

anproximately X8 composition calculated from Eqn. 3.5.1 using the
values given in Table 3.5.1 is 0.2 Kgms/mmi/z. This value is morc
than one order of magnitude smaller than the experimentally measured
value, There is somec experimental evidence which suggests that the
surface energy of glass at thc tip of a running crack may be much
greater than that quoted in Table 3.5.1 (Orowan (21)). However, an
increase in the quotecd value for the surface cnergy by one order of

magnitude will still only yield a valuc of 0.7 Kgms/mmi/2 for thc

4

veluc of Zc2, Thereforc o comparison of the experimental value
with the theorctical value shows poor numcrical agrcement,

It is clcar that although Batcson's equation predicts a difflerent
value of Zc% for different glasses, the actual numerical agrcement
between experiment and thecory is poor, This disagreecment is not

much reduced by the possibility that the valuc of the surface cenergy

normally accepted may be in error by one order of magnitudc.
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Assuning that the exparimental mcasuremcents are correct, this
disagrecement between theory and experiment may be due to one, or both,
of two reasons. First, it is possiblec that in the course of the
derivation of Egn. 3.5.1 somc condition, invelid in the context of the
derivation, has been appliecd., Second, it is possible that the
assumptions on which the theory is based are in error. The first of
these two possibilities will now be examined with particular ref'orence
to the work of Mott (6), Dulancy and Bracc (22), and Berry (23).

Mott has given an equation for the velocity of crack propagation
in 2 brittlc medium which Bateson says is equivalent to his own, both
in general form and in its numerical evaluation. It secms relevant
to make particular note of this since, as has been pointed out by
Dulancy and Brace, Mott's thcory in its original form cannot predict
the entire velocity behaviour of a running crack as it accelerates from
rest to terminal velocity owing to a simplifying approximation in the
derivation. Becausc Mott was primarily investigating terminal velocity,
he imposed thc¢ condition that the rate of change of velocity with crack
length was zero. Batcson re-derived Mott's equation in order to compare
it with his own equation for this velocity of crack propagation, but in
doing so made no mention of the limiting condition imposed by Mott and
noted above. The equivalence of Mott's and Bateson's equcotions scems
to imply that Baotcson's equation is only true at, or ncar, terminal
velocity.

Dulaney and Brace, end Berry have obtained exprcssions for the
velocity behaviour of o growing crack without recourse to the restriction

noted above, and these expressions show that the crack should meoke a
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hyperbolic asymptotic approach to terminel velocity. Experiments on
fracture in pcrspex (polymethyl methacrylate) supvort this conclusion,
It is also clecar that the acceleration of the crack from rest until its
velocity rcaches a maximum value is anything but uniform. Thus the
condition of uniform acccleration required by Batcson's theory for the
application of elementary mechanics in order to obtain an expression for
the distance moved by the crack to reach maximum velocity, is not
fulfilled,

30 far it has been concluded that the values of lc% indicated by
Eqn. 3.5.1 do not cgree with experiment and two possible rcasons why
this may be so were given above, The first of these has been exomined
and it has been concluded thot the assumption of uniform crack
acceleration is an over simplification of the general velocity behaviour
of th¢ crack.s The second possible reason ¢ iven above was that the derivatior
may have been based on wrong vhysical assumptions,

Batcson's treatment is based on thc assumption thet a terminal
velocity Vf is rcached when the hackle portion of the fracturc starts,
Expcriments reported by Dulancy and Brace (22), on fracture in perspex
showr thot the attainment of a terminal velocity and the appearance of hackle
may coincide. On thc othcr hand data published by Smekal (24) indicate
that a terminal velocity mey be attained, and maintained, for some
considerable distance before hackle appeors, in some cases without hackle
appcaring at all, as shown by Fig. 23. For this figure, token from
Smckal, information on the temporal bchaviour of the fracture process
was deduced from fracturc surfaccs which showed naturally occurring

Wellner lines. Thesc fecatures arc generally obscured by mist and hackle,
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and therefore the fact that o terminal velocity can be shown in Fig. 23
indicates the absence of mist and hackle up to the limit of thcse
neasurcmnents, It moy be said thercfore that Bateson's treatment based
on the ossumption that a terminal velocity Vf is reached when heckle

starts, is bascd on an assumption which is not gencrally truc.

-
This concludes the examination of Bateson's dcrivation of a

rclationship Zc? = constont. This derivation is regarded as being wrong

in principle on the grounds of thc expcrimental evidence quotcd above.
It should be noted herc that Bateson clearly realised the shortcomings of
his treatment which appears to be onc of the few attempts at a theoretical
derivation of the mirror rclationship available. In Chgptor 6 there
will be a further very brief consideration of Batcson's equation and the
grounds for placing a diff'erent interpretation than ordinary surface tension
on the term ¢ in Eqn., 3.5.1.

The suggcestion has been put forward by Shand (4) that the break-up
of the mirror region takes place at a critical stress which is character-
istic of the matcrial, He proposcd that the first part of thc fracture
process takes place very slowly and during this time the crack is in
quasi-static equilibrium. Joncs (25) and Preston (8) have also supported
this argument. Shand thought that eventually the crack would reach such
a size that thc stress at the crack tip would attain a value which would
lced to bifurcation., The breaking stress according to Shand is the
intrinsic strength of the glass divided by the stress concentration factor
of a crack with the dimensions of the¢ mirror surface. Thus in the case

of a crack with a depth, or radius, c¢ in the scction of a circular rod



of diamcter D , the nominal breaking stress ceon be written as follows,
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k

- S S RDTa)

where o, is the brecking stress of the sample,

o

o, is the criticel or intrinsic stress of glass,

k  is the strecss concentration factor,
p is the effective radius of thc crack tip,
and £(D, ¢) is a component of the stress concentration factor.

One objcotion to Shand's idea however, is that thc concept of the
fracture process being divisible into two distinct phascs is an over-
simplification of the facts, as is showm by a microscopic examination
of the fracturc surfacc. A sccond objcction is that the idea of the
slow growth of the initial crack through thc mirror region is almost
certainly in crror (see Fig. 23). - Finally, and possibly most
importantly, it is not immecdiately obvious what is meant by the statement
that "... the mirror, whon large enough, will cause catastpophic failure
by excceding the theoretical strength of the matcrial", (Anderson (26)).
It is difficult to sce why thc stress at the crack tip, at any stage
during its growth, is not alrcady equal to, or greater than, the
theorctical strength of thc matcrial, since bonds are being irreversibly
broken, Thc second and last of these objcetions taken together raisec
scvere conccptual difficultics, and the lack of success experienced in
obtaining e physically pleausible estimate of this critical crack-tip
stress, promoted o secarch for the formulation of other criteria for the

termination of thc mirror rcgion.



Fig. 24

Typical mist area in X8 glass. Magnification x 920,



PART TII

CHAPTER 4  DETAILID STUDY OF THE LORPHOLOGY OF GLASS FRACTURE FACES

4 Introduction

Tho cxperimentel work described in Chapter 2 represents the work
1

performed to measurc the valuc of Ze? for various glasses in various
cxperimental situations. The Zc1§ parameter however, by dcfinition,
dcpends upon the presence and full development of the mirror, mist and
hackle pattern on thc fracture surface, So that although it was possible
in the preliminary analysis of Chapter 3 to obtain some useful informoation,
a full interprctation of the factual data collected by the cxperiments of
Chapter 2 awaits an insight into the significance of the mirror, mist and
hackle morphology itself. It was therefore felt that thc answer to this
problem might be found in the fcaturcs of the fracture surface.

In particular an examination of the structure and an intcrpretation of the
mist, which is thc point to which the measurcment of c¢ is teken, was
felt to be most urgently rcquired,

A preliminary inspection of' this question revealed an apparcrt
paucity of published information about the actual structure of the mist.
Other types of fracturc feature have been well documented, for instance
Murgatroyd's (11) descriptions of ribs and striae ctc., on fracture
surfaces produced in complex stress systems, The gross macroscopic
appearance of mirror, mist ond hackle has also been deseribed many times.
Howcver thc actual charactceristics and micro-appearance of mist scems to

have been relatively untouched,.



Fig. 25

Inhomogeneity in silica, bending fracture. Magnification x 85.

Ifransmitted light.
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An exomination of the mist was thorcfore undertaken, The main
results of this examination to be described below, were the recognition
of two basic types of mist fcature, or clcment, and the discovery of the
cxistence of a large nunbcer of stopped sub-surface micro-cracks under
the fracture surface in the mist region which corrclated with the mist
elcments mentioned above. It is worth-vhile noting here the difficulties
involved in presenting material of this nature where, to avoid ambiguity,
deseriptions must of'ten be lengthy even when aided by photomicrographs.

L2 Somc experimental obscrvations on the occurrence of nist in glasses

The most frequently observed situation for the development of
mist is of course as the middle stage in the devclopment of the mirror,
nist and hackle pattern, In this situation the gross characteristics of
its morphology can be casily identified. First, where the full specific
fracture pattern as typified by Fig. 1 has becn developed in the silicate
glasses the mist has ncver been obscrved to be absent. That is, the
transition mirror - hackle has never becn observed. Second, there is an
increase in size in the mist featurcs from sub-microscopic to macroscopic
in a direction away from the origin of the crack., Third, the mist
Tcatures have clear directional qualities, in this case pointing radially
to the origin of fracturc, Finally, whcen observed under an optical
microscope thc mist has fcaturcs which are separable as units, yet
there is a lateral intcrdependence of thesc features which confuses the
actual physical extent of any one unit. A typical mist area is shoim

in Pig. 24.



Fig. 26

Mist developed on "wrappings" in lead glass drawn by the

L

Danner process, Oblique incident illumination.

Magnification x 45.
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Mist can also develop apparently in isolated situctions, Chemical
inhomogeneitics of thc glass and the prcsence of bubbles interfere with
the propagation of 2 crack in such a way as to influence the rcsulting
fracturc morphology. As an illustration of this Fig, 25 shows the
prcscnce of a chemical inhomogeneity in silica which has disturbed the
advancing crack in such a way that mist formation in that arca has set
in earlier than it normally would have done, as shown by the position
of thc rest of the mist, It has bcen possible to establish in cases
like this that the action of the inhomogeneity is to cause a re-cntrant
angle to appear in the crack front. This re=-entrant angle persists flor
some time and during the grcater part of this interval mist is produced
by the crack over o local area as showm by Fig. 25. This figure also
shows thc directional quality of mist referred to above.

Another situation in which mist eppears on its own is shown in Fig. 26.
Here the mist is devcloped on "rings" in lead glass. These "rings" have
becn tentatively identificd as being regular regions of chemical
inhomogencity appearing in all the sof't glasses drawn by the Danner
proccss. It is undcerstood that in the glass industry these rings aore
called "wrappings" (Hawkins (27)). It is intercsting to note that
after following thc path of the rings for a short distance the mist trails
break frece and continue independently for o~ distance, It is probable
that here thc action is duc to both the formation of a re-entrant angle
in the crack front, and the fact that the material of the rings is

different from the rest of the glass.
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Fig.

Area of fracture surface of Pyrex rod broken in bending

Magnification x 145,

showing mist along a Wallner line.

Transmitted light.
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Yet another instance of the occurrence of mist on its owm is
shown by Fig. 27. It is apvoarent from this photograph that thc nist
here is the response to a transient condition. The mist area of interest
is confined to the Wallner line, that is, to the locus of the
interscction of the crack front and a stress wave. It should be noted
that the Wallner line itsclf and the areas of mist on it are not
produced instantaneously.

In summary then, the gencral occurrence and scale of the mist is

controlled or influcnced by some local condition associated in part
vwith the crack itself and in part with the state or nature of the glass,

4.3 Somc cxocrimental obscrvations on the classification of mist fleatures

This section describes the results of a close inspection of the
features of the mist region with the aid of a Vickers Projection
Microscope and an attempt to classify the mist elements on the basis of
two main types. In the coursc of this work a large number of fracture
surfaces was examined, covcering the range of useful dry optical
magnifications (X5 - X60 objectives) and using a varicty of glasses.

A number of pairs of fracturc surfaccs was cxamined under o low power
sterco-nicroscopc. From this preliminary inspection pairs of surfaces,
showing complete mirrors of good shape, werc sclectcd for a more intensive
scrutiny.

t is not a simple matter to rccord the impressions of a visual
inspcction of the mist region in cven a semi-factual nanner. At first
sight the mist rcgion has o gross uniformity of appearance which makes 1t

difficult to identify specif'ic areas on matching fracturc surfaccs.
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Fig. 29

Photomicrograph showing double-beam interfeerence fringes

in the mist zone.

