Keele

UNIVERSITY

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be
duplicated by you for research, private study, criticism/review or educational
purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation
may be published without proper acknowledgement. For any other use, or to
guote extensively from the work, permission must be obtained from the
copyright holder/s.



FRACTURE AND FLOW IN GLASS

BY
B.STAVRINIDIS, BSc

A thesis submitted to the Universify of Keele
for the Degree of Doctor of Philosophy

- Department of Physics

University of Keele
Keele, Staffordshire

March 1980




To Christine and Nicholas




ABSTRACT

The indentation creep behaviour and the apparent healing
of cracks are studied in sevefal silicate glasses in different
environments and at different temperatures.

The resulta obtained do not confirm previous findings
that the indentation creep rates are environmsent dependent.

The impact of these results on recent theories relating indentation
cresp rates and tensile fracture is discussed.

It is fourd possible 1o describé all the indentation
creep results at different temperatures with a wniversal
‘indentation créep equation,

The closure of cracks upcn unloading and the load-bearing
character of closed cracks are studied in séma detail., It is
found that the load-bearing capacity of closed cracks increasee
with aging time arnd with the temperature of heat-ireatment at
rates which are depen&ent upon the composition of the glass,

The results are interpreted qualitatively in terms of the chemical

action of water on glass.
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GENERAL INTRODUCTION

Glags is often regarded as a simpls, ideally brittle and
chemically inert material. There is however extensive experimental
evidence that glass exhibits microplasticity and unusual chemical
reactivity under common circumstances.

Evidence of microplasticity can be readily seen as the
grooves and indentations formed when a hard object is slid or
' pressed on a glass surface, With the increasing sophistication
of the techniques of fracture mechanics, the energy absorbed
during fracture can be measured and is found 1o be up to 10
times the estimated value of the surface free energy.

It is also found that the ultimate strength of undamaged
glass specimens is far below the theorstical sirength of glass.
Some investigators have taken the view that all these phenomena
are related to the limited plastic'deformation that glass can
undergo at rboﬁ temperature and have attempted to explore this
poasibility quantitativsly. The characteristica needed for such
an investigation are the tensile or compressive yield streaa, T,
that i3, the stress level at which plastio (irrecoverable)
deformation oécurs in uniaxial tension or oompfossion and also
the yield criterion which is the condition that must be satisfied
by th;'pfincipal'stresses'in threo7d1meﬁsional'strosa distributions,
Previous experience has taught that in the case of metals with
well daefined plastio'properties,rthe yield stress can be obtained
convenienilj by an’indegtation test 1h which the hardness (defined
ag the mean pressure'undor an indenter of specific geometry) -
ig meagured. In particular it is found that the tensile yield

streas of some metals and alloya coincides wifh ona third of the



value of hardness. Bardness testing was adopted as a means for
obtaining the flow stress for glass, although a §ifferent
conversion factor had to be introduced to suit the highly elastio
nature of these materials.

Marsh (1964), who introduced the flow concept for glasses
in a quantitative way, reported observations that the indentation
hardness of soda -glass decreases with the time of loading and
interpreted this as a reduction of the flow stress with duration
of load; this in turn could explain the reduction of the breaking
strength of glass samples subjected to prolonged loading, (static
fatigue);‘

Marsh's work was extended by Gunasekera (1970) who showed
that the hardness of soda-lime-silica glass is depsndent not
only on the loading time, but also on the test environment.
The variation of hardness with loading time and environment
wag found to be compatible with the fracture behaviour of glass
in different environments. Further work by Weidmann and Holloway
(1974a p) showed that in soda-lime-silica glass the variation of
the crack speed with applied stress and also static fatigué
Phenomena can be expressed quantitatively in terms of the variation
of the hardness with time under similar test conditions.,

- The>poss1$i1ity of extending this work to cover glasses

with different composition wag appealing. It would be intereasting
to compare the variation of hardness for different glasses under
different environments and temperatures with the fracture behaviour
of these glasses under the same test conditions, Initially,the
objectiva of th& prea&ntjstudy was to attempt such a corrélation.

As a matter of tactics, indantgtion experiments ﬂere,carried i



out early in the present study on soda~lime-~gilica glass at
room temperature. Similar experiments have already been carried
out by Marsh (1964) and by Gunasekera (1970),surprisingly, a
wideapread and fundamental disagreement was found between the
results of the present study and those obiained by the previously
mentioned authors*. In particular, the duration of loading was
_found not to affect the hardness of soda-lime-silica glass as
remarkably as reported by Marsh (1964) and by Gunasekera (1970)
ﬁnd, in direct conflict with Gunasekera's results, the hardness
of glass was found to be independent of the test environment.

A lot of effort has been spent in the present study to rewveal
possible sources of the discrepancy observed but no conclusion
has been reached.

Despite the conflict ,the variation of the hardness of
soda~lime-silica glass at high temperature and also the variation
of hardness of different glass compositions with the loading
tim; were carried out as originally intended.

Because the quantitative model of plastic flow proposed
by Weidmann and Holloway was based in effect on the results of
Gunasekera's indentation hardheés study but also on the resulis
on slow crack propagation, it also appeared useful to perform .
key—experimanta‘on,tho variation of the crack speed with épp1ied
stregs under different test conditions.4vTheae eiperimenta produced
results in excellent agreement with those reporied by Weidménn
and Holloway‘(and others). In tho cpu:ae of the alow crack:
pfopagation experimepts,curious phanqmcna‘involving/what-appearad

to be crack healing, i;e.lcfack closurs resulting in a load .

* Other indepondent inveatigatora have reported results from
8imilar experiments which are in direct conflict with both those
obtained by Gunaaekera and thoae of the present author. FE T



bearing interface were observed. Some of these phenomena have
been observed by previous members of this laboratory and other
investigators but a detailed quantitativp study has not previously
been attempted. In fact, crack hgaling seems to be a natural
consequence of  Griffith's (1920) theory of brittle fracture
for glass. Griffith postulated that fracture of glass is
controlled by the Firat Law of Thermodynamics: 1In an elastic
solid containing a orack»under load thermodynamic équilibrium

is attained when the total energy*, U, of the system remains

constant in respect to the crack length, C, that is

aw

dac

For small displacements from the equilibrium crack length

the pre—existing crack in the body advances or retreats depending

du
ac’

is a reversible thermodynamic process. Energy from the body

on the aign of ==. Therefore, fraocture in Criffith's thsory
is absorbed and converted only into surface free energy as the
crack advances (ideally brittle fracture). The same amount of
energy must be expected to be released as the crack closes ovér
the séms length. |

It was thought then that an 1nveatigation of the closure
'and the load bearing proportiea of closed cracks 1n glass may
lead to a better understanding of the flow and fracture properties
of}giass. The experiments which have bean carried out auggoat
however that surfaco chomical reactivity may play a significant
role in the occurrenceof’tha apparent healing and that tha
phenomanon is not a manirestation of the crack reveraibility

implied by Griffith's oquation.

*  The total energy U in this context compriges of the work =
~done by the applied loadas, the elastic strain energy storsd in =
- the body and the gurface free energy of the pre~existing crack.