Magnification x 1470,
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powers of x 40 or x 60 to be uscd with equal facility., An cxample of
two beam interference fringes obtaincd between the unsilvered fracture
surfaoce and unsilvered refcrence plate is shown in Fig. 29,
A description of the construction of' the interfercnce attachment is given
in Appendix II.
Typec 2

Type 2 elements in their simple form arc also casily rccognised but
not casily described. Once again a sketch of an idealised version
appears in Fig, 28 (i). At thc head of the fcature is either a depression
or a projection of the general shope shown, In the sketch the intention
has been to portray o projcoction, However, matching fracturc surfaces
should show complcmentary clevatiorsand depressions in the same arcas.
Flat mirror smooth arcas of th; surfacc are usually present on either
side of the frontal feature and extend for some distance in the direction
of crack propagation. These two flat areas intersect in the rear of
the frontal fcature forming a "wake" to it. Stiae are often predominant
on the wake as represented in the sketch, In addition, on the middle
and outer edges of the mirror - smooth areas, very small nmist elcments
begin to form again as showm in Fig. 28 (i).

The mist rcgion was thus found empirically to be capablec of a

broad division into two types of mist element, or fcature, recognisable
by their cxternal appeerance. These werc Types 1 and 2 as described
abovee No solution to the formation of these basic features was
forthcoming at this stage. An esscntial clue to the formation of the
mist clements specificd above as Types 1 and 2 was obtained when the

fracturc surfacc was lightly etched,with hydrofluoric acid. The two



Fig. 30

Fhotomicrograph of specific mist area in the fracture surface

of X8 glass,

Normal incident illumination.

Magnification x 1100,
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photomicrographs Figs 30 and 31 show thc samc arca of the same fracture

surfacc of an X8 rod. Fig. 30 wag token with normel incident

illumination without trcating the surfacc in any way. Fig. 31 shows

the same arca using dork ficld illumination ofter the surface had been

ctched for 2 mins in 4% (wt) H.F. Thec arca in Fig. 31 is covered

with patches of light, somc occupying a considcrable area, Undcr the

rmicroscopc these patches can be identificd as sub-surface stopped

cracks which have been rcevealed by the ctching, In addition the combined

print of Fig, 32 shows the important fact that these patches of light

can be correlated with the main fracture fecatures, It should be pointed

out that not all the very small patches of light rcpresent cracks,

some are reflections from irrcgular surface features but these are casily

rcecognised ﬁnder the microscope. In fact the sub=-surface micro-cracks

arc difficult to photograph successfully bececouse of distortions

introduced by photographing through the irregular surface features.

Preliminary experiments designed to investigate thc possibilities

of covering the irregular glass surface with some matcrial capable

of precsenting a smooth surfcoce to the microscope objcctive and yet

not able to penctrate the micro-cracks, were only partially successful.
Howcver it is evident from Figs. 30 and 31, and Fig. 32 that in

the mist zone, undcrlying the featurcs of the fracture surface itself,

are large numbers of micro-cracks which have apparcntly stopped

propagating aftir a short distance., During experiments involving

serial ctchings of fracturc surfaccs with very weak HF (< 1% wt)

the subjective impression was goined that some of these cracks were



Fig., 31

Fhotomicrograph of mist area of Fig. 30 etched in 4% (wt) HF

and shown under dark ground illumination,

Magnification x 1100.
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not penetrated until the etching process had been under way for some
time, This implies that somc sub-surface cracks have no access to
the main fracture surfacc, ond the conclusion to be drzwn here is
that o sccondary nucleation mocheniam ® inoperation This impressim would
profit from o closer inspection, The obscrvation of these stopped
sub=-surface micro-cracks is an important onc, for it providcs a basis
for an explanation of the gencral appearancc of thc mist zone and the
mist clements identificd above as Type 1 or Type 2. It is believed
thot the presence of such cracks beneath the surface of the mist zone
haos not been previously rccorded in any specific statcment,

L.y Discussion of thc formation of mist elements

To a certain extent the problem of deciding which mechonism
operates to produce micro-cracks is an academic one. Given the
production of semi-independent micro-cracks during thc fracture process,
end Figs 31 and 32 lend powverful support to the contention that such
cracks cxist, it is possible to classify and cxplain in a qualitative
fashion the features of thce mist region., For the purposes of the
duseription given below o sccondary nucleation hypothesis has been
assuned, It is nccessary to amplifly the notion of secondary nuclcation
to be used herec.

For the purposes of the following discussion it will be assumed
that by sccondary nucleation is mcant the generation of' an indcpendent
crack at a site in thc material which is in front of the main fracturc.
In order that a crack may be initiated at such a site it is nccessary

that thce local tensile stress there should be raised sufficiently



Fig. 32

Combination print using Figs. 30 and 31. Magnification x 1100,

(Fig. 31 is precisely overprinted an Fig. 30)
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for the chemical bonds of the matcrial to be broken. In general, it
could be reasonably held that in a situation in which fracture has
alrecady been initiatcd by the "worst flaw™, the local tensile stroess

at any othcer flaw site in the body will not be raiscd sufficicntly

to break the bonds of the matcrial by the interaction of any type of
stress=raiser located at that site and the local tensile stress arising
from thc cpplied load. (This mey not be the case in materials in
which frocture procecdsso slowly that therc is time for an elastic

wave to be propagated to the grips and back again). In this limited
casc it is assumed that in order for sccondary nucleation to opcrate,
the stress at any discontinuity must be further raised by the proximity
of the main crack, This mcans in physical terms that the stress
raising action of the main flmcturc at o secondary site is accomplished
through thc medium of the elastic disturbancces generated by the main
crack and passing through the sccondary sites, In crude tcrms the
sccondary site rcceives the information of the aporoach of the main
crack via the elastic disturbances generated by the latter, Thus it
is clecar that whilec the sccondary site is importantly affceted by the
azoroach of the main crack, the latter is not affected by the prescnce
of thc flaw until a crack is nuclcated there and an elastic disturbance
thereby generated from it, The main crack is therefore physically
uninflucnced by thce presence and growth of the secondary crack during
the time it travels some distance, this distance depending on how

far chead sccondary nuclcation takes place and the amount by which

the secondary sitc lies off thc main propegation planc. - For tho
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purposes of the following discussion, thc criticel role of the elastic
waves generated by the main crack in assisting the nucleation of
secondary cracks should be borne in mind. An attcmpt is made to
explain Type 1 features first below.

The evidence of Figs 31 and 32 is accepted as showing that
independcent cracks are generated during the fracture proccss,  Suppose
that at a point just above or beclow the average planc of fracture
propagation and slightly ahead of the avcrage crack front, the local
tensile stress is sufficiently high for a crack to be independently
nucleated, Then the interaction of this crack with the advancing
nain=-crack front can have a number of results which depend upon the
ratc of growth of the secondary crack, the velocity of the main crack
(assumed for these purposes to be held at a constent value), and the
distance ahead at which nucleation takes place. If the rate of
propagation of the secondary crack is low, or thc distance ahead at
which nucleation taokes place is small and off the plane of general
propagation, then it is possible for the main crack front to ovecrtoke
the sccondary crack before being intercepted by an elastic wave from
the secondary crack and while the latter is itself still physically
small, The interception of the mein crack front by the secondary
elastic wave is an important cvent and is assumed herc to lead to the
deflection of a local region of the main crack front away from the
secondery site. The deflection of crack fronts by elastic waves is
a well documentcd phenomenon, being supported both by naturally
occurring Wallner lines on fracture surfaces and the method of

modulating fracture surfaces with ultrasonic sound waves described
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by Schardin (20). It is also & reasonable assumption that elastic
disturbonces generated by o growing crack will lcad to consistent and
similar results from thecir interactions with a crack front.
The unsupported part of the assumption made above is that the
interaction is one which leads to a deflcetion of the crack front
away from the flaw site. The only defencc which can be made at present
in favour of such an assunption is that empirically this looks to be
thce action occurring in the material itsclf and that thc explanation
of both mist clement types is facilitated by accepting this. It is
assumed for these reasons that when the main crack front meets the
elastic disturbance generated by the sccondary crack it is locally
deflected away from the flaw, If the physical size of the secondary
crack is small, and its expansion velocity below maximum, it ought
still to be possible for the main fracture to sever the region above
or below the secondary crack, In this way the main fracture,
propagating at a high velocity, could out-distance the secondary crack.
In this event the propagation of the secondary crack would ceasc.
The digressive portion of the main fracture could then return to the
general plane of crack propagation under the influence of the applied
tensilc stress. The schematic diagram of Fig. 28 (c) is an attempt
to represent this process.

Clcerly the presencc of micro-cracks would be expected, on this
hypothesis, under Type 1 features having an upward convexity on the
frocture surface as in Fig. 28 (c¢). The physical extent of such

cracks should be very limited. The complementary feature in the
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idealised case would not be expected to display them, It can be fairly
certainly shown (Fig. 32) that Typc 1 features do exhibit very small
sub-surface cracks at their head, usually under the convex fcature.
The above discussion was given in terms of secondary cracks nucleated
in front of a main crack. In fact the advancing crack front would
not on these arguments have such simple unity, but would be composed
of o large numbcer of sccondary cracks. In this fact lies a possible
cxplanation for the phenomenon of the multiple start mentioned in
Scction 4.3, Very of'ten the larger mist clements at an advanced
stoge in the mist rcgion display the coalescence of a number of
small surface strips (now identificd with sccondary cracks) into the
main mist élements. It is conceivable that a group of associated
secondary cracks, representing the main crack front at that instant,
could be influcnced by an advanced sccondary crack in the manner
described above which concerned a local region of a "solid" crack
front. Inspection of the earlier stagces of mist formation shows a
gradual decreose (in a direction towards the fracture origin) in the
number of separate cracks forming the multiple start. In the very
earliest mist clements which can be detected with the optical
microscope there arc very few multiple starts although the cxternal
forms of thc elements are essentially the same os those depicted in
Fig. 28.

Typc 2 fcatures arc morc complex than Type 1 and the sorresponding
numbcr of distortions from the idealised version is greater., In this
case there arc two basic ways in which the nccessary micro-crack

“interction might be brought about.
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First, consider the¢ simultaneous nucleation of two secondary
cracks, onc almost above the other with the plane of general fracture
propagation lying bctween than (scc Fig. 28 (ii)). The two cracks
are assumel. to cxpand at approximetely equal rates and diverge as they
propagate. (This is esscntially the same assumption as that made
abovc), If the ratc of cxpansion of thesc two cracks is such that
they arc overtoken by the main fracturc, o pincer movement around
and betwcen these two diverging cracks becomcs possible, as represented
in Pig. 28 (iv). This movement, together with the divergent motion
cf the seondary cracks, terminates any further growth by them,

Second, consider thc nuclcation of only one sccondary crack, os
in Type 1, but at such a distance shead of thc main fracture front
that by the time the main fracture arrives at this crack, the fracture
fronts of primary and secondary crack are superimposed and expanding
at thc same rate (Fig. 28 (iii) and (v)). The situation can then
develop as described above for double nuclcation.

A brief consideration of the thrce dimensional properties of the
crack arrays just described for Type 2 features will confirm that no
complete surface of separation exists immediately. The surfaccs will
tend to stick together., The severance of the surface in the local
region betiwecn the cracks is accomplished later in shear.  Likewisc
the cracks of the main fracture front, forming the pincer movement,
run together in o stress rclieved zone. Where the overlapping of the
secondary cracks begins, a complex stress system will operate. This
is supported by the observation of the frequent presence of striae

(which are characteristic features of fracture surfaccs produced under
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some types of complex stress system) in this area, as indicated in

the sketch, Fig. 28 (i). To the sides of this area therec are no
sub=surface crocks, the stresses are predominantly tensile and ultimately
very small mist clements begin to appear agein.

Once again, for Type 2 fcatures also, the surface markings are
complementary over these local regions on pairs of matching fracture
surfaces, However, inspection of thc diagrams will show that this
tine micro-cracks are to bc expected under both surfaces in almost
identieal positions. Furthermore the sub=surface micro-cracks might
be physically fairly large in comparison with the surface features.
Pairs of optical photomicrographs of the same feature on matching
surfaces show just such cracks af'ter the surfaces have been
etched in HF (4% wt) for 10 - 20 minutes., Figs. 30, 31 and 32 show
the rclationship of' the sub-surfacc cracks to the surface features
for one of a pair of fracture surfaccs,

The material forming the basis of scetions 4,2 and 4.3 is, for
the greater part, empirical fact., The observation of sub=surface
micro-cracks in the mist region, although pwrhaps not too well
illustrated by the photomicrographs at present available, cen be
casily verified under the microscope. Given the fact of the
formation of these cracks, the rclationships borne by the mist elements
to them and the general form of the mist region can be qualitatively
explained, As noted cbove, it could be argued that the mechanism
rcsponsible for the formation of the micro-cracks is an academic
question. However the explanation of section L.4 above is

couched in terms of a sccondary nuclcation hypothesis and a consicderation



Fracture surface of satin silica, bending fracture,

Magnification x 80,
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of the possible mechanisns of micro-crack formation is interesting.
It should pcrhaps be emphasiscd that the following discussion is largely
conjeccture,

Leb Discussion of nossible mechanisms of micro-crack formation

Threc basic ways in which micro-cracks might be caused to
appcar ot the crack front suggest themselves., These will be called
the "crenulation”, the "forking", ond the "secondary nucleation",
hyvpotheses, It will be convenient to deal briefly with the lecast
likely of thesc three first,.

(a) The crenulation hyvothesis

The term "corenulation", as applied here to describe the shape
of the crack front, is meant to indicate the development of indentations,
or sharp notches, in the crack front, the portions of crack front
between the notches being arcs of circles with their convex sides
facing in the direction of crack propagation. This is the appearance
which would be presented to an observcer at some point above the plane
of crack propagation, For this idca it is necessary to postulate
the existence of an arrcy of discontinuities in the material which
arc ablec to interferc with the crack propagation process and locally
lcad to o drop in the velocity of propagation., If the discontinuities
arc conceived as having a range of cffective delaying powers, as for
instance the bubbles ia the satin silica of Fig. 33, then clearly
the more effective discontinuities will achicve the greatest delay
in the crack, At some stoge during crack propagation thc instantaneous
crack=front might consist of a few largec ares with small indentations

of various sizes upon cach individual arc, It is possible to arguc
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that the faster travelling portions of the crack front, betwcen
discontinuitics, could than act as semi-independent small cracks at

the fracture front, Clcerly this hypothesis implies that only a
discrecte number of micro-cracks can existat the fracture front at

any one time, thc total number depending on the density of discontinuitics
in the material and thce total length of the crack front, Another
implication is that events at any onc placc on the fracture surface

would be expectcd to show evidence of having becn influenced by
immediately preceding events, for instance, thc action of a discontinuity
on the crack would depend to some degree on the shape of the advancing
crack-front at that point, i.e., whether it was an indentation or a
protubcrance, In fact an examination of Fig. 24 will show that

mist features are apparently remarkably uninfluenced by immediately
preccding cvents, Finclly the number of separate mist elements would
be expected to increase or at least to remain constant. In fact the
number of mist c¢lcments is apparently reduced as fracture proceeds,

at the same time they occupy a greater individual area on the fracture
surface,

(b)  Forking hyvothesis

The tern "forking™ has been used extensively in the litcrature
to describe that event in the fracture proccss which has been rcferred
to in this thesis as bifurcation (perhaps loosely) and which is
revresented by the point X in the schematic diagram of Fig., Zb.

The terms forking and bifurcation taken litcrally are a good description
of what appears to hapoen on a macroscopic scale, but they may well be

misnomers for the process itsclf, It would be very difficult to prove
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that the origins of the macroscopic forks are in fact superimposed.

It scems just as likely that what are scen on a macroscopic scale as
superimposcd crack forks, or bifurcations, could develop from single
adjacent cracks formed a2t oblique angles to thc general plane of

crack propagation, The terms bifurcation and forking could not be
correctly applied in thesc cases. llevertheless the use of the term
forking herc is mecant to indicate the spontaneous appcarance of both
supcrimposed micro-cracks, and single oblique micro-cracks, at the
main crack front. These micro-cracks arc to be associated with the
formation of oblique broken bonds at the crack tip. It is an essential
part of thc¢ hypothesis that these bonds arc broken so that physical
continuity of thc crack is maintained and the identity of the crack

as o singlc unit is conserved, albcit with o somewhat ragged lcading
cdge. The work of Yoffé (28) and Craggs (29) (discussed latcr) in
predicting a stress distribution at the crack tip with maxima at an
angle to thc dircetion of propagation, provides, at least in principle,
o possible explanation for thc spontaneous appearance of double, oblique,
broken bonds at the crack tip. However thc work rcferred to does not
make any predictions on what hoppens to the stress distribution when
the crack becomcs non-planar and the appearance of pairs of broken
bonds has causcd thc initial lobed stress distribution to collapse.
Furthcer, there would scem to be no adequatc explanation of the way in
which semi-indcpendent cracks could develop simply from the formation

of broken bonds distributed along the fracturc front,



- 69 -

(c) Secondary nucleation hypothesis

Secondary nucleation was first advanced as an cxplanation for
the mirror, mist and hackle morphology by Smekal (1). As far as the
nucleation of sccondary cracks is concerncd the explanation given below
fol_ows Smekal closely.

Smekol invokes the cxistence of o system of naturally occurring,
but unspecificd, flaws within the glass. The externally avplied stress
causcs a system of locally increased stressecs around cach flaw,

The important case arises when the number of flaws present is large so
that they arc densely distributed throughout the matorial, In this
case the crack enters the rcecgion of the stress systems of a large number
of flaws at thc seme timc. Duc to the proximity of the main crack

and the local stress ficlds associated with the flaws, secondary cracks
arc nucleated at flaws just ahead of the main crack front, However,
since the maximum locel stress generated at any flaw depends upon its
shape, nature, and orientation with rcespect to the externally applicd
stress, in general the flowr at which o secondary crack is nucleated will
not always lie on thc plane of the main crack, but may be to one side

of it, either above thc planc or below it.

The acceptance of a hypothesis such as this would nccessarily
involve as an important part some consideration of the sccondary nuclei,
As far as the silicate glasscs are concerned, there would clearly have
to be very lerge numbers of such nuclei normelly present in a glass
with a similarity of distribution probably unaffccted by the
nanufacturing process or by subsequent treatments. Actual physical

foreign particles can perhaps be excluded (although these are accepted
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sources of occasional secondary cracks in polystyrene , e.g., Woloock,
Kies and Newman (30)) but there seems to be no reason why the nuclei
should not be identifiied with some inherent or characteristic
discontinuity of the glassy structurc. In cddition, the nucleation
and propagation of a secondary crack ahead of the "main" fracture front
implies the possibility of a period of travel by the secondary crack
in a direction oppositc in sense to the direction of growth of the
main fracturc, It is conceivable however that this period of reverse
travel could be reduced to a very small amount if the secondary nuclei
were "triggered" only a short distance :«head of the "main" crack front,
There seems to be no reason why, in the limiting case, nucleation of
secondary cracks should not take place almost simultaneously with the
arrival of the main crack at the secondary nucleus, It could therefore
be quite difficult, with sub-microscopic nuclei, to differentiate
between secondary nucleation and forking in practice.
4.6 Discussion of the most probable mechanism of micro-crack formation
There arc a number of scrious objections to the crenulation
hypothesis, Consider a defecct array in the material, the individual
defects of which array have a range of effective powers for delaying
the forward progreas of the crack at the site of the defecct, (as distinct
from a range of effective stressconcentratior foctors as required by
secondary nucleation). In the early stages of crack propagation only
the most effective defects will achieve any delaying action on the
crack., But as propagation procceds and ocrack velocity increases, the
delaying cctimd’ defects of less than maximum effectiveness will be

cnhanced by the increased crack velocity., It could be argued that,



Fig. 34

Photomicrograph of conic figures developed in the fracture

Magnification x 100,

surface of "araldite",

Transmitted light.
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at some stage in the fracture proccss, the small section of the erack
front isolatcd between closcly adjacent defects takes on the properties
of a semi-indcpendent crock, This sort of process is apparently
responsible for carly featurcs in a bubbly glass like satin silica,
(Fig. 33)., However, for o mechanism of this type to be rcsponsible
for thc formation of truc mist clcments, an increase in the number of
mist clements exhibited by a fracturc surface as fracturc proceedcd
would be demandeds This is in disagreement with thc observed occurrence
of truc mist clcments as typified by Fig. 24. Furthcrmore, the
contribution of any individual defcet to the fracturc process would
depcnd on the shape of the approaching crack-front i.e., whether a
"rounded tooth" or a rec-cntrant anglc was approaching the defect.

So that in this respcct the formation of mist clements might be expected
to depend to some degree on the event immediately preceding it.

This too conflicts with subjcetive obscrvation of mist features the
formation of which scem to be dependent only on local conditions.

The crcenulation hypothesis is on the whole regarded as becing inadequate
in cxplaining the general occurrence and specific form of mist clements,
although it moy have limited application in somc cases, e.ge., the carly
stagces of fracture in satin silica.

It is morc difficult to differentiate between a forking hypothesis
and o secondary nuclcation onc. As mentioned above it is conceivable
that in the limit the forking hypothcsis could be considered similar
in effect to a special casc of seccondary nucleation., "7ith the
phenomenological cvidencc ot prescnt available it woqld certainly be

difficult to distinguish boetween thesc two.,  However, in order to



Fig. 35

Photomicrograph of conic figures developed from silica
particles in the fracture surface of X8 glass contaminated
with fine silica sand, Magnification x 540,
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achieve an economy in thec number of theories concerning the fracture
process, it is held that the sccondary nucleation proposals would

nake o morc useful working hypothesis for furthcr investigoations.,

It is widely ccccpted that the conic figurcs appearing on the fracture
surfaces of certain plastics e.g., polymethyl methacrylate and "aralditc",
arc duc to the nuclcation of sccondary cracks at dirt particles and
other defect ccntres, (sce Wolock, Kics and Newmon and Fig. 34).

Conic figures can only arisc when the main crack and the sccondary
crack mutually interfere in the same planc, The particular type of
conic figurc ultimatcly obscrved on the fracture surface depends upon
the relative propagation velocities of the primary and sccondary cracks.
It is possible to cause conic figures to appear on glass fracturc
surinces by mixing into the melted material particles of a comparatively
roefractory substance and then breaking the composite, For example

Fige 35 shows the effect of silica flour particles on thce fracture
morphology of X8 glass., Even with thcse conic figures it will be
observed from Fig., 35 that there is no apparent timc of rcverse travel
by thec secondary crack as distinet from the obscrved mechanism in

th¢ plastics. This nay bc merely a result of silica particles

having a low strcss roising action in X8 glass and a consequent inability
to nucleate a sccondary crack at o large distance ahead of the main
crack front. hen the nucleation takes place at a point sufficicntly
rcuoved from the plane of propagation, no conic figurc appcars at the
head of the feature, os shown by Fig. 36, While it is true that a
diligent scarch of the fracture surfaccs of normal glass haos given

1no indication of thc prescnce of secondary nuclei consisting of
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Photomicrograph of secondary crack nucleation at defect centres

lying off the main plane of crack propagation,

Vertical incident illumination, Magnification x 500,
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physical foreign particles, or detectable reverse travcl by secondary
cracks, it is fclt that the accepted operation of sccondary nuclei in
plastics, and the demonstrated possibility of producing conic figures
in glass under the correct conditions, recommends that this mechanism
should bc seriously considered as a uscful working hypothesis.
4o7  Summary

This chapter describes the inflormation obtained from a
qualitative inspcction of the mist zone.  Bricfly, thc result of most
importance arising from this inspection is the observation of the
cxistance of large numbers of stopped sub-surfacc cracks which can
be associated with specific fracture surface features in the mist zone.
In addition the fracturc surface fcatures are found to be capable of a
division into two broad groups, Types 1 and 2 as dcscribed previously.
Using the basic cxperimental fact of thc presence of micro-cracks
under the fracture surface it is possible to give a qualitative
explanation of the formation of the mist elements in terms of micro-
cracks developed ot the crack front, Up to this point the conclusions
drawn are based on experimental fact. The further discussion of the
possiblc and most probable mechanisms responsible for the formation
of micro-cracks at the crack front is largely conjecturc but supported
vherever possible with factual information.

The multiplicity of sub-surface cracks ii: the mist zone draws
attention to the cnergetics of the fracture process in addition to
providing the basis for an explanation of the morphological apoearance
of t he mist clements, This is the most fruitful observation arising

from thc insvection of the nist ZONG. ThC realisdtion that these
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cracks reprcsent, in total, the dissipation of large amounts of elastic
encrgy during thc fracturc proccss was dircctly responsible for the
attcmpts to formulatc o quantitative critical encrgy criterion for the
end of tho mist zonc which is deseribed in Chapter 6.  However, beforc
cribarking on this, a general review of some thecoretical work rclevant
to the problem of the significancc of the gross morphological pattern
of mirror, mist and hackle, will be attempted, This review forms the

subject of the next chapter.
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CHAPTER 5 REVIEW OF THE THEORETICAL WORK RELEVANT TO THS FORMATION

OF THE MIRROR, MIST AND HACKLE MORPHOLOGY

Bt Introduction

Under this chapter hcading it is intended to review briefly
previous theoretical work dealing with the development of the fracture
process in brittle materials, This work will be cxanincd to sec in
which way it helps to explain the formation of the gross morphological
pattern of mirror nist and hackle observed on glass fracture surfoccs.

There have been three main types of approach to the problem of the
growth of fracture in a matericl, First there is the qualitative
physical model put forward by Smekal (1) to explain the process for
tlass only. Sccond, there is the elasticity - theory approach in
which o crack in an infinite elastic medium is extended by finite
farces. This theoretical approcch has becn used by many authors
following Griffith's (5), first successful application of thc method
to the propagation of a static crack. Thc work of Mott (6), Croggs (29),
Yorr§ (28), Berry (23), Dulaney and Brace (22), will be considered
bclow, The contributions of this latter group of authors have led to
the formulation of o number of equations describing the motion of the
growing crack. Third, thore is the approach which considers the
particulate naturc of the material, in which fracture is regardcd os
o proccss govcrne@ by thc probability of failure of interatomic bonds,

¢.g., Poncclet (31).
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5e¢2 Qualitative physical model due to Smekal

Smekal's model invokes thc cxistence of a system of naturally

occurring, but unspecified, flows within the glass, Smekal indicated how
secondary cracks might be nuclcated at these flaws just ahead of the

main crack under the influence of the stress concentration effects

of the flaws themsclves, and the closc approach of the main crack,

This aspect of the model was dealt with in Chapter 4, Scetion 4.5 (c).
omekal further supposed that the disposition of those particular flaws

at which sccondary nucleation subsequently took place, would be within

a narrow glass layer about the main plane of crack propagation.