Under these circumstances the presentation of the thesis
in two more o? less separate sections appaared almost inavoidable,

The first section deals with the hardness and flow of glass;
S8everal ideas expressed in the past are reviewed and the
consequences of the present results are discussed.

The second section deals with closure and load bearing
phegomena of oracks in different glasses including an organic
glass. Several factors affeoting these phenomena are studied
in some detail and possibla mechanisms for interpretation of

the results are discussed.
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PART I.

INDENTATION CREEP IN GLASS



CHAPTER 1

HARDNESS AND FLOW

l.1 General

The hardness of a solid is a readily appreciated quality
generally understood as the resistance to surface deformation
by scratching or indentation. This quality is technologically
important and despite the fact that many metals and minerals
have been in use for thousands of years the earliest known
scale and method for quantitatively assessing the hardnsss of
solids did no% appear: until 1820, This is Moha'hardness scale
and is based on the ability of certain minerala.to scratch
others, A écala was developed in which ten minerals were ranked
80 that any one would scratch all the others below it but not
those above it. In practice the hardness of any solid could
be classed among hardness values of the lovqeloctqd‘minerais
in Mohg! scale.h ﬁany other techniques for'fhe svaluation of
the hardness of‘solids have #pbaared since then baged on the,
meaaurement ot the extent of “damage“ produced on.the surfaco '
of solids under specifio and : sometimes at&ndardized ccnditions.'
Among these methods are scratch, abrasion, and indentaticn
(Penetration) methods. The methods moet widely used for datermining

the ha.rdneaa of solids are indentation (static) methods. These

A Y



involve the penetration of an indenter of a specific geometry
into a solid surface under constant load for a specified time
known as loading time. The size of the permanent indentation

produced on the test surface is subsequently measured and the

hardness number is determined using one of the expressions:

Hardness number = Indenter Load (1.1a)

actual area of impresaion :

Indenter lLoad
projected area of impression

or, Hardness number = (1.1v)

Some of the existing indentation techniques are:
a) The Brinell method in which a small steel ball is used as
an indenter and the Brinell hardness number is given by equation (1.1a)

b) The Rockwell methods in which spherical or conical indenters

are used and the Rockwell hardness number is determined By the

depth of the penefration under a standard load. There arse

different ﬁockweil hardness scales depehding on the geometry %
and size of the indenter used and on the applied load. I
¢) The Knoop method in which a rhom’bio-'baaed diamond pyranid is
used in which the angles between the two longer and the two
shorter edgee respectively, are 172 30 and 130°. The Knoop
hardness number is given by equation (1 lb)
d) The Vickers method in whioh a square-baeed diamond pyramid
with . an inolnded angle of 136 between oppoaite faces is used.
The Vickere hardness number H, is found from equation (1 1a)
Recenctly, a nevel hardness method has been developed by
the Shell Development COmpany in which a conical indenter of
known hardneea is pressed on the surrace of the material under
test and the hardnese or the 1atter ia measured hy the ameunt

———

* Offshore Reaearch Fbcua (Department of Energy), December 1979, ks
no 16, page 10. ' :




of deformation of the indenter.

The Brinell method, once very popular in metallurgy,
yields hardness numbers which are load and indenter-size
dependent: a high load or/and a very smallediameter ball has
to be used to produce permanent well-defined indents particularly
on the surface of harder metals. In the latter case, significant
deformation of the indenter complicates rqutine hardness tests.

Barly eiperimenta showed that the Brinell method could
provide consistent hardness numbers when the load on the indenter
was such that the diameter of the resulting indentation was
around 0,375 times the diameter of the indenter. Under these
conditions the angle subtended by the tangsnt planes to the
surfaces of the ball isg ~ 1360, figure 1l.1.. . These observaticns
led Smith and Sandland (1925) "in full appreciation of the
popularity of the Brinell test" to introduce a.diamond pyramid
indenter with an angle of 136° between opposite faces figure 1.2a.
The resulting indentations are well-defined, figure 1,2b, and
in fact the Vickers hardneas.nnmbers are independent of the
size of the indenter and of the applied load. The difficulty
of indenter deformation was also eiiminatad;'

_f Non§£ﬁelesé, gome early_inveatigafbrs observed an épparent |

load dependence of the hardness of solids and several termsA
have evolved to distinguish the hardness obtained under}sméll
loads from that obtained under high loads (sometimeﬁ’#s high
as 104 N). Amohg théao terms are: miorohardness, microindentation
hardneas,'and micro;load hardnasa. ﬁowevei é 1oad-iimit below
| which.these terms are apﬁrsﬁriafekhas n#ttﬁéén agféed;‘” |
In the present studj the term hardness will be adopted,

for the load range used (1 - 50 N).
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Figure 1,1 Conditions under which a ball indenter is equivalent

to a pyramid indenter.

(a)

Figure 1,2 N'Diagram‘of (a) vickers diamond indenter and

(b) Vickers indentatibn produced hy a Vickers indenter.
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From the general definition of hardness, equation (1.1a),
it is found that in the case of a pyramid-shaped impression
with an included angle & between the opposite faces, the actual
area of the indentation is d (291 ) where d is the length
of the btase diagonal. For the Vickers diamond indenter € = 136°

and hence equation (l.la) gives the Vickers hardness number, Hv'

o
as H = 2Paig68 (1.2)

v d
where P is the load and d is the average bage diagonal length
of the indentation which is usually measured afier removal of
'thé load, Previous and also this work showed that the change
in the length of the diagonals upon removal of the indenter
(1.0, elastio recovery) is small and within the experimental

error of meagurements. |

In the early and occasionally in the recent literaturs
hardness numbers are quoted in Xg mmrz. The relationship between
these units and the SI units used in the present thesis is

1 Kgmm-z - 9.8 M'm-ao

1.2 Relation between hardness and flow,

The fact that indentation hardness fagta invelve plastic
deformation of the tést maferial indicatea that a correlation
may exist Eetweenytho hardness‘number and the stress level at
Which plaatic deformation fakes place. Early investigators
(reviewsd by Nadai 1931 and 3111 1950) showed that the indentation
Proceas can be treated ag & penetration of a flat die into a
rigid—plastic material in which elastic atrains are not taken |

into account (ideally plastic materials) and ropresent approximataly ‘t
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the real elastic—plaétic materials in which elastic strains are
small compared with plastic strains. On this basis a theory

was developed, the rigid die theory, which prediocta that the

ratio of the average pressure on the die %o the uniaxial yield
siress is ~ 3. In this theory the criterion for plastic
deformation ies that of von Mises, which states that yielding
occurs under a general state of combined stresses in which the
principal (orthogonal) stresses are Py, Py, P3, when the following

parameter Y reaches a critical value
2 1 2 2 _ 2
Y = E[(Pl - P2) + (P2 P3) + (P3 Pl) ] (1.3)

Thus, the hydrostatio component plays no part in the plaastic
deformation of the material. This is equivalent to the statement
that yield will occur when the elaat%o shear strain energy
denaity4reachoa a critical value. -

Indeed it was found (Tabvor, 1951) that for metals and
alloys which do not work—harden appreciably the ratio of tha
Brinell hardness number to the ultimata tensilo atrength is
congstant and approximataly equal to 3. 1t was also found that
for fully work—hardened metals the ratio of the Brinell or
Vickera hardness number to the yield stress, Y, of the material
is about 3, that is,

- H

-fv',“i o (L.4)

The yiald gtress, Y, ia the tensile gtress at which
permanent deformation firat takes place and represente the

upper limit of loading in service. Tabor (1951) ahowed rurther o

that for metals which work-harden and therefore do not have a
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constant yield stress, equation (1.4) still holds provided that
Y is taken as the flow stress at &) strain corresponding to the
mean gurface gtrain imposed by a Vickers indenter. Thsse
empirical observations implied that a quick and non-deatructive
test such as the hardness test could produce useful information
about the deformation of certain materials.