The effeoct of a large number of flaws distributed in front of the crack
in this mamner would therefore be to deflect the crack from its plane

of propagation more or less strongly. While the initial ocrack should
prooecd perpendicular to the rod axis, it ought not to continue so,

but should be deflected from this plane by the action of secondary cracks
nucleated at flaws with high stress concentration factors., As fracture
proceeds, the area in which noticeably increased stresses around the
front of the crack moy cxist should become larger, and the irregularities
in thc crack front ought to become rougher the further the crack travels,
According to Smekal, the area of inoreasing roughness surrounding the
mirror (i.e., the mist) can be interpreted as visible evidence of the
inherent inhomogencity of glass, the locel flaws of which are densgly
distributed throughout it. Ultimately flaws of very high stress
concentration factors can become effective at a considerable distance
cshead of the primary crack as soon as the requisite increase of strcsses

in their vicinity has become effective. Smekal maintained that the
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nucleation of secondary cracks at such flaws would lead to the
propagation of a scrics of independent sccondary cracks which would
run into the primary crack and halt it. Fracturc would then proceed
along the secondary cracks until the general conditions required for
break-up could be agein fulfilled and thc secondary cracks halted by
tertiary cracks. Smekal visualiscd this process being repeated
until the svecimen severed.

a3 for as glass is conccrned Smekal's flaw hypothesis provides
a plausible physical model for the gross appearance of mirror, mist
and hackle, It was of course designed to do just this,  Smekal
developed, from his qualitative arguments, a quantitative theory
lcading to the notion of a constant of thc material which he callecd
the "rceduccd tensile strength". The very early phase of the
experimental work reported in this thesis was concerned with measuring
this quantity as mentioned in Chapter 1, Scetion 1.5,  Although the
fireduccd tensile strength™ was not found to be a uscful parameter,
Smekal's ideas on secondary nucleation form the major argument in
Chapter 4, Sections 4.5 and 4.6 and a discussion of some of the
expected results of the opcration of o sccondary nucleation mechanism
will be found there, This model camnot e¢xplain the empirical fact
expressed by Eqne 3.4.1. It should also be remembered that the
nirror, mist and hackle morphology is not confined to glass, other
materials also show very similar features. This foct implies that
there is a common explanation uniting the morphologies of' such
diverse materials as glass, Lithium fluoride, ccramics, rubber ot low

temperature cte., is it thereforc possible that this physical model
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can bc extended to include these materials without radical modifications?
In the casc of glass, for sthich the model was intended, Smekal did not
give any explonation for the morphology of specific areas of the
fracture surface in terms of his model,

5.3 Avplications of the princinle of the conscrvation of cnergy

The sccond aporoach to the fracturc process, involving an
application of the principle of conscrvation of energy would appear
to be basically abovc rcproach. Griffith (5) was responsible for the
original idea in which he suggested that an energy balance condition,
between the surface tension of the newly creatcd fracture surface on
the onc hand and thc clastic energy stored in the stress ficld on the
othcr, was the controlling factor in crack propagation. This idea
hos excreised a profound influence on the study of fracture proccsses
in genecral, In its originel form Griffith's theory referred
specifically to the condition rcquired to initiatc the propagation of
a static crack under a tcnsile stress. It has also been applied to
other types of stress system with conspicuous success, notably that
of cleavage (Benbow and Rocsler (3?), Gilman (33)). In many studies,
the criterion has usually been uscé to definc the critical condition
for fracture. DMNore reccently some attention has been paid to the
behaviour of moving cracks, agoin using the Griffith approach.

Esscntially Griffith's argument was that, not only is it the
natural tendency of a deformed systecm to attempt to rcach a statc of
ainimum potentiel encrgy, but also thot if the material could poss
from the unbroken to the broken condition by a process involving o

continuous decrease in potential cnergy, then fracture would occur
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spontaneously, However, in forming a crack in the interior of a body

composcd of molecules which attract one another, work is done against

the forces of cohcsion between the moleculcs on either side of the

crack, Thc work done appears as potential surfacc cnergy, and if

the distance apart of the crack sides is greater than o very small

distance which Griffith called the "radius of molecular action", the

energy thus described per unit surface area is 2 constant of the material,

namely, its surfacsc tension, Griffith pointed out that, in general,

the surfaces of a small newly formed crack cannot bc further apart

than the radius of molecular action., It therefore follows that the

fracture process camnot be quontitatively deseribed unless the law

connecting the surface encrgy with distance of separation is known.

In order to meke the calculation Griffith assumed a crack with sides

scparated by a distance groater than the radius of molecular action

at 2ll points cxcept ncoar its ends. In this case, the potential surface

energy could be identified with the surface tension, and the increase

in surface energy due to the spreading of the crack could be calculated.
Griffith performed the analysis for the case of a flat, homogeneous,

isotropic platc of uniform thickness containing a straight crack which

passed normally through it, the platc being subjected to stresses applied

in its plane at its outcr edge. Assuming in this case a crack of

length 2c and o stress o applied to the materiol across the direction

of the crack, then, using a method due to Inglis (34), it can be shown

that the elastic encrgy of the matorial differs from that value it

would have in thc abscnece of the crack by an amount,

2

T g2 c?

5e3 41



=R 80 =

where E 1is thc elastic modulus of the material., Assuming that the
propagation of the crack does not cause any major change in shape of
the body at its extremitics and that the change in clastic encrgy
reappears entirely as potenticl surfacc energy, to the cnergy of
Egn. 5.3.1 may bc odded the surface energy of the crack,

-L4c T Bedse
where T is the surface tcension,
The total energy balance, adding Eqn., 5.3.1 and Eqn. 7.3.2 is thus,
2

T o2 o2

-LcT 5.5.3
Griffith's criterion states that the crack .will sprcad spontancously
if the energy given by Eqn. 5.3.3 incrcases with increasing c .

The condition for this is given by,

—‘—E——E > 2T HaNip

Therefore the externally coplied stress o which Grififith found is
rcquired to fracturc the ideal material contoining a crack of
length 2c¢ is as follows,

2-EET

o ={ = 5.3.5

Griffith's equation cxpresscs the condition required to extend a

static, pre-cxisting, planar crack in an isotronic niaterial. The
an'. . 1s requires the conversien of clustic energy into only one re
forr, that is, potential surface energy. Therefore, although the
Griffith equation can be set in o forn sinilar to. the relationship
expressed by Eqn, 3.4.1, it connot be, in its original forn, an

explanation of the empirical observations given by Eqn. 3.4.1



Mott (6) was rcsponsible for the application of Griffith's methods
to the problem of a moving crack in a brittlc solid. The decrease in
elastic strain energy of thc body from its value in the cbsence of a
crack is brought about by re-arrangemcnts in thc local stress ficld
around the crack. Matcrial just shead of the crack tip will become
morc highly stresscd, and material just behind the crack tip will become
lcss highly stresscd. This elastic energy is available for conversion
into other forms of encrgy depending on thc material and ultimately on
the rate of s train encrgy release., As cach bond breaks in the material
the two freed particles acquire 2 velocity awey from each-other because
of the inbalance produccd by thc break. This general proccss results
in a series of elastic disturbances travelling away from the crack.

The atoms involved therefore acquire a velocity of treanslation and hence
o kinetic energy. Thus it is that immcdiatcly the crack begins to
propagate with ¢ significant vclocity, kinetic cnergy must be considercd
as an important factor cbsorbing part of the elastic energy relcased by
the cracke Mott derived an cxpression for the kinetic energy associated

with a purely brittle crack moving across a platc as fellows,
kp sz g 8%
g o5 5436

where p 1is the density of the moterial,
Vf is the velocity of crack propagation
and k dis a numerical constant.
Adding the encrgy of Eqn. 5.3.6 to that of Eqn. 5.3.3, the total
energy for a moving crack now becomcs,
kg Vo2 0208
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and by thc conservation of energy this is constant, so that the full

equation is,
2 2 2
= Aol kafoc
e S ~ = 4oT = constant

5+ 5.8
lott ias interested only in thce terminal velocity of the crack and removed

the uwinoim constant from the right hand side of Egn. 5.3.8 by differcntiating
with respcet to o and sectting the acceleration of the crack equel to

zcro, This is truc only ncar terminal velocity and the expression for

the latter is
RN - E 28T
Vo = % - p (1 T o° ¢ ) g0t

Mott's equotion is the forcrumner of a number of derivations for the |
velocity of o rumning crack notably by Dulaney ond Brace (22), and Berry (23).
The derivations of the latter authors have been mede without assuming

zero accelerstion of the crack and as a result their equations arc

slightly different from Eqn. 5.3.9 visz,
; %
= f2% . B - 22T
Dulaney and Brace Vf = Lk . p) <1 poye é> 5510
i
2r E ) Co Co
Berry = N B (‘12.;) (1 --(-}—)[1-(11-1)-;-—!

5.3.11

wherc n 1is a numerical feocotor,
and Co is half the original crack length,

n and CO arc reloted by the cxpression

T 5.3.12
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The cquations of motion given above as Eqn's 5.3.9, 5.3.10 and
503411 do not immediately lead to any further understonding of the mirror,
mist ond hackle phenomcnon, for in ordcr to use them, some criterion
would have to be assigned to the end of the mirror. It will bc recalled
that Bateson procceded in this manner having obtained an equation of
motion for the crack as dcseribed in Chapter 3, Section 3.5. He had
to assume that hackle was produced by the crack on reaching a terminal

velocity and that the ccceleration of the crack up to this point remained

N~

uniform, It was then possible to deduce o Zc“ = constant, relationship.
With thc more exact equations 5.3.10 and 5.3.11 the acceleration of the
crack cannot be assumcd to be uniform, Evcp assuming the same criterion
as Batcson for the onset of hackle, the distance travelled by the crack
cannot be extracted, since Berry reports that his velocity equation
5.3.11 when integrated to give a length-time rclation for the crack,

zives an integration constant which is infinite when the apyropriate
boundary conditions arc inserted.

Craggs (29) and Yoff& (28) have used the Griffith approach with
vecry rigorous mathematical methods' to investigate the stresses developed
at the craclk-tip while the crack is in motion. This analysis yielded a
particularly intercsting rcsult. Yoffd produced the graph shown here
as Fig. 37. It shows the rclation, at vorious fracture velocities,
between the hoop stress ge very neer the fracture tip and the polar
coordinate 6 ., The dircction in which the hoop strcss acts is shown
in Fige 37 (b). The graph of Fig. 37 (a) shows that at low fracture
velocitics the moximum hoop stress occurs when 6 = 0 . (i.c., in the

planc of the crack). At a fracture velocity of v = 0.8 VT’ where
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VT is thc vclocity of transversc sound waves in the material) the

hoop stress is at a minimum ot 6 = O but maxima now occur on either

side pof +0:=104; Yoff¢ concluded from thesc results that if the material
is such that 2 crack propagates in a dircetion normal to thc tensile
stress, thore is a critical vclocity of cbout 0.6 VT at which the crack
tends to become curved, At a lower velocity the crack extends in a
stroight line, but as the velocity incrcascs the b@ curve beconcs flat
and the crack may form branches since ncarly equal stresses exist over

o wide arc about the head of the crock. At higher velocities the

5’ curve has definite mexima and each branch tends to curve, These are
Yoff&'s viecws, Cragg's analysis produces essentially the same mathematical
conclusions and also predicts stress maxima cbove o velocity of about

0.6 VT . This expcctation of the formation of stress lobes at the heod

of a fast travelling crack could have importont consequences if integratcd
into a gencral crack development hypothesis,  For instance, the conceptual
jdcas contained in Chapter 4, :cotions 4.k and 4.5 (c) concerning sccondary
aucleation can be nmore easily accepted if' o stress-lobe mechenism such

as that described by Yoffd is in operation, Standing ageinst this work

is the fact that the maxinum experinental value of the fracture velocity
appenrs to be only cbout 0.6 VT for silicea, with the soft glasses all
rether less thon this (Schardin (20)).  The numerical cxpcerimental volues
for the moximum velocity ore not quitc in agreement with theory.

In addition, when a crack forms branches in response to a particular

stress distribution ot the tip of thc crack, it is necessary to know

what conditions are required in order thot the branches may coatinue

to propagatc as separate cntities., This condition for the continuecd
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propagation of the crack branches is the required criterion for the
tcrmination of the mirror zone, The theories of Yoffé and Craggs, in
common with those of Berry, Dulaney and Brace etc., suffer from the
disadvantage that the materials considered are ideal, It is difficult

to sce for instance, whether stress lobes would develop in a rcal material

which deviated from Hookean behaviour,  This could have important

repercussions when assessing particular physical models for crack propagation.