The validity of the equation (1.4) is confined however,
to materials with low values of yield stress Y. As will be
shown later in this chapter, for materials with high valuga

of Y or more precisely, with low values of %, the ratio 3} is

less than three and varies with the ratio % for the material,

1,3 FHardness and flow of glass

It is customary to begin an introductory account of the
hardness of glassrwith a clarifying definition. In glass technology,
a glags is térméd hard or éoft depéndingkoh its softening |
temperature i.e. the temporatur§ at which the viscoéity is
105+6 Nem-2. Thus a hard giass has a higher softenihé pointv
than a soft glass. In the contexf of the present theéis‘this
definition of hardness will be put aside~ hardness will mean
exclusivaly the quantity measured by an indentation test .

When the Vickers indentation test was apnlied to silicate
glasses (Taylor, 1950) perm&nent, w011~defined indentations |
were produced even with the lightest loads, and thia is in |

contrast to the rosult of a pall indentation test when fraoture

of the glass invariably oocurs beforo any visible permanent

*  When the term naraness is used in a comparative and qualitative
senge, the distinction between the two definitiona seems to be less
important if one considers the observations of Bastic {1950) and
Prodthomme (1968) that a linear relation exists batween the Vickers -
hardnegs and the softaning point of a variety of glaaseg.
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indent is formeé; However the ball indentation test has proved
to be a useful tool for studying fracture phenomena in glass
(eeg. Lawn and Wilshaw, 1975). It is cheracteriatic of Vickers
indentations on‘glaaa that radial and/nr _circular cracks often
occur around the indentations, figure l.3. When loads below
1 XN are used;theee cracks do not appear, although their existence
can bekverified by slight etching of the glass surface. The
literature on the hardness of glass centains‘a large number of
conflicting experimentel resuits. Among these are results on
the load dependence of the Vickers hardnees}of‘glass. Various
authors reported that the Vickere hardheas{of glass increases
as the applied load increasss, (e;g. Prod*homme, 1968,'in the
load range 0. S - 3XF); others reperfed that the Vickers hardness
of glass decreases with increasing load (e.g. Bartenev, Razumovskaya
and Sanditov, 1969, in the load range 0,05 = 1 N) and others
Teported load independence of the Vickera hardnees (e.g. Ainsworth,
1954, in the‘leed range 0l - 1 N) Hoﬁever, load'dependenee |
of the hardness of glaas does not seem to be conneoted with the
preeence of cracks around the 1ndentation. | o
The fact that plaastic indentations and also plastio furrows
can be produced on. the glass eurface seems to provide evidenoe{ |
that glass exhibitsvmicro - plasticity despite,ite macroscopic
brittle behaviour, 'As’i'n. the *aa‘e of metala' t‘hehvardness tost
has been used to estimate the flow stress of glasses. But is
must be pointed out that in the cage of glasa no other way haa
been developed es yet to provide the flow atress.
Ainsworth (i954)yseeme to be the firet author to estimate
the flow stress for a glass from its Vickers hardness numbsr,

He resolved the effective stress acting on the glass surface



.
‘zfé ’
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in contact with the indenter into components parallel and
perpendicular to the area of contact and argued that the important,
effective stress is that which is parallel to'tha contact area

and which ig "tensile™ in nature; and that as the indenter sinks
into the material, the area of contact increases until the
magnitude of this stress is reduced to the value of flow stress.
Then Y = Hv c0s68° or,

H

v .
Falal (1.5)

Thus, Ainsworth's simple approach proﬁided virtually the same
relation between flow stress and hardness number as that found
for ﬁetala (equation " -1.4).

¥arsh (1964) argued that plastic deformation is not only
Tesponsible for the formation of indentations, but also for
various phenomena observed in the fracture of glass, Thus,
the fact that the fracture energy of glasa ia hiéher than the
surface free energy was attributed to the anergy_disaipatiop”
at the tip of the crack whers a small plastic zone is formed,
If glass wers an idealiy brittle materialbits’fracture energy
would be equal to the surface free energy. It is also eatablished
that the maxipum strength of undamaged glasa specimens isé'gé
where E ig Young's mpdulus, while the theoretical Qatimates,Of
the strength of glass are between-i% and §. Aycc}vorcriing‘to ‘
Marsh the loﬁer observed strengths are due to pléstic dqformation
which takes place just prior to fracture. In this ~connection
Marsh argued that since the maximum observed strongth of glassa
G“ ) is well atove the flow stress predicted by the simpla

H
relation ?T"‘3~b“t even pristine glass does not exhibit ‘
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macroscopic flow before fracture, the relation between Hv and Y
needed re-examination. Similar problems are encountered with
other highly elastic materials (e.g.glassy polymera) which can
accommodate large elastic strains before failure.

In Marsh's view the mode of deformation in highly elastic
materials is different from that in simple elastioc~-plastic
materials (most metals and alloys) in which yielding occurs at
very low elastic strains. In the latter case, the material
under the indenter flows upwards forming»a lip around the
indentation "piling-up" mode. The alternative deformation
mode proposed by Marsh for the highly-elastic materials is that
of "radial flow". Previous work by Samuels and Mulhearn (1957)
and Mulhearn (1959) showed that equal strain cantouﬁs beneath
Vickers and Brinell indéntations form a serios of concentrio
hemigpheres., Marsh regarded this radial distribution of strain
&s analogous to the stress distribution‘around anbexpanding
spherical cavity under a uniformly - distributed intermal
Pressure, ‘The pfobiemvor the expansion of‘spheripal and cylindrical
cavitieg unde¥ intérnal}preesure had beep:thqronghly qtudied because
of its connection with the autofrettagglor pregaura‘vnsaels and
gun~barrels (Hni, ‘1950) 'i‘he solution'to this problem predicts
that the value of the internal praaaure P, required inside a
cavity of radius a to produce plaatic flow to a radius ¢ (c )q)
is proportional to the yield 8*’°83_°f‘th9_m5t9?1&15 and to 1n(a).
The ratio 2 (which is related to the a{raina around tho>cavity)‘
could be expressed in terms of the ratio % for the material and,
therefcre the solution predicts‘ that % varies with ~ of the

material containing . the cavity.

Margh regarded tha internal prassure, P, in the cavity as
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analogous to the Vickers hardness, Hv' and after "certain
simplifications” of the exact solution given by Hill (1950)

to the spherical cavity problem for the ratio % he deduced that

H

5 = C + KBInz (1.6)

3 - - 2V\L
Where B zdu, 7 = we—pd—y=  and A= 6(1 - 2v)

and = (1 +»O%. C and KX are constants, both equal to 2/3 in

the spherical cavity theory, although in Marsh's view for the
indentation process the values differ from 2/3 "as the constraints
Will be less around a hemispherical cavity".

Although Marsh's analogy of the indentation process with
the expansion of a spherical shell and the simplified treatment
of this golution may seem somewhat arbitrary, it was shown that
the form of equation (1.6) was verified by experiment,

Using the compressive yield stress and the Vickera hardness
numbers meaﬁured for a §ariety of matérials‘oovering a8 wide

H

Tange of % the regults were plotted in the form of —Z againat

the quantity BlnZ which in effect is a function of Y' figure 1.4.
The results show a reﬁarﬁable agresment with the theory: %\waa
found to vary linearly with BlnZ (the values of the constants

C and K determined from figure 1.4 were found to be 0.28 and 0,6
Tespectively). Thus, Marsh claimed to have demonatrated that for
materiala with low valuea of Blnz or equivalent with low values
of " (velow aa150) tho doformation mode is that of radial flow

H
and the corresponding ratio < is less than three and varies

Y
i
with £ Y in contrast to matariala with-— > 150 for which -_”V3 and
the deformation mode is that of “piling-up", For praotical purpOQQS,

B |
vValues of ig were plotted against % for materials with different
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Figure 1.4 Variation of the ratio H_/Ywith Blnz = £(E/Y),

for different materials, after Marsh (1964).
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Figure i.’s“' Variation of the ratio H /r with Y/E for dirferent L

: materiala a.f'ter ﬁarsh (1954)
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H
Poigson ratios,figure 1.5. From known values of 3? this graph

showed that for silicate glasses ?Ylu 1.6,

It is interesting to note that Hirst and Howse (1968) and
Johnson (1970) have investigated the relationship between %
(where P is average pressure on the indenter) and % for different
materials using wedges of various angles. Their results werse
compatible with a relationship between % and % predicted by a
theory in which the indentation process was regarded analogous
to the expansion of a cylindrical cavity under internal presasura.

On the basis of the spherical cavity theory Marsh showed
that the yield stresses (calculated from indentation hardness
measurements) and the fracture siresses of undamaged glass
Bpeéimena in air correlate well for several glasses, loading
times and temperatures. He further showed thai the flow stress
of soda glass (determined of course from Vickers hardness
numbers) reduces as the loading time increases but tends to
reach a gontant value at long loading times while for very short
loading time (---ol.o"'5 8) the flow stress of this glass is extremely
high and approaches the time-independent value observed at 77 X
(under 1iquid nitrogen). This seemed to offer a phenomenological
explanation for the observed reduction of breaking siress of
glass with increasing loading time (Static‘fatigﬁe), and Marsh
suggeated that a complete interpretatioﬁ of the macroscopic
f:acturs behaviour of glass is possible in terms of the time-
dependence of flow stress. Detailed quantitative exp1anation
of the fracture properties of glass on the baéis of his theory
was referred to a futﬁ:e paper ﬁhich’unfo:tunately has never
been publighed. | |

His;#brk,howevﬁrrwas continued by Gunasekera (1970) who -
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also found that the Vickers hardness of soda-lime=silica glass
decreases with increasing duration of loading but most importantly
he algo observed that the rate of decrease depends upon the test
environment, A dry environment was found to reduce appreciably
the rate of decrease of hardness. This apparently corresponded
Phenomenologically to the environment sensitivity of static
fatigue. Further detailed work by Weidmann and Holloway (1974a)
and others revealed that the rate of slow crack growth is streass
and environment . dependent.

In principle indentation creep, crack creep, and static
fatigue in glass might be explicable on the basis of a common
mechanism, A tentative explanation of these phenomena on the
basis of‘plastic flow was attempted by Weidmann and Holloway
(1974b). They claimed that static fatigue data from precracked
Boda~lime-silica glass specimens correlate well with the stress
and environment sensitivity of the rate of crack growth in this
8lags: failure of .precracked glasas specimens occurs when one
of the pre-existing cracks grows under the applied atress until
1t reaches a critical size at wh{ch catastrophio failure takes
Place., On the other hand fracture mechanics methgda could‘
Predict a relation between the rate of crack growth, Vi and the
Tate of change of the yield gtress, %%, at the bonndarj of a
small plastic zone ahead of the crack tip. The observed
relationghip batweeh the results from in@eﬁtationrcreep:(frOm :
which the variation of fléw stress with time was obtained) and
from glow crack propagaticn studied in different environments
agreed with that prodicted between v and dY.v It was also found
Possible to correlate quantitatively the rate of change of flow

atreas with static fatigue data for "pristine@ glass samples.



These ideas are not universally accepted. Several other
authors have expressed different views regarding the nature of
deformation of glass during the indentation process and these

will be discussed in a later chapter.



CHAPTER 2

EXPERIMENTAL: APPARATUS AND MEASUREMENTS

2.1 Introduction

The main series of experiments carried out in the present
study consisted of jndentation tests on four different glasses
for different loading times in different environments and
temperatures, For these experiments three jndentation machines
and a few other simple pieces of apparatus were used. In this
chapter a brief description is given of the apparatus used
followed by an account of the experimental techniques used to

produce the specimens and Yo perform the indentation testis.

2.2 Machines

A hardness testing machine is in principle a device by

which an indenter and a specimen with a smooth surface are brought

into contact at very slow rate underra known constant load.
The contact is maintained for thendgsired'tiwo (lcading tima)

and then the indenter is withdrawn. This procadure can be mado

electromagnetically, hydranlically .otc. In the present work throe -

-manually oporated hardness. testers were uaed with two different

Bpecimen-indonter eenfigurations,.figuro 2.1, In tha first

23
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Figure 2.1 Schematic representiation of the manually operated
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configurotion the indenter is firmly fixed to a horizontal base
so that its tip is pointing upwards., The specimen is held in
one side and underneath a lever arm which can rotate about a
horizontal axis passing through the pivoiing points.  The surface
of the gpecimen to be tootod lies opposite the indenter tip.
The balancing of the loior arm is achievod by adjusting a
counterweight oo“a screwed opindle at the end of the arm. The
load is plaoed on the balancod arm, above the specimen so that
its center of gravity is aligned with fhe vertical oxis of fho
indenter.

This type of arrangement is usod in a commercial hardness
testing machine availablo as an accegsory for the inverted
Vickers projection microscope (Cooke, Troughton & Simms Ltd.)
available in this laboratory, figure 2.2. (In inverted
microscopes the specimen is positioned abovo the objective
lens), In this case the lever arm and the supporting frame is
fixed on the stage of the inverted microsoopo and fho diamond
indenter is permanently fixed on theltopﬂof anVObjoctivo lers;‘
The indentation is made by lowering tho stago of the microscopo“
towards the objeotive lens using the fine-focusing drum.

| A serios of‘;ndentotion tosts}we:o oarried out by the o

| Present author ﬁaing this machine.