This discdventage is shored by Poncelet's (31) theory., Poncelet's
approach, relating the ratc ot which bonds at the crack tip "break", with
the stress at the crack tip, does not in itsclf lead to any radically
new; predicticns concerning the mirror, mist and hackle phenomenon.
1is work supports Yoffé and Craggs in that it states that broken bonds
will appcar at an angle to the craclk propagation plane, and that the
obliquity of such bonds also rises as the s tress ot the crack tip rises.
(There is, however, no spccific statcment, and it does not appecr to be
ncecessory, that the formation of oblique broken bonds is associated with
the appeorance of stress "lobes" ot the crack tip). In addition, Poncelet's
theory mcokes the interesting positive statcment that the frequency, as
well os the obliquity, of such broken bonds (which Poncclet says lead to
crack "divergenccs") rises as thc fracture process procccds.
Qualitative examination of the mist region of glass fracture surfaces
indicates that this prediction is not true for glass.

The contributions of Bateson (18), and Shand (4) were considered
in Chapter 3, Section 3.5 as explanctions of the empirical fact Ji A
Zc% = constant, With thc exception of Smekal's (4) qualitative

cxplenation, Bateson and Shand appear to be the only workers to provnose
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o specific explanation of the mirror, mist and hackle phenomenon in
theoretical terms, 0f the various other fracture development theories
reviewed in this chapter it is probably truc to say that none is adecquate
in providing either o complete theoretical or physical model for the
fracturc process,

The ideas to be discussed in the next chapter contain two main
proposals, First, thc modifications to the theories of Griffith, Mott
Dulancy and Brace, and Berry required for a crack propagating in o real
material are discussed., A simplc attempt to toke these modifications
into account by utilising some existing experimental evidence follows,
Second, o spccific proposal for a criterion for bifurcation is made

following on the observations recorded in Chapter 4 Scction L.3.
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CHAPTER 6 APPLICATION OF THE MOTT ENERGY-BALANCE EQUATION TO REAL

MATERIALS, AN INTERPRETATICN OF THE PHYSICAL SIGNIFICANCE

OF THE VALUE OF Zc?

6.7 Introduction

It is intended inthis chaptcr to discuss the encrgetics of
brittle ond semi-brittle fracturc in real materials, with reference to
the basic cnergy-balance equation for o crack in motion given by
Mott (Eqn. 5.3.8, Chaopter 5). A simple modification to the surface
encrgy term in Egn. 5.3.8 is suggested using cxpcrimental information
given by Roesler (35), Culf (7) and Benbow (36). In addition a criterion
for thc termination of the mist zonc in glass is suggested. Vhen this
criterion is used in conjunction with the modified Mott equation, it will
be shown that a rclationship betwecn the brecking strength of o specimen
and the square root of thc mirror depth of the form Zo% = constant 1is
predicted which yields a numerical valuec for Zc% not incompatible with
experiment. As a rcesult of this cgreement an interpretation of the
significance of the voluc of Zc% is proposed. A short discussion of
thc possibilities of extending these arguments to other materials follows
and using the experimental information provided by Benbow (36) and
Schardin (20), the value of Zc% for polymecthyl methcoerylate to be
cxpeeted from the theory is given. The chopter closes with o summary
of thc results of this investigation into the significance of the mirror,

mist and hackle morphology ond associated phenomena. Some suggestions

for further work are given.
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6.2 Discussion of the fracturc cnergetics of real materials

In principle it should be possiblc to write a balanced ehergy
equation for the fracture process. Excluding systems in which fracture
takes place in such o manncr that the forces acting at the grips do work
during thc fracture process, the encrgy used in achieving a fractured
stote is ultimately all derived from the elastic strain cnergy stored
originally in the body. In such a case the uncertainties arise when
the attempt is made to write mathematical expressions for the absolute
amounts of such encrgy rcleased, and the proportions of it transformed
by the various energy dissipative mechanisms oveilable in the matcrial.
It will be uscful to give Mott's total energy cxpression (Egn. 5.3.7,
Chapter 5) again herc in order that the terms in it may be discussed with

morc convenience,
kg Vafugh g3
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S I 6,2.4

The expression of thce elastic encrgy term in the form

E 6'2.2

originally duc to Inglis (34), is for on open, straight-edged crack in

a thin elastic plate of infinite extent. The crack is supposed to

be planar and the tensile stress, apnlied at infinity normal to thce

long oxis of the crack, must remain constant during creck propagation.
At late stages in the crack propagation proccss for glass the cracks -re
narrow and ot the voint of interest definitely non-planar. In addition
the change in strain cnergy given by expression 6.2.2 represents the

change in the total strain of the body. This introduces an odditional
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complication since the other terms in expression 6.,2.1 are concerned
primarily with local conditions immediately around the crack.

However Irwin and Kies (37) have analysed the propagation of a semi-
brittlc crack across a plate ond cstimate that even then the change in

strain energy duc to the presence of the crack is,

where K 1is a factor associated with the plate dimensions.
The form of the¢ expression for the elastic energy term depends on the
stress and displacement fields around a moving crack. These fields
are not known but are usually assumed to be the same 2s around a static
crack, This assumption is supported by a scries of photographs teoken '
by Wells and Post (38), of a moving crack in a photoelastic material.
These photographs are interprcted as showing that the dynamics and
static stress fields do not diffecr significantly for a crack moving
through a thin plate. For thesc reasons it is proposed that, as far as
real materials are concerned, the elastic energy term may be retained
unmodif'ied,

The kinetic energy term in 6.2.1 i.e.,

kp sz 0? c?
= 2E2 6.2.4

depends on the stress and displacement ficlds around a moving crack in
the samec way as the elastic cnergy term, and can be supported by the
same arguments, In addition, it contains the interesting numerical
factor' k , the value of which depends on the extent to vhich the

poterial surrounding the craclk coatributes to its kinetic energy.
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Lecording to Hiorns and Venables (39) k can be assigned o veluc approximate:
equal to unity. Unfortunately their reasons for making this stotement

are not given. Equations 5.3.9, 5.3.10 and 5.3.11 of Chapter 5 make it
clcar that as the crack grows very large the crack velocity approaches

a terminal value given by 1 1

(Y o

/or
vV — | ——
= \\ k \‘\ g /

Lquation 6,.2.5 apparently offers a useful method of determining the

value of Xk 'since 1
2

SRl 6.2,6

p
where VL is thc velocity of longitudinal sound waves in the material,
Exparimental values are aveilable for the quantity Vf/vL .

Eguation 6,2.5 predicts that k  should have a value,
2

k = 2rn <z§> _ 627
WV
However setting k in Eqn. 5.3.8 cqual to the value given by Eqn. 6.,2.7
will show that the kinetic energy term becomes, in this case, equal to
the rate of reclease of elastic energy without further considering that
encrgy used in forming fresh frocture surface. Clocarly either the
expression for the ratc of release of elastic cnergy is incorrect at the
terminal velocity of the crack, or the k appearing in Eqn. 5.3.8 does
not have thc same significance as that k in Zgn. 6.2.7. The numericel
value to bec assigned to k will be considercd further shortly.
It is worthwhile consicdering here the naturc of the kinetic energy

reprcsented by Mott's terme.  Ideally the term should be o mcasure of the

velocity of rccession of tho crack walls and the quantity of material
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involved in this movement., In view of the comnotations normally placed
on kinctic energy in physical proocsscs, the question here is whether
the kinetic energy term can be regarded strictly as an energy "sink" or
whether it may also act as an encrgy "source™ as far as crack tip
phenomena are conccrned. There is little doubt that, in o situntion

in which fracturc takes place without the assistance of extirnal work

on the body during the fracturc process, thc energy requircd for fracture
is all dcrived from the elastic strain field around the crack tip.

Alsc all the elastic strain cenergy liberated by the passage of the orack
must be dissipated by onc mechanism or another. Either the processcs
mentioned above or transformation into elastic disturbances, hceat,

sound etc. It is quite probable that the amount of kinetic energy
acquired by the crack walls is not completely doscribed by Mott's
expression. This is a feafure of cll the mothematical quantitics
appearing in the expreossion 6.2.1 and is not in question herc,

The point to be considered here, is whether some of the energy acquired
by the crack walls by virtuc of their relaxation can in some way reappear
at the crack tip thercby upsetting the energy balance there.

The cuthor's opinion is that this is not possible in view of the fact
that rccessional velocity of the crack walls at the crack tip depcnds
only unon the product of the local clastic strain and the velocity of
sound in the material. The motion of the crack walls does not cease
until the bulk elastic strain of the specimen is relaxed, it is

therefore difficult to secc how this could offect crack tip phenomena.
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The surface energy term in the expression 6.2.1 also provides
intercesting material for discussion. If the structure of a solid is known,
the surface energy can be cstimated from the number and strength of the
chemical bonds broken to provide new surface, This calculation usually
provides an overestimate of the total surface energy since there is some
rearrengement in the swface layer with partial saturation of the broken
bonds. Thus to find an estimate for the surface energy requires a
corrcotion which is difficult to mcke for glass since the unknown surface
re-arrangement may have a decisive effect on the value of T .  Attimpts
to measure the surfacc energy of glass cxperimentally have previously
been made on glasses in the molten state ordinarily in contact with air,
The more reliable data place values for commercial glasses between 200
and 400 dynes per cm when extrapolated to room temperature, Generally
speaking the method of determining surface energy using molten meterial
is not satisflactory. Those chemical constituents of the glass which
tend to lower the surface cnergy will accumulate at the surface under
these conditions of increased ionic mobility. There arc also severe
difficulties inherent in obtaining a chemically c¢lean surface, Surface
cnergy is 2lso a property of rigid glass although not subject to direct
measurcnent,. Recently cxperiments have been devised in an attempt to
cstimate the surface cnergy of rigid materials and these have led to some
interesting results of paramount importance to the arguments to be proposed
shortly.

Rocsler (35) showed that cone fractures, produced by pressing small
steel indenters into the glass surfoce, could be made steble i.e.,

propagated at an arbitrarily slow specd. His cxperiments demonstrated
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the truth of the functional form of the Griffith energy balance theory,
but the numerical valuc of the surface energy so found was much larger
than & true surflace tension should be, Obscrvations showed that when
the force was removed from the indenter the cracks in the glass did not
quite close up, suggesting that plastic deformation had occurred. Thus
it is apparent that even in brittle ﬁatcri&ls such as glass the fracture
process may involve thce dissipation of energy in forms othcr than the
kinetic enérgy and true surfacc energy as considered asbove. This
immediately suggests that the attempt should be made to take into
account this extra energy dissipated by the inclusion of another term in
the energy expression 6.2.1. The cnergy measured in cxperiments such as
Roesler's has been called the fraoture energy and it has the dimensions
of a surfacc encrgy. The expcrimental fracture energy will always include
the true surfacc cnergy since this of coursc is by definition associated
with the passage of o crack., Thc difference between thc total fracture
energy and the true surface energy is spent irreversibly in a number of
dissipative proccsscs which depend upon the material concerned.  The
nearer thc material is to the ideal matcrial considered by Griffith,
Craggs etc., the ncarer the value of the fracture energy should approach
the truc surface energy. Conversely, in a material which deviates
morkedly from the ideal elastic solid, the fracture cnergy may be very
large indced and the proportion of it recpresenting true surface energy
moy be insignificant, Theory gives no answer at present to the problem
of whether the fracture encrgy is constant, but in order to take account
of the multitude of dissipativec processes operating during fracture by

a quantitative term in expression 6.2.1, it must be considered a constant
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of the material, It is proposed that the symbol y represent the
fracture energy and that this should have the dimensions of surflace energy,
The quantity y thus represents the elastic energy supplied by the body
to form unit area of new fracture surface, The energy balance expression

6.2.1 becones,

g-6%-0% L vfa (AT
TR SR - 4Lyo 6.2.8

If Griffith's ideas are applied to the energy balance expression
6.2,8 the crack can continue to propagate provided that the rate of
change of elastic energy with increasing o 1is greater than or equal

to the rate at which id can be converted into the principal new forms,

i.e.,
ad. [rigi-o® il vfa 2 O
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It will be observed from the form of Eqn. 6.2.10 that the fracture
velocity has been tacitly assumed to have attained a constant value,
There is strong experimental evidence to suggest that the crack reaches
terminal velocity at an early stage in its propagation (see Smekal (24)).
However this point will be discussed further later. An exanination

- of Eqn. 6.2.10, also shows that unless Ve, is able to achieve very
large values, the rate of release of elastic energy (under given
conditions) can ultinately rise to values greater than can be
accomnodated by the kinetic energy and fracture energy termms. Since

it is a matter of experimental experience that Vf is in fact linmited
it is clear that the rate of release of elastic energy can rise to values

which cannot be dissipated by one orack alone,
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Suppose thot it is possible to ignore the phenomenclogical fact that
as fracture procceds the crack is no longer a single, smooth, planar crack.
Thanit is likely that at some stage of the fracture process the rate of
release of clastic energy will be so great that it becomes energetically
possible to support the propagation of two completc cracks, Iff this is
true then the condition to be satisfied at point X in Fig. 2 (b) is
an energy one, and it represents that point at which the rate of rclease
of clastic encrgy is such that the propagation of two cracks (F' and F" -
Fig. 2 (b)) becomes energetically feasible. For this condition which
represents the condition for bifurcation Eqn. 6.2.10 can be re-written,