In the oeoond tyoe'ofoopocimen-indentor configuration thoj’
specimen is placed on a horizontal base and the indenter is
fixed on the balanced pivoting arm and ia pointing downwarda. z
A hardness toater ‘based on this arrangemont wag construotod and» 7o
used hy Gunaaekera (1970) in this laboratory and ita briof ;f;floo? i
deocription horo follows that given by Gunaaekora (1970), figuroz 3.

4The balancing arm carrying the indentor, the counter weight and:



prgure 2.2. The Cooke, Troughton & Simms hardness tester.

figure 2.3. The hardness tester designed by Gunasekera (1970) .
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a knife edge was slotted to reduce the weight without reducing
its rigidity. The base of the machine consists of a horizontal
plate carrying a vertical stand, which is v=grooved to accomodate
the Xnife edge of the lever arm, and a simple screw to facilitate
loading and unloading. On turning this screw clockwise the
loaded lever arm pivots until the indenter comes into contact
with the specimen and the full load is supporied by the specimen.
When the contact between the sorewvand the lever arm is broken,

a amail electrical lamp connected in series with the contact,

is extinguished. For unloading the screw is turned anticlockwise
until it touches and 1ifts the lever arm.

The diimond holder ig attached to the machine through a
vertical scréw, by means of which the position (height) of the
indenter can be adjusted to suit the thickness of the specimen.
Fine adjustment of the length of the indent;r B8CTOW wWas alwaya‘
necessary for the production of square indentations, since these
require that the axis of the indenter be normal %o the specimen
surface. This machine was originally intended‘fé'produce ‘
indentations, the size of which céuld be measured directly under
the micrOQOOpe while the indentar>waa;at111 6h,fhe sbecimen
under load.v For thia pnrposa a large hole ﬁas opened ihffhe
' base plate of the machine 8o that when the machine was placad
on the table of the invorted Vickera projection microscope the 7
indentation could be observed and meaeured from below threugh
the microscope. | | |

 Using this experimental arrangement, Guhaaekera'waa able

to perform indentation testa on glass in air and in two difforent:' o

liquid environments for loading times: ranging trom 20 to 105

seconds. A large number of indentation teeta were: carried out



28

at room temperature in the present study using this particular
machine,

A new hardness testing machine was conatructed in order
to measure hardnesa:at high temperatures, The new machine wasg
like that described above, with only a few modifications and
minor improvements; figures 2.4a,b. The distance between the
vertical axis of the indenter and the pivoting axis of the lever
arm was increased by 25% to reduce the error in applied loads, P,
resulting from small displacements of the centire of gravity of
thé weight from the vertical axis of the indenter. Further
reproducible positioning of the weight along the axis of the
indenter was ensured by conatructing a cironlar weight, weighing
2,94 N. This weight could be placed on a circular plate which
had a peripheral edge slightly highér than the‘lévél of its . ~v}
surface so that lateral movement of the weight was featricfed;_ ["
The axis of this circular pia.té was aligned with that of the
indenter and of the'weight. Also,’ih order to‘inérease thé
stability of the levar arm, two knife edges. were fixed at some ;?_ﬁ;
distance from each othor instead of a aingla knifa edgo in the i
centre of the levar arm in the previous machine. The base of
this machine had a rectangular area removed to facilitate accasairjv
to the oven which was oonstructed to fit beneath thia area.. Tha_f.'
base of the machine was fixed on an asbestos bloqk in which ab"f
small vdiume (90mm x 50 mm x 25 mm) Vwra;s‘ rémoved. 'Thia ca.vitj 5
aocommodated heating elements, thermocouples and4several apecimena
to be tested at high temperaturea. The manipnlation of the .
specimens inside the oven could be made through a hole in one side
which could be closed by a small aabeatos block. The top of the

Oven was also olosed with an asbestos plate which had a circnlar holo



Figure 2,A. (@) Diagramatic representation and (b) photograph

of the high temperature hardness tester designed by

the author.
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cut in the middle to allow the indenter holder to move freely
up and down.

The available di#mond pyramid indenteré consist of a shaped
diamond crystal which is fixed onto a small steel rod which in
turn is tightly fitted into a cylindrical hole in the end of a
shaped gteel block., To reduce heat loases by conduction from the
heated indenter to the other parts of the machine through the stesl
block the 1attér was roplac&d by a holder specially made from
machinable ceramic.

Heating of the oven was achieved by two 65-Watt soldering
iron heating elements. The temperature was controlled to
within £ 2 X of the set temperature by a Transitrol (type 994)
temperature controller (ETHER LTD). The thermocouple was placed
near the position of the specimen. A second thermocouple could

‘be inserted, through the side opening of the oven.

2.3 Materials and specimen preparation

Tn the main series of experiments the following materials

were used:

1) Soda-lime-silica glass in two forms: a) Float glass and
b) microscope slides.

2) Borosilicate glasss Pyrex (7740)-

3) Aluﬁinosilicate glass: E;éiaés-

4) Fused eilica: Vitreosil.

The compositions and manufacturers of these glasses are éhown”:

in tabdble 2.1.'*Specimonsiof‘Sodé-lime;silica glasé,-?yréx;}andwj:'f
Vitreosil up to 6 mm thick were cut as blocks_~'é0'ﬁm i 2o'mml:
'f;om thevlargei giaaé plgteavobtained from the mahufactﬁrea;

E-glass was in the form of spheres, 20 mm in‘diameter': :vV_




Table 2,1

Nominal composition of glasses

F&oat(l) Microstpe(z) E—glass(l) Pyrex(3) Silica(4)

slides

wn

N&ZO 1209 1304 <005 308 LU

' | { a

Ca0 9.0 743 17.5 - =

, : . . - <

=

M . . . - .

g0 3.1 4.3 " 4.5 T o

A0, 1.0 1.7 15.0 2.2 .«
Others 0.7 04 = 062 -

- (1)  Pilkington Bros. Ltd,

- (2)  chance Propper Ltd.

- (3) Corning Class Works.
- (4)  Thermal Syndicate Ltd.
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from which thin slabs, approximately 5 mm thick, were cut with
a diamond-imprognatéd wheel. The slabs were subsequently
polished using a metallographic polishing machine and diamond
pastes up to ~ 1 um grain size to obtain a mirror smooth surfaces.
In the case of soda-lime-silica glasses, specimens were
annealed in an air oven at 813 X for one hﬁur and subsequently
cooled to room temperature at approximatelyv2 X minfl.
Two types of Float glass surface were used:

a) Natural, as = received surface and
b) Fracture surface.
For the preparation of fracture surfaces the technique describded
by Gunasekera (1970) was adépted.- In brief, blocks of Float
€lass 20 mm x 20 mm x 6 mm were slotted parallel to the natural
surfaces with a diamond-impregnatod wheel as showﬁ in figure-2 5;

By ingerting a wedge 1naide tha slot and applying a small force.
| the glass blocks could be cleavad oaaily producing two triangular-
ahapod fracture surfaoos, whioh were mirror smooth, although
not flat and parallel to the natural surface or the apecimen
over the entire area.,\Indontations were made in different places
on the fracture surfaces, but onl& those whose‘shapo'wés clbge‘,':
to the squaro'wer; meagured. This cleavag%rtechﬁique‘anablad :
pristine surfaces fé bé’prbducod while theAentiro speoimen was
submerged in a dried 1iquid environment, 80 that atmospherio
contamination of the fresh fracture aurfacea was completely
eliminated. | | ’
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to produce smooth fracture surfaces.




34

2.4 Expefimental procedure

in all the indentation e:periments described hereafter
the contact of the dianond indenter with the epecimen was made
at a very slow rate estimated to be between 1 and 10 umaf} The
loading time covened the range from 18 to 1065 (12 days). The
timing was started immediately after the contact-indicating
lamp went off. For the shortest loading time, nominaliy ls,
the load was applied at the normal slow rate until thevfuli
load was supported by the specimen and this was followed by an
immediate unloading. Obviously the loading time could not be
exactly one second but because a logaritnmio time scale wag
used,‘emall deviations of the loading time from one seoond are
not important. , v : , G

' The loads used for these experiments rangedjfrom‘l N to

50 §. But in a large number of indentation‘teate}the load was
standardized at 2, 94 N. | B

After completion of an indentation teat, the apecimen was |
removed from the machine and the dingonale of the indentatien_ :
were measured in the Vickers‘projeotion microscope usiné a beli
objective lens and a 10X filan nicrometer eyenieoe. In reflectedrf
light large olear images of the indentations were ootained and .
the corners were well defined, figure 1.3.» Particularly when
heavy loads were used (4)5 N) eooaeional indentations were surrennded
by craoks whioh occurod tho indentation oornera either by intersecting '
with the indentations near their corners or by retleoting light o
into the image, figuree 1.3, 2 6. No attempt wae made to measure
the diagonals of such indentations. | j o o

Each of the hardness numbers preeentedvinithis thesis was

calculated by using the average‘diagonaltlength of'at leaet'
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Figure 2

Vickers indentations in Float glass exhibiting severe

x 1340).
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(Indenter load 5N,

cracking.
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8 indentations carried cut under the same experimental conditions.
A pumber of indentation tests were carried out at room

temperature in different environments following strictly the
procedure described by Gunasekera (1970). The hardness machine
(the one comstructed and used by Gunasekera himself) was fixed
on the stage of the projection microscope, figure 2,3, and the
1nd§ntation gsize was observed and measured éontinuonsly through
the mioroscope without removing the load. Good visibility of
the indentations which in fact were the area of the diamond
indenter in contact with the glass surface was achieved by
observing in dark field illumination. Nevertheless, because
obgervations were made through the thickness of the specimen
which in this case was 6 mm, low power objective lens (22X)
had to be used for the experiments in air, and an even lower
power objective lens (13X) for the experiments conducted under
a liquid due to the additional thickness of the container.

" The shortest loading time for these experiments was 2bs

and the‘loﬁgost 1059. Loads up to 5 N were used.

2,5 - Experiments in difforenf envifonmsnfs

Indentation tests were cérried'out_in\a variety‘of‘11guid”\
environments. These were: liqﬁid péraffin; siliconcoil, Dimethyl
‘sulpﬁoxida, alcohole,'tbluene, water énd'liqﬁid nifrogen. All
but the alcchols of the organic liquida were dried over freahly
drawn sodium wire or new molecular sisve (Union Garbide,ralum;nium i
calcium éilicate'molecularisievs,‘type 5A). An amouﬁi of dryiﬁé N
agent was always added to the taet liquid during the indentation o

experiments. Three containers wore constructed, two made of
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glass plates pasted together with epoxy resin and one made from
a single block of brass by milling a cavity 20 mm deep and 30 mm
diameter. In the case of indentation tests under liquid nitrogen
the brass container was surrounded by foam polystyrene to reduce
heat losses from the container. The specimen was inserted in
the liquid nitrogen and the indenter was slowly lowered until
it was fully immersed in the ligquid. Liquid nitrogen was supplied
occasionally to the container so that the specimen and the diamond
indenter were_alwaye submerged in the liquid nitrogen. The
indenter was further lowered to touch the specimen only after
the liquid mitrogen had stopped boiling vigorously.

Axoumbe:'of experiments were carried out under extremely
dry conditions, Specimens vwere kept for several days in a jar
containing molecular sieve. The jar was placed in a glove bag
flushed with helium gas previously pessed through a coiled pipe
immersed in a liquid nitrogen trap. All the necessary equipment
(hardness tester,‘weights,;oontainer etc.) were also placed
inside the glove bag. An amount of freshly activated colour-
indicating silica gel and sodium hydroxide pellets were'always
present inside the glove bag, For the indentation test a
specimen was removed from the jar with the molecular sieve and
placed in the brassa container which also contained molecula:‘
sieve, <

No attempt wag made to measure the water content of this
environment but careful experimental techniques followed thoughout : ,?i;
these experiments ensured that this environment was: the drieet T
uged in the present study.

It is worth noting that because the gas introduced into
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the glove bag was already dry*, "water loading" of the molecular
sieve is expected to be very small. Assuming that the water
content of the molecular sieve is 2% and using data supplied

by the manuracturer*: it is found that the partial pressure of
water vapour at room temperature in the gas in equilibrium with
the molecular sieve is ~3 x 10°% Nm™2 which corresponds to
10'3¢ relative humidity. This value however must fe regarded
as a theoretical one; in practice it must be expected that this
value can be approached only near the molecular sieve pellets.
It is ﬁorth mentioning that the drying action of the molecular
sieve was seen when wet colour-indicating silica gel, which is
coloured pink, placed near molecular sieve pellets its colour
turned gradually into dark blue, i.e. the colour of this type

of silica gel after a reactivation process.

2,6 Experiments at high temperatures

',:Tempeiatufés up to 823 X werqyusad at 50 X or 150 K intervale.
Several specimens tb be igdented at high temperature were inéerted
into the oven and after some time, 10#3 enough,to heat/tﬁé |
specimen up to the set temperaturé,‘the normal indentétion
- procedure was folloﬁéd.'After completion of the 1ogding time .
the gpécimen,waa removed from the oven and allowed to cool dowhv' ‘
-to room temperature while another épécimen alféady heatad‘was;

placed beneath. the indenter ready for indentation; neﬁ épecimanSf},‘

were‘then added to the oven to heat up.A-At 423 X andxfcr1loading;i':'s»»af

times up to 20s up to three 1ndqntationswore made on each specimen. ..

% . In J.H.,Robertson (1963), it is reported that nitrogen gas so
produced contains one molecule of H20 per cubic metre of gas.

%% "Union Carbide" molecular sieves for selective adsorption. |
" Third edition, B,D.H Laboratory chemicals division, Poole, England.
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In all other cases one indentaticn only was made on each glasa
block, which was removed immediately after unloading., This
procedure was followed in order to avoid keeping an indentation
at high temperatures fora long time after removal of the indenter,
a situation which might effect the size of the indentation as
will be discussed in a later chapier,

For these experiments it was important to kmow the actual
temperature at the site of the indentation and also whether the
temperature remains constent during a long time test, For these
_reagsons a control specimen was constructed in the following
way: A small glass block was heated above its softening point
in a Bunsen burner and then a thermocouple whosa tip had been
mechanically flattened was preassed intc the soft glass surface,
Thig glass block with the thermocouple etuck on its surface wag
Placed inside the oven underneath the indenter and temperature
';reading were taken with a galvanometer while the oven was heated

at different temperatures. It was found that these readings

were up to 3 K lower than the temperaturs indicated vy the

Traneitrol controller. ‘When the flattened thermocouple‘wae o

indented in the usual wey, the tempereture indicated by the
gelvenometer wag found to reduce by approximately 10 K.; Thie
reduction in the temperature reading which was elmost 1netantaneoua

' wag found to be independent of the actual temperature, ef the

indenter load and of the duraticn or loading.4 Indentatione of
- - the. thermocouple were also made at room temperature but no change
i of the galvanometer reading could be detected 80 the effect

. observed at elevated temperetnree wasg probebly due to e;tempereturéyg,,,

l ,:Lthese obeervatione it wes thought that a more realistic indicaticn 1li13,7fﬁ
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of the temperature can be taken by subiracting 10 K from the

temperature displayed by the Transitrol controller.
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CHAPTER 3

RESULTS AND PRELIMINARY DISCUSSICN

3.1 Introduction

In the present chapter the results on the indentation
creep behaviour of different glasses under different experimental
conditions are presented.
~ The Vickers hardness number, H_, was calculatéd-using

equation (1.2) but in a more convenient forms
Ho= =2 - | - (3.1)

where the load, P, is expressed in Newtonsand the average
diagonal length, d, in metres.

" Most of the results are shown’in‘theiform of gfaphs where
the hardness values, H_, are plotted against the logarithm of
loading time, t = indentation creep curves.. . Where practicable
aevoralkindentation créep #urvas aré plottéd dn theﬂsﬁme graph f'
80 that direct comparison of the indentation creep bahaviour' ¥
of the same glass under dirfsrent experimental oonditions is
" possible, . »

ey In'thé apbendiivlvali $h§ gxperimantalvrééuita'fafe préséntad‘~
in a tabulated form. | H | -

Whenever it was judged that a set of exparimental pointa'
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could be represented by a sitraight line, the line of regression
of Ev on logt was computed.v

Also in the present chapter, results of the indentation
creep behaviour of glasses reported by previous authors are
reviewed and compared with the results of the present study.
As has been stated in the general introduction of this thesis
very little agreement, if any, exists between the results

reported by various authors.

3.2 Reproducibility of the regults

On each graph an error bar is printed representing the
typical magnitude of the total scatter of the results which

2 his value is within

rarely exceeded the range of 0,1 GNm
the range of scatter reported by previous authors for indentation
experiments.

In the course of the present study no systsmatic differences
were observed in the results bbtained from different soda~lime-
silica glass surfaces or by using different hardness machinés‘
and experimental procedures.‘ The two nétﬁral surfaces (top’
and bottom) of Float glass are known to be slightly different
in chemical composition (e.g. Sieger, 1975)*. Early‘expariﬁents
in this study showed that both natural surtaces of Float glass
and1aléo_natura1 surfaces of andé—lime-éilica miéroscope'51159§ ﬁ;
have identical hardness and indentation éfeép behaviour over

. a wide range of load used.

*  Obviously the composition differences are due to the ,
manufacturing process, Float process, in which ona side of -
the: production ‘ribbon,is in:contact with melted tin whereas.

the other surface is exposed to a hot reducing gas atmosphere.
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Several results obtained from each machine under various
experimental conditions are shown in table 3,1. Hardness values
obtained by direct measurement of the indentation diagonals
from below while the indenter was in contact with the specimen
under load appear to be slightly lower than those obtained by
measuring the diagonals after the load was removed and the
speoimeh inverted. In the former case the dispersion of the
results about the mean was found to be twice as much (20,2 GNm'a)
as the typicgl value. Results obtained from fracture surfaces
&lso%éhowed a higher (X 2) dispersion thaa the usual.

In any case, the differences observed in the hardness
values were within the experimental error of'the measureménts.

Finally the variation of Vickers hardness with load in
the rénge l - SON at different loading times and environments
wag found to be wif.hin the ezperimental error observed in this
study, figure 3.1.

In view of these reaults it does not seem necessary to
report the particular hardness tester used and the applied load.

for each experimental point shown on the graphs which follow.

3.3 Reéuitéj | N
Flgure 3.éﬁshowathé’indénf§tion créep cufvés fof different'»‘

glass compoaifidna obtained in air;:on natural aurfaoes in normalr

laboratory conditions (temperature ?~2 95 K and relative iiqmidity

~ 60%). | | SRR

| In figuré 3.3 indentation cresp data forksoda-limeeéiiica |

and-aluminosilicate glassesfare pfaaented, for'both natﬁrgl and ;,f] 

cleaved surfaces in a variety of environments. It is;notédvfhat 3




Table 3,1

Comparison of Vickers hardness of Float
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glags obtained from

different hardness machines under different experimental

conditions

Design of Conditions

Hardness tester
B 208

air water dry

1055

air water dry

Cooke Troughton
and Simms Ltd. 535 = -

Gunasqkera'a(l) 5035 5.29 5.40
Gunasekera's(z) 5.25 15.22 5.33(3)

This author's  5.35 5.26 5.45

4.65 - -
4-65 4.72 -
4.60 -~ 4.68(3)

4,70 4.75 4.80

(1) ’4Megsurement qf the diagonal ieggth
the indenter. |
(2) Measurement of the diagonal length
indenter was still in contact with
tigure 2.3, | o

(3) Results obtained from indentations

was made after removing

was made:whilo the

gpecimen under loa&, »“'

in olééﬁéd surfaces.
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Natural surface
4 20s in air

v 1055 in air

° 110s in liquid paraftin
Cleaved surface

‘0 110s in liquid paraffin

54
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1 2 3 5 10 20 30 50
Indenter load/N N o

Figure 3.1  Vickers ha.i'dnéss versus indenter load
(logavri'.thmiors‘cak.ia) for Flogt glass. (The 'bar 1ndicaf§§ i S

typical total scé.ﬂer)'. S T N Ll ,.
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Soda-lime-silica

o g e e
108t seconds).

Figuia 3.2 ,Indénfafion éréep’curves'fér differént glasses

in air at room temperature. (The bar indicates typical total

',‘scattér);




Natural Cleaved
o o in air
in water
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v in dry toluene
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o | R soda-lim_ef;silica é\
| glass - \

| Pigure 3.3 Indentation creep results obtained from natural and =~
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several points on this graph have been obtained under the :special
dry conditions described in the previous chapter., The dashsd
lines represent the best fit lines for all the experimental
points for each glass i.e. assuming that the observed differences
in hardness in different environments are not significant.