K ipeVEaiotiin

2
dro.o . s + 8y 6.2.11

Equation 6.2.11 contains terms in o®c and can be transposed for
1

oc? as follows,

o=
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Equation 6.2.12 embodies the proposed criterion for the point X
in Fig. 2 (b) representing the termination of the mirror and mist regions,
In this respect it is slightly different from the criterion used to
obtain the numerical values for Zc15 in which thc¢ depth of the mirror

was taken to an arbitrary point in the mist zone because of irregularities

in the hackle arc. The cssence of the proposed criterion is contained

in the difference between Egn. 6.2.10 and Eqn, 6.2.11 in which the elostio merg:‘

relcascd by the propagation of a crack through the material is required
to provide fracture energy as defined previously for two cracks and not

one. Some of the physical approximations madc in the crecction of
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Egn., 6.2.12 need to bu examined further and this is done below.
A numericel evaluation of Eqn. 6,2.12 can now also be attempted using
comnonly accepted experimental values for the quantities contained in it,
This velue will be compared with the results of the present experiments,

6.3 Discussion and evaluation of Egn, 6.2.12

Equation 6.2.10 was derived by assuming that the velocity of
fracture has 2 constant value, Therc is strong cxperimental evidence
which supports this assumption (Smekal (24)). However the mere fact
that this appears to be the case expcrimentally nced not mean that the
velocity in any one material is limited to the veluc measured experimentally
for it, Theoretically it is possible that the velocity of crack
propagation could approach the transverse wave velocity in the material,
although Craggs meintains that the crack would divide long beforc this
duc to the formation of stress lobes at the crack tip. In a real material
the fracture velocity might be limitcd by the action of the physical
mechanism rcsponsible for aiding the crack to propagate. For instance,
if the crack propagation process in any material is aocomplished by the
action of independent cracks gencrated at sccondary nuelei, it is
conceivable that this could lcad to an early limitation to the fracture
velocity. This can be scen from the form of the energy cxpression 6.2.8.
From this expression it can be scen that the kinetic encrgy term has the
theoretical property of being continuously variablc up to a fixed maximum
value by virtuc of the Vf quantity contained in it, It should be noted
that while the crack velocity Vf is increasing Eqn. 6.2.10 does not

fellow from Egn. 6.2.9 since the acccleration must be included in this

case. This maximum value may never be attained however if stress
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conditions at the crack tip ncecessary for the nuclcation of sccondary cracks
ere satisfied first. There is thus the possibility that the maximum |
fracture velocity theoretically attainable may never be reached, and the
velocity may be confined to an artificially low value due to the prior
satisfaction of conditions necessary for secondary crack nucleation and
the alternative opportunitics for cnergy dissipation these provide.
This point might be better illustrated by considering bricfly the incrcase
of the kinetic energy associated with the crack during the process of crack
propagation first, in an ideal elastic nmedium and sccond, in a medium which
contains a system of stress raising flaws but is otherwise ideally elastic,
In an ideal clastic medium it can be assumed that the only energy
quantities involved in the crack propagation process are, the elastic
strain energy released by the passage of the crack, the kinetic energy
associated with the rccessional velocity of the crack walls and surrounding
naterial, and the potential surfacc energy of the new surface. In this
case the potential surface cnergy is the true surface encrgy not the
fracture energy. The Griffith criterion, given by Egn. 5.3.5, governs
the condition nceessary to cxtend the incipient flaw, Once a crack is
in motion the cxcess elastic energy released by the crack leads to an
increase in the velocity of crack propagation and thus to an increase in
the amount of cenergy dissipated as kinetic energy. It is possible that
the crack velocity in the ideal matecrial in this way ought to approach
the velocity of sound in the moterial, It is also possiblec that for an
ideal material therc is a real limit to the orack velocity which is less
than the velocity of sound in the matcrial due to the development of stress

lobes at the crack tip as suggested by Yoff¢ and Craggs. In cither case
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the crack velocity should increase smoothly up to these maximum values.
In fact the experimentally determined crack velocity in real materials
is much less than either the velocity of sound in the material or the
numerical cstimate provided by Yoffé and Craggs. In order to see a
possible reason for this, consider the sccond material containing a
system of stress raising flaws.

In this casec the initial extension of the flaw and the subsequent
carly acceleration of the crack would probably follow a closely similar
pattern of development to that of a2 crack in the f'irst material,

However, if it is assumed that at some carly stage in the crack

propagation process, the stress field at thc crack tip is such that the
loccl stress at the flaws ahead of the crack tip rcaches the bond strength
of the material, then under what conditions can the incipient ¢racks continuc
to propagate? An essenticl condition is that there must be sufficient
local elastic energy to support momentarily the propagation of two cracks.,
If the elastic energy releasc is only low then the acceleration of the
sccondary crack is slow and it may be possible for the main crack to
overtake it and terminate its propagation., If however the ratc of release
of elastic cnergy is rclatively high then the secondary crack may continue
to propagate and accelerate at the expense of further acceleration by the
main crack. The latter is enviseged as either meintaining a constant
velocity or cven suffering a slight velocity rcduction for a short time

as a result. The cnergy dissipated by the propagetion of the secondary
crack is at thc expense of furthcr incrcasc in the kinctic energy of the
main crack. If the sccondary crack is energetically able to continue

to accelerate, it is reasonable to suppose that this process could be
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repeated, the stress field at the head of the sccondary crack now initiating
other incipient cracks at flaw sites., It is conceivable that in this way,
by the continuous creation of newr crack surface ahead of the main crack
front, the fracture velocity could be kept down to an artificially low
value,

The value to be assigned to k in the kinetic energy term has been
discussed alreedy. As vreviously stated, Hiorns and Venables have placed
the valuc of unity upon it without stating their source. Mumerically,
for a glass of soda~ lime - silica composition (Schardin (20) glass No 2L4),
Eqn. 6.2.7 yields an extreme value of 78. In the numerical evaluation
of Eqn. 6.2.12 below two voalues for k will be used, one of unity following
Eiorns and Vencbles and onc somewhat less than the extreme value yielded
by Eqn. 6.2.7 in accordancc with what has been said previously.

Rocsler (35) showed how experiments on cone cracks in glass could be
used to determine the fracture energy. Culf (7) has made a large number
of determinations of the fracture energy 7y for glass using steel
indenters pressed into the gless surface in a hydraulic rrecs,

The experimental arrangcment allowed the surrounding medium to be varied
from liquids to dry gases. Compared with an energy of 3,200 to 4,300
dynes/cn in air (at various humidities), the fracture energy became

7,600 dynes/cm under gaseous nitrogen and 7,800 dynes/cm under gaseous
carbon dioxide. A brief consideration of the consequences of using these
values for fracture energy (i.c., values obtained from experiments on slow
crack propagation) in o situation applying to the propegation of fast

cracks will be left until later.
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Because of the high value for the fracture energy found by Culf for
tests undcr nitrogen and carbon dioxide, the value for the fracture
energy to be used below has been set at 8,000 dynes/cm.

Thus for a soda-lime-silica glass (Schardin glass No 24), substitution

of the following numerical information in Eqn. 6.2.42

E = 7.2 x 10" dynes/cn? Vo = 1.5 x 10° cm/sec
y = 8,000 dynes/cn p = 2.57 gms/cm®
yields & value of 0c? ¥ 3 for k = 1
s
and .oos. Sl 5y foriulen = 50,

The correspondence between the experimentally obtained values of

N

Zc® for glasses, and the values given by the energy equation as written

above, is encouraging notwithstanding the approximations applied.

It is worthwhile examining here what has been said so far about the
energy approach as an explanation for the mirror, mist and hackle
phenomenon in glass.

First, it has becen proposed that thc balance betwecn elastic energy
released, and kinetic energy and fracture encrgy together, controls the
fracture process. This is not 2 naw concept even when applied to fast
moving cracks of the type being considered, (Cameron (16). However,
~ specific proposal was made that an important stage in the fracture process
for glass is rcached when the elastic strain energy released is sufficient

to enable two cracks to propagate separately., Further, the onset of

hackle as previously described is considered to be a manifestation in the ﬁﬁmy

surface of the satisfaction of this condition., Finally, the energy

balance equation has been re-arranged incorporating this condition to
1

give a numerical cstimate for the value of Zc2 for a glass.

meosexaes
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The limitations imposed by using the fracture energies found by
Culf for slow fractures in a flast crack environment should be discussed.
This is a difficult topic to treat at the present time. It might be
expected that efiects like plastic deformation, for which the time of
passage of the orack through an elemental volume of the material would
be all important, should be morec severe for slow cracks than for fast
cracks in the same material., Hence the fracture encrgy of a slow crack
would be expected to be higher than for o fast crack. However, this
rcsults in an anomalous situation, for the fracture ecnergies found by
Culf could on this argument, bc associated with the quasi-static cracks
considered by Griffith in the derivation of Egn. 5.3.5 Chapter 5.
Griffith checked the value of Egn., 5.3.5 expecrimentally and theoretically
using artificially induced cracks in the walls of glass tube and bulbs
and a value for the surface cnergy obtained by extrapolation from
experiments on molten glass. The expression originally given by

Griffith (5), was,

3 ]

e
VT

60301

o

where v is Poisson's ratio for the glass. Eagn. 6.3.1 should be
compared with the corrected cxpression given later by Griffith and
written as Egn, 5.3.5, Chapter 5. They differ only in the presence of
the quantity v . However the numerical and experimental check rcferred
to above wos performed with Eqn. 6.3.1. Griffith found cxperimentally
that the valuec of oo% for the propagation of artificially induced cracks
in tubes and bulbs was about 240 lh/ini/z. The following data concerning

the glass he used was given by Griffith,
B 9.01 x 10® 1bs/in?
T =304 0790 be/in Vi s Dego]

1
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Substitution of these values in Eqn. 6.3.1 yields a value of 266 1lbs/in 5/2
SE
for oc? and excellent agreement with experiment, The same information

substituted in the modified Eqn. 5.3.5 yields a value of only 133 :Lbs/inB‘/2

1

for ocE, and shows a discrepancy between the later theory and experiemcnt,
1

The value of oc? obtained from Eqn. 5.3.5 when the valuc of T previously
used is replaced by Culf's value for ¥y is 500 lbs/inj/z. This result

is not much more incompatiblc with Griffith's cxperimental value than the
135 1557107/ 2 Pound as described shove, ! ‘Tha Stress atithe tiy of th

crack is given by Griffith as,

qd
2
o, = 2900 6.3.2
p2

where o, is the stress at the crack tip,
and p 1is the radius of ocurvature at the crack tip.

Following Griffith, and taking o crack tip radius of 2 x 10_8 in, the
theoretical crack tip stress predicted by Eqn. 6.3.2 is 3.4 x 106 1bs/in?
for oo = 240, 108/4r 2, and 450 xA0S ANa/intL Pori oo 153 Tha i de.
This alrecady represents stresses of 0.4E and 0.2E respectively.
The stress resulting from using Culf's experimentally measured value for
'the fracture energy in Eqn. 5.3.5 as a substitute for T is approximately
0.75E, The only way in which the latter rcsult can be made to be physically
reasonable is to abandon the concept of an elastic crack, and assume thab
the tip of the crack does not reduce to atomic dimensions but is somewhat
"pblunted". This is a reasonable assumption in view of the naturc of the
fracture energy term, that is, one compounded principally of true surface
energy and energy dissipated in vplastic deformation.