Figure 3.4 shows the indentation creep behaviour for
soda~lime-silica glass ai different temperatures; with the
exception of thé top curve which was obtained in liguid nitrogen
atmosphere, all the experiments were carried out in "laboratory
atrw,

In figure 3,5 the indentation creep curves for soda=lime-
silica and borosilicate glasses obtained in air at room temperature
and at 773 K are‘compared.

A number of other fésults produced to investigate specific
probiems which arose during the course of the study will be

preséﬁted in the appropriate place,

3.4 Comparisoh with previdus work

- Figure 3.6 shbws the ihdenf&tibn creep curves fﬁr éoda-
lime~silica glasses obtainéd’in air at room temperature'repOrted
by previous authors., The solid line (i) répreaent&th&lrésulfs ."
6btained in the ﬁraeent work under the same conditiona. It is
obvioua that with the exception of the short loading times (up
to approximately 30 s) the: indentation creep behaviour observed
by the different research groups is completely diffe:entg~-Tha
- bottom curve (V) is duekto Gunasekera (1970) and extends from »
0.5 x 10 =3 second up to 105 seconds. The ehort time hardness ;

 resu1ts (up to 5 seconda) were obtainad with an alectromagnetically
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loading hardness machine. GCunasekera's indentation creep curve
shows a tendency to flatten off at times longer than 104 seoonds.
This author's results when converted to flow atreasés versus
loading time, following'Marsh's conversion method, was found
in good agreement with results published by Marsh (1964) on the
time dependence of flow stress of soda glass (Marsh, 1964,
however extended the loading time up to 1033).
In contrast to Gunasgekera's results, the results reported
by Bartenev, Razumovskaya and Sanditov (1969) show a different
behaviour: a rather steep drop in hardness at the time range
when Gunasekera's curve started showing saturation. In fact,
Bartenev and his co~workers produced a graph in which the hardness
of sheet glass was plotted agﬁinst the indenter logd for various
loading times; Thege curves showed that for ahortwloading times
(below one minute) and for loads less than 0.5 N the hardness
is very high but diminishes and becomes independent of the load
for long loading times #nd for loads larger than 0.5 X. In
figure 3.6, two curves due to thoso authors are ahown, one
obtained Hith 0.5 ¥ (II1I) and ‘the other with 2 N (IV) indantar load.v
The curve (II) on this graph (3-6) was obtained by another 1
group of investigators: Razumovskaya, Turchinovich and Dorzhiev
(1976) and it is wérth noting that Rézumovakaya’appeafs also as :
a co-author with Bartensv and Sanditov in the paper oited above.
This case ia discussed in the next chapter of the preaent theais.
'~ Several other authors have reported a variation of hardnesa
with loading time but because theaa resulta cover very shcrt
ranges of loading time thoy are raported separately in table 3.2'
some resulta frcm the prosent work are included ror comparison.‘:

Figure 3.7 ahows ‘the indentation croep behaviour of soda-
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Table 3.2

Cdmparison of Vickers hardness values in GNm-a ag a function
of loading time in air

, Loading time in seconds
Type of glass ' :
: 1.2 5 15-20 30 60 200

Soda~1ime-silica
(1) 5.83 5.63 5.35 - - 5.20
(2) e - 5.5 - - =
(3) - 12 - L
@ 591  5.44 5.4 suas - -

Borosilicate crown = e ’ S |
(e 7) (5) . 6.00 = 556 5.38 538 -

(1) - This work for. Ficat glass and microscope slides. ’ <> |
(2),(3) Data from Pilkington Bros Ltd. for Float and Optical
7 x ‘ ‘soda=1ime-silica glags reepectively.,h : '
| 4*(4):ﬁfAinsworth (1954)-,,;;~,L  °’"

(5) Koméni,.Kawate and Obora (1963).
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lime-gilica glass observed under different environments by
previous authors. The results of the present work are shown
with a solid line which represents the results plotted in figzure
3.3, It is again evident that there is widespread disagreement.
Other results on the environment sensitivity of hardness of
different glasses reported by previous authors are shown in
table 3,3. Representative values from figure 3.7 have been
ingerted in this table for comparison.

At this stage it is appropriate to comment upon the values
of Vickers hardness for silica glass in air and dry environmént=
reported by Hanneman and Westbrook (1968). In the author's
opinion these values must be in error for the following reason:
Silica glass seems to be amongat the hardest of silicate glaéses;
it is certainly much harder than typical soda~lime-silica glasses.
Values of Vickers hardness for silica glass as quoted by previous
anthors are shown in table 3.4, From this table i% can be seen
that the value gquoted by Hanneman and Westbrook is clearly well
outside the rangé of those reportéd‘by other authors. It is
noticeabie that some of the 1atter value§ are very cioae or

above the value of 7.1:Gﬂdf2

found by Hanneman and Westbrook
in dry'environment.w B i | ‘ | ;

| Finally, the previonslj reported results on the hardneas
of glass as a function of temperature are rather limited in -
number and do not inclﬁdo indentation cresp‘resulfs. ’Tha only‘
available data are those of Westbrook (1960) for three silicate
‘glasses including a soda-lime-silica glass and,tnose.ér Komeni
ahd co-workers (1963) for boroailiﬁaté‘crown (Bk 7) glass; ”Soth

séts'of results are difficult to compare with those of fhgvpresentv;
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Table 3.3

Comparison of the Vickers hardness (in GNm-z) for geveral glassen

under different conditions

Investigator Type of glass Loading time/ Conditions
R L seconds Air Water Dry

This work Float 20 535 527 5443

" | 'E.g]_a,gs 20 5689 5.94 5.99
Gunasekera 1970  Float = 20 5.25 4469 5.73
Razumovskaya - ] EEEE R I Nt (1)
Turchinovich and Soda=lime~sgilica 10 5¢70 5.50 5,70
Dorzhiev 1976 ' . : : (2)
Sy 6,06
Komeni o | \ e
Obora 1963 N G o ‘

Hanneman and | = Pused silica 15 . 5,39 = T.0
Westbrook 1968 - 5,53 '

93.4% 810, 15 4.31

(1) In Toluene.
(2) In Spindle oii.:
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Table 20&

Comparison of the Vickeré hardnegs for silica glass’in air for
o loading time 158 :

Investigator n 'Load/N Vickers hardnpss/GNm-z

Hanneman ahd ' '
Westbrook 1968 ~ up to 2 5639

This work ' wp to 3 | 6437
Ainsworth 1954 up to 1 , 6.96 . .
Prodthomme 1968 = up to3 6.07 = 7,35
Neely and , ‘ SO « ; :
Mackenzie 1968 up to 10 T 6,22 = 6,51
Lawn and : - :

Evans 1977 © " up to 100 ‘7 6.2

Hagan 1979~ unspecified 6.2
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work because Westbrook carried out his experiments under continuously
increasing temperaturei (up to 523 X) and 15 8 loading time
and his results showed a large scatter. For example at 373 X
hardness values showed a spread of 10.5 (‘.:Nm'2 : On the other
hand,Xomeni's results were obtained under controlled gaseous
atmosphere\anﬁ for 2 8 loading time.

As far as the results in liquid nitrogen are concernéd,
Marsh (1964) reported that the hardness of glass under liquid
nitrbgen