Thus it mey be said that, if the fracture energies measurcd by Culf

have more velid application to slow cracks than to fast cracks, such cracks
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are probably not truc elastic cracks, This apvroach can only be made
physically consistent by an adjustment of the crack tip redius from a
v21ue of ‘abott Dix 10T Ains fotabowtiob i {0r Gl S a0
This question clearly neceds very carcful consideration and cannot satis-
factorily be answered with the evidence at present available., For the
moment, although the application of Culf's mcasured fracturc energies to
fest cracks is not positively supported by o consideration of quasi-static
crock energetics, the idea is not rcjected by it either,

Onc more point should be mentioned here beforc attempting an extension
of the ideas proposed in section 6.2. That is, Bateson's Egn 3.5.1
(Chapter 3) should be re-cxamined in view of the form of Egn. 6.2.12, to
which it bears a resemblance. Using Culf's value for fracture energy
as given above instead of the surfacc tension, Egn. 3.5.1 predicts a
value of 1 Kg mm3/2 for Zc% ; The numerical values given by the
equation arc therefore still too low despite the general similarity
between Eqns 3.5.1 and 6.2.12, The general obscrvations concerning the
physical ocssumptions made by Bateson and discussed in Chapter 3, Section 3.5
are still valid, It is suggested that the corresvondence between the
equations Is a fortuitous one,

6,4 Extension of the encrgy hyvothesis

So far the energy hypothesis, as embodied in Eqn. 6.2.12 has
given encouraging numerical agreement with experiment, The approach
to the bifurcation condition in glass also expleins the source of the
energy responsible for the propagation of the micro-cracks obscrved
in the mist region. In the mist region the rate of releasec of s train
energy is greater than that required for the propagation of one single

crack but not yet sufficient to suvport the propagation of two indcpendent
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cracks., The result is the propagation of semi-independent micro-cracks
which can be used to explain in a qualitative fashion the micro-
structural aspects of thc mist region. However, if the energy balance
approach is to be really useful in c¢xplaining the appearance of
morphological tronsition zones on fracture surfoces, it ought to be applicable
to materials other than the inorganic glasses,

The value of Zc15 according to Egn., 6.2.12 is proportional to the 51p3q3
s of the rrogture energy where this term has tacitly bcen given the properties
of a constant of the material, In addition, when the minimum requirement
for bifurcation was self-evidently the propagation of two cracks
(F', F" - Fig. 2 (b)) instcad of one, the condition required to satisfy
this could easily be inserted in Eqn. 6.2.10. In contrast any cnergy
dissipating vrocess which produces only a gqualitative change in the
appcarance of the fracture surface cannot be treated in the same simple
waye. hen elastic energy in excess of that required to balance the
basic equation is available,the mechanisms employed by the material to
dissipate this will depend solely on the nature of the material itself.
The particular morphological appearance of the fracturc surface will
depend to a very great extent on the modes of operation of those
mechanisns, Thus, in glass, the energy argument gives no information
on the way in which ncw surfacc area is to be created and what will be the
result of the crcation of such new surfeccs on the exturnal appecorance of
the fracture surface. In materials other than glass it is even more
difficult to say, merely from a consideration of their physical
properties, which processes will bc important at any particular stoge

in the fracturc process as dissipators of cnergy. Non-isotropic



substances will demand dif'fercnt considerations again, For example the
body centred cubic crystal o - Fe posesses a theoretical surface encrgy
of 1400 dynes/cn for the (100) cleavage planc and 5,300 dynes/cm for the
(111) cleavage plane (Gilman (33)). A crack propagating in the (100)
plane could dissipate five times more fracturc energy by producing
clearagc steps with side faces in the (111) plane,  Thus quitc small
cleavage steps could dissipate as much egergy as the main crack surface
in the (100) plane, On the other hand, a crack propagating primarily in
the (111) plane would not find cleavage steps a satisfactory way of
dissipating excess elastic energy. It is not intended to propose that
these particular processes actually operate during fracture in o - Fe ,
this is merely offered as an illustration of the type of problem which
might be cncountered, Haneman and Pugh (40) aave recently published
some interesting results of work performed on n-type single crystal
Germanium, These tests were performed in tension and bending with the
(111) planc of the crystals perpendicular to the tensile forces.

In both cases the same result was observed on the fracture surface.

' Fracture took place in the (111) plane and a transition zone was apparent
on the fracture surface centrcd about the origin of fracture which was

on thc original free surface of thc specimen, The transition zone
consisted of thc production of large numbers of "tear" lincs or cleavage
steps starting together and distributed along the arc of a circle,
Haneman and Pugh found that the product of the breaking strength and the
squarc root of the distance from the origin to the arc was a constant with
o valuc of about 3.3 Kg/ﬁmi/z. They drew attention to the correspondence

between this relationship and the empirical relationship found for glass,
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but sought to explain the phenomena in terms of a critical veloeity
condition quoting Shand (L), Batcson (18) and Mott (6) in suopport,

This idea has already becn discussed in Scetion 3.5 and rc¢jeccted,

Using the ideas developed so far in this chapter the production of
cleavage steps would be identified with a critical enecrgy condition,
According to Gilman (33) the thcoreticel surface cnergy of Germanium

is 726 dynes/em for the (111) planc and about 1000 dynes/em for (4100)
and (110).  What thc frocturc energy for Germanium is in the (111)
plane is unknown at thc present time, but if it is o constant of thc
material, a Zc% dependence would be expected for any tronsition zone

in accordance with the form of Egn., 6.2.12. The criterion for cleavage
step production in this case is that the rate of relecase of strain
energy reaches a critical value for the (111) plone. In one sense

this might be regarded as a similor stage to that for glass during which
mist is produced., If the fracture encrgy of the (111) plane in
Germaniun and the fracture velocity in the same plane were known, the
nuncrical evaluation for Egn. 6.2.12 could again be checked and comparcd
with Hancman's and Pugh's result, A point which has been made above
and which was also remarkcd upon by Hancmon and Pugh is that arguments
in t erms of quantities of energy do not cxplain events on an atomic
scale. That is, it is still nccessary to discover thc physical
mechanism which is responsible for the energetically feasible eleavage
stcps becoming a physical reality. In the past the production of
cleavage steps in crystalline materials has been identificd with the
intersection of screw dislocations by the crack (Gilman (33)), Haneman

and Pugh claimed that this was not thc mechanism responsible in this

instance sincc etch pits did not appear when the matcerial was etched
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Wwith & suitable etchant, However it is not certain that stress induced

dislocations (as opposed to grown-in dislocations).can be revesled in this way,
One material which shows o scquence of morphological characteristics

on its fracturc surfaces similar to those of glass is perspex

(i.e., polymcthyl methacrylate), There is olso a considerable body

of useful data alrcady availaﬂle concerning its physical, and fracture,

properties.  Benbow (36) has published data for the fracture energy

of perspex as o function of tcmperature betiwcen 0°C 2nd BOOC. This

information was again derived from a study of the propagation of stable

cracks., Esscntially, thc apparatus uscd by Benbow consisted of o

wedge used for opening the crack gradually and o systcn of siaonmps

dcsigned to render the crack dircetionally stable,  Benbow's results

arc given in graphical form in Fig, 38. It should be stated here

that Svensson (41) also reportcd o variation in the valuc of the fracturc

encrgy for perspex with temperaturc, but not of this form.

The correspondence between the form of the curve of Fig., 78 and that

of Fig, 14 giving Zc% for X8 glass as a function of temperaturc, is

quite striking within the tumpersturc limitations of the respective

figures, Using Benbow's figures for the fracturc energy of perspex

at room tcemperaturc it is possible to predict o valuc of Zc% for

perspex using Eqn. 6.2.12 and assuming that the crack rcaches a

bifurcaticn condition in the same way as a glass fracturc, The values

for the other quantities given below are token from Schardin's

published data.



= 1paji~

42 x 10° dynes/on (at 20°C)

y =
E = 5,35 % 1010 dynes/con?
p = 1.18 gms/cm® Vo = 300 - 650 n/seo
Zc% ¥y Kg/mms‘/2 LoRzicEr e
267 % 6 Kefum? 2 for k = 50,

Sl
This is an interesting rcsult, for it predicts a valuc of Zc%

of the same ordcr as that for glass despite the fact that the two
materials have very differcnt properties,

665 Summary and suggcstions

The work dcscribed in this and the preceding chapters compriscs

an investigation into thc observation of the empirical rclationship

=

Zc* = constant, thc valuc of this constant, and the signif'icance of

the mirror, mist and hackle pattern. The first part of the investigation
consisted of a serics of cxperiments conducted in tension and bending

on a number of silicate glasses, but principally X8, which vroduced

a body of information on the valuc of the constant in the mirror
relationship mentioned above, Thce immediate result of this accummulation
of numerical data, was to suggest o way in which the different mirror
shapes, cmpirically obscrved to be characteristic of certain experimentel
stressing systems, could be predicted and drawn, The suggestion

basic to these proposals was that the interpretation to be placed

upon the quantity Z in the mirror relationship is that of the local
tensile stress, existing immediatcly prior to fracture, at that point

in the body wherc bifurcation of the crack subsequently takes place.

A wider interpretation of the numerical results could not be made

until the physical significence of the mirror, mist and hackle
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phenomenon had been attempted. Part two of the experimental work

was concerned with this problem. Examinetion of the features of

the mist areca disclosed the existencc of very large numbers of stopred
sub-gurfacc micro~cracks below the fracture surface which could be
correlated with speccifiic fracture surface fcatures. Subsequently

it wes found possible to subdivide the constituents of the mist features
into two groups, and explain, in o qualitative mamner, how these arisc
due to the interactions of groups of micro-cracks developed ot the
crack front. The observations of the multiplicity of these micro-
cracks in the mist region drew attentisn to the large amounts of excess
elastic cnorgy dissipated in this way, This chapter has been mainly
concerned with a aiaple discussion of the energetics of brittle and
semi-brittlc fracture for real materials, culminating in an attempt

to formulatc a theoretical equation for the mirror reclationship,

Such an equation has been pr-posed, bascd on the work of Griffith

and Mott and the values of .‘ch’j predicted by it agrec well with
experiment., The mirror, mist and hackle phenomenon has its equivalent
in moterials other thon the silicatc glasses, and it is thus to be

cxpected that the theoretical equation should be capsble of accounting

o=

for these cases too. The numerical velue of Zc*® for perspex has

“ been calculated as predicted by the cquation and at the present time

experiments are being conductcd to determine this velue empirically.,
The present form of Eqn. 6.2.12 indicates that the valuc of Zc%

should depend principally on the fracture cnergy. It is in this area

that further work is most urgently required. That is, it is neccessary

=l
to show conclusively that thce value of Zc? depends upon the frecture
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CNLTrEY In order to do this it mey be ncecssary to measure both the
fracture cnergy and the value of Zc% on material taken from the same
oroducti »n batch, This could be particularly important for the
polymers wherc a change in the structure and molccular weight is reflected
by a changc in the fracture encrgy. The amount of information at
present availablc concerning the frocture energy of various matcfials

is very small and it may be neccessary to embrace more types of material,

Some oxperiments arc being performed at present int his laboratory in

o=

~

an attempt to measure the valuec of Zo for perspex as a function of
temperaturc in order to comparc this with Benbow's fracture energy
curve given as Fig. 38. It should alsc be profiitable to attempt to

5 at various clevated temperatures.,

]

induce cone cracks in gl

fs
i

T

N

does indeed depend on fracturc energy, one
i
outstanding problem which rcmains is why the value of 2Zc¢c* is higher

If the valuc of Zc

for silica than for X8 and lccd glasses. At present this can only

be explained by assuming that the crack does plastic work to o constant
and fixed distance from its tip irrespective of the glass in which the
crack propagates. In this way more work could be associated with
fracture in silica than with the other silicate glasses.,  However
this explanation is clearly unsatisfactory, conflicting as it does
with the observation that cone cracks in the sof't glasses remain open
while those in silica do not (implying in the latter casc that little
plastic deformation hes token place)s  Furthermore the explanation

would have to be confined to the silicate glasscs and could not be

generalised to include other materials,
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Apart from the primary problems there are a number of subsidiary
problems associated with the formulation of Eqn, 6.2.12. One of these
is the question of what voalue should be assigned to the constant k
in Mott's kinetic energy cxpression,

The energy hypothcsis gives no indication of the type of
morphological transition boundary to be expected in any particular
material. Some materials will clearly have mony more encrgy dissipating
mcchanisms available than others and additional complications may arise
when the material is non-isotropic, The development of a particular
morphological fcaturc may also depend to some extent on the degrec of
chemical homogeneity or structural perfection possessed by a particular
samplc when compared with the idcal structure for the same chemical
composition. As an example, consider perspex which shows o morphology
in which conic figures are typically developed as a result of secondary
cracks generated at defect sites. :crylates in general with a filler
added display conic figures in profusion with paéticlos of filler at
the foci of the conics., It is thercfore fair comment to say that
in all probability the sccondary nuclei responsible for the development
of conic figures on fracture surfaces in commercial perspex arc not
an intrinsic part of the structurc of perspex. If this is so, a
refincment of the manufacturing process might eradicate theose defect
centres and with them the conic figures. A differcnt fracturc

morphology would be cxpected from such a refined material,
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Within the narrower limits of the mirror, mist and hackle
phenomenon’in silicatc glasses there are some interesting untouched
problems. The presence of stopped micro-cracks below the surface in
the mist region was demonstrated and the main mist featurcs were
explained qualitatively interms of the interaction of groups of
micro-cracks ot the hecad of the crack. It was suggested that
secondary nucleation at unspecified defect sitcs was responsible for
the formation of these cracks, but this is conjecture with very little
positive supporting evidence as far as glass is concerncd., Also
arising directly out of the presence of the micro-cracks, is the
fact that very little is known, either theoretically or experimentally,
about the properties of crack arrays of the type which must result

from the presence of many small cracks at thc hcad of the fracture,



- 113 -
Appendix I

A calculation concerning the position of the neutral zone in
"as received" glass rod assuming that a paraboloidal temperature
distribution develops in the rod during cooling from its sof'tening
temperature and finally, as a result of this, a paraboloidal stress
distribution develops in the rod.

An essential condition is also that the body should be in
mechanical equilibrium under the action of the internal stresses.
¥or this, the sum of the tensile stresses inside the neutral zone must
be equal to the sum of the compressive stresses outside the neutral
ZONE,

In FPig., A1 below, a longitudinal section through a length of
glass rod is represented. Only the one half of the section is drawn
so that CD represents one free surface and OX is the geometrical
axis of the rod. The intersection of this section with the neutral
zone cylinder is represented by the dashed line EF , A parabola
' OLP is drawn on the figure representing the thermally induced stress
distribution in the rod, so that the stress normal to any point on MQ
is given by the length of the line normal to MG from that point to the
curve OLP . Within the area A such stresses have been defined as

tensile stresses by the same token within the area B the stresses are

compressive, The neutral point is represented by L ,
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The general equation of the parabola OLP is y® = La x .
Volume described by area 4 in rotating parabola about 0X
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Volume traced out by parabola between ON by rotating about 0X is

similarly,

= 2a 7 n®

& Volume between M - N
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Volume of cylinder of length (n - m) with radius vy
=7y (n-m)



when x=n y® =Lan

. Volume of cylinder = 4a mn (n - m)

Volume produced by rotating area B about O0X axis is,

=Larn(n-mn) -2a7(n® - m?)

and this is equal to 2a 7 m? (essential condition)

ice., Larn(n-m) -2 7 (n? -m?) = 2a7wm?
n# tecd Pminecial
and 2m = n

when X=n y=r
oo r2 = L‘.a.n

when X=m y=38

82 = Lam
but n. = 2m
S92 = Bain
and s® = Lfam
1.6., T* =257

and s =r

V2

The Gistance from the geometrical axis of the rod to the neutral

axis is == approximately.
ve
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Appendix IT  The Linnik (42) interference microscope

The Linnik (42) interference microscope is a valuable, but apparently
not well known, application of Michelson's interferometer to the study of
the microtopography of surfaces., The special features of Linnik's
instrument are as follows. FPirst, it allows high power objectives to
be used with ease. Second, a thin film interference pattern of a surface
can be secured without the necessity of placing a reference flat near the
surface. The essential Linnik arrangement is shown diagrammatically

below,

AT
* | I‘.f‘ ‘.
: I—- - ;9
///7 ( K
< -
” \\ % P
NRY2
LY
i
Jrertr s, J' | hy
\\-—.. e
N
7777 P
Diagram 1

The light source 5 1is placed at the focus of a lens set to project
parallel light on a bean splitter A . The beams from A pass to two
microscope objectives IL,, Lz. The surflace under study is P, and Q is
a reference plate. The lenses IL,, Ls and L, constitute a microscope.
The distance between L, and P 1s adjusted so that P 1is in good focus.
Q is brought to the correct plane to be in focus for the equivalent
microscope L,, I, and L, . Therefore not only is the object P
in view but in addition, localised interference fringes are superposed

on the image and thus give a contour pattern referred to the flat Q.
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Fig. 39

Photograph of the

interferometer,

double objective Linnik

Scale shown is in centimeters.
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The instrument as constructed for use in the present studies was ..
conceived and made as a microscope attachment, see Fig. 39. In the
construction, a Beck vertical illuminator was used as the basic unit.
The Beck illuminator has a lens and double iris train in an arm leading
to the beam splitter which is housed in a central hollow metal cube of
1" sides., From the central cube there exist three convenient light
exits in the correct positions as required by Diagram 1 above, The first
is the normal one carrying the objective I, . Vertically above this
the second exit communicates in the normal way with the main microscope
barrel. The third exit, opposite the light source, in the Beck system
is usually blocked by an inclined dark plate designed to eliminate light

rays transmitted from the beam splitter when the instrument is used

conventionally. This plate was removed and the entrance provided with

a screwed sheath enabling a second objective L, to be added to the

assembly, It only remained necessary to provide some convenient method

of independent adjustment for the comparison plate Q@ . This was
' accomplished by adding a light metal beam to the beam-splitter housing,

cm beyond the end of the objective L, , The end of

extending some 5

this beam carried a hollow barrel pointing towards the objective L,

and mounted on its optic axis. A sliding piston inserted in the barrel

carried the comparison plate at its front end, and could be advanced

towards L, by a screw thread pushing from the rear, ‘“Tithdrawal of
the comparison plate from L, was effected by a spring loading
arrangement inside the hollow barrel. In this way the comparison plate

could be advanced without rotation, thus preserving the angular

relationship of the plate Q with the surface P .
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In order to obtain the best results with this instrument the total
light paths of the split rays must be equal, In a laboratory instrument
such as this it was not possible to match carefully the objectives I,
and L, . DNor was it possible to use the ideal beam-splitter i.e., a cube
made from two right angled prisms with the interface silvered to split
the light into two beams of equal intensity, Instead a half silvered
microscope cover slip was used. It is possible to see fringes even when
the light paths are not exactly equal by using monochromatic light sources
having sharp spectrel lines, e.g., low pressure sodium or mercury vapour
lamps. However one of the conditions flor achieving good contrast of the
fringes is that the reflected rays from P and Q should be equal in
intensity. This means that uncoated glass objects should be compared
with a plain glass plate. The image intensity with such combinations is
far too low to be useful when the illuminant is a low pressure vapour
lamp. Consequently a high pressure mercury vapour lamp must be used
or a high intensity white light source. It can be shown that for the

‘mercury lamp high pressure broadening of the spectral lines causes the
fringes to be obscured. For white light of course fringes will only be
seen very close to the zero path difference condition. Provided that the
discrepancy between the path lengths is not too great it can be
accommodated by partly unscrewing one of the two objectives depénding

on vhich arm contains the shorter path length. This is the method

adopted in the present instance. The path length is increased until,
using white light, the central black fringe appears in the middle of

the field of view. The use of the high pressure mercury vapour lamp
combined with suitable filters, under these conditions, yields an extensive

area of sharp fringes with maximum contrast.
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Postscript

It was mentioned in the discussion that experiments were being
conducted to test the prediction made from Egqn., 6.2.12 that the value
of Zd% for perspex should be about 5 - 6 Kg/hmi/z. These experiments
have been made by Mr, . Brearley of these laboratories assisted and
directed by the author. A detailed account of the work will not be given
here, Briefly, the tests were carried out in tension, at first at room
temperature, using specimens cut from cast perspex sheet 1 cm thick.
Rectangular bars measuring 1 cm x 1 cm x 10 cm were cut from such sheet.
The central region of each bar was reduced to 2 - 3 mm by turning in a
lathe Pitted with a four jaw chuck, using a cutting tool shaped to cut
a smooth, curved, necked-section with a curvature of about 2.5 cms radius.
Specimens tested without further treatment to the necked section failed
at such low stress levels that bifurcation could not be induced in
specimens of this diameter at the neck, However, successful bifurcation
of the crack was finally induced in these samples by hand polishing the

machined region with fine emery paper folloved by jeweller's rouge.

—

About a dozen specimens from which a value of Zc? could be obtained
were tested at room temperature using this procedure. The value of
Zc.1§ thus determined varied from about 7 - 12 Kg/mmi/z, This is a
value in reasonable agreement with that expected from Eg. 6.2.12,

In view of Benboi's results for the value of the fracture energy

of perspex as a function of temperature (as given in Fig. 38)

il
Mr, Brearley then endeavoured to obtain the value of Zc?® for perspex
as a function of temperature, This work had to be dbandoned because it

was discovered that the fracture morphology of perspex changes rapidly
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over the range 0 - 80°C and a Zo measurement was rendered impoasible.
There also appears to be a fracture morphology change at low temperatures
(about - 19000), but it is possible that this change is associated more
with the presence and action of internal flaws in the perspex than with
changes in the physical and chemical properties of the material, At low
temperatures the resulting fracture surface shows that the secondary
cracks originating at internal flaws have travelled nearly equal radial
distances inkevery direction from any one flaw, Thus instead of the
elongated conic figures observed on the fracture faces of specimens
tested at room temperature, the low temperaturc tests produced a fracture
surface entirely covered by a cell-like structure of polygons with the
flaws at the centres of the polygons, This indicates that at low
temperatures failure occurs by a number of cracks being generated
simultaneously, or in rapid succession at a number of separate sites on
one plane in the specimen. If this is indeed the mechanism, this draws
. attention to the problem of measuring the fracture velocity in materials
like perspex in which some stage of the fracture process is accomplished
by the nucleation of secondary cracks at flaw sites. In these cases the
time taken to sever the specimen depends uoon the distance between the
flaws, the velocity of propagation of the secondary cracks and the velocity
of sound in the material,

During this experimental period Mr., Brearley and the author also
constructed a number of machines designed to deliver a tensile impact
blow to a specimen. Ostensibly the purpose here was to attempt to deal

with the change in fracture properties of perspex at high temperatures

by delivering a tensile load at high loading rates. In fact no
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perspex specimen was ever tested in such a machine but each machine
was tested using X8 glass specimens in rod form since the behaviour of
this material and its ZC% value was by now well documented for normal
loading rates. The devices are mentioned here for their own intrinsic
interest and the possibility that in the future they could be used to
provide more information on the fracture process, The first group of
machines were all essentially pendulums, The bottom end of the
pendulum was designed so that it would fall "astride" the specimen which
was mounted horizontally at the bottom dead centre of the pendulum
swing, The pendulum could by this means be made to deliver a tensile
blow to a tup fixed to the end of the glass specimen., Such a blow
according to Kolsky (P1), generates a steep fronted stress wave
travelling up the svecimen in which the peak value of the stress
os is given by

o, = P Vg ivs (Pa)
where p is»the density of the material,

VL is the velocity of longitudinal sound waves in the
material,
and v is the "particle" velocity acquired by the rod end as
a eonsequence of being struck,

This stress falls away exponentially from the peak value in a manner

given by the equation
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where o is the stress in the rod at the struck end at time +t ,

A 1is the cross-sectional area of the rod,

M is the mass of the striker,

and t 1is the time elapsed after the impact.

The mass of the striker therefore determines only the "flatness" of
the exponertial tail to the stress pulse and not its peak value,
Some of the difficulties of impact testing lie in the faot that stresses
are usually difficult to determine since multiple reflections of the
stress wave often take place within the specimen before the local stress
achieves a sufficiently high value to cause fracture, In the author's
experiments this difficulty was thought to be avoided. The specimens
were made in the form of long rods ( 1 metre) of 3 mm or 5 mm diameter
cane., This length of cane was placed horizontally on rollers and
otherwise unconstrained. One end carrying the tup was placed at the
bottom dead centre point for the fall of the pendulum, The mass of the
striker (M in Eq. Pb) was usually made sufficiently large that the stress
fe)l .away from the peak value only very slowly i.e., the exponential "tail"
was quite flat. The specimen was predisposed to fracture at a point
near the tup by damaging it there quite severely with a glass knife,
Upon striking the tup with the pendulum a steep frontéd stress wave
was generated in the glass rod. If the passage of the stress pulse
gencrated a crack at the glass-knife-damage fracture could be completed
before the head of the stress pulse arrived back at this point again,
(This is because of the relative magnitude of the quantities involved,
viz, the length of the specimen was effectively 2,000 mm while the

specimen thickness was only 3 - 5 mm . The velocity of crack
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propagation is approximately 2/5 of the velocity of longitudinal sound
waves in the material). In the event of fracture occurring, part of
the exponential stress "tail" would be reflected by the new free crack-
surface and returned to the striking element, The tup, plus a short
length of the specimen was in this way struck from the rod-end by the
pendulum and was caught in a bag. The rest of the rod in this case
stayed quite still, IT,however, fracture was not initiated, the stress .
pulse returning from the distant end of the rod was able to reach the
striker of the pendulum. This stress pulse, returning as a wave of
compression, in effect carried the information to the pendulum that the
distant end of the rod was unconstrained. The whole rod was therefore
caused to move in the direction of its length by the striker, While

this was usually catastrophic as f'ar as preserving the rod intact was
concerned the system had the overwhelming advantage that "successful"

and "unsuccessful" tests could be clearly differentiated. Also, in

the event of a successful test, the stress at which failure occurred
could be simply determined to within 4% or 5% by using Egn. Pa provided
that the mass M was large enough for the exponential stress tail to

be considered flat. Tests made with the pendulum machines indicated that
the value of Zc% for X8 rod tested in this way had the same value as
that obtained in normal loading rate tensile tests.,

The statement was made in Chapter I, Section 1.2 that a crack
nucleated at a local flow on the surface propagates perpendicularly to the
tensile axis for a distance depending on the severity of the surface
flaw,. The impact experiments make it clear that the flaw size is in

fact of only secondary importance, The mirror size in impact tests
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is a function of the striker velocity (i.e., the peak stress value)
aﬁd not a function of the severity of the damage as in normal tensile
tests. In impact tests the surface damage serves merely to initiate
fracture, bifurcation is cdetermined by the general stress level existing
in the specimen which in turn is dictated by the striker velocity.
This supports the assertion made in Chapter 3, Scction 3,2 that it is
the local stress level which is important. It is felt that further
impact tests of this type could yield very useful information about the
degree of interaction of a erack with a stress field by using pulsed
stress techniques.

These further experiments indicate that the experimental value
of Zc% for perspex agrees very well with the value predicted by
Eqn. 6.2.12. An attempt to follow the variation of Zc% for persvex
with temperature fiiled because of the change in fracture morphology of

perspex with temperature. However the agreement of the experimental

1 1

values for Zc2 for glass and perspex with the values for 702

predicted by Eqn. 6.2.12 is thought to be sufficiently good to warrant

further investigation along the lines discussed earlier,
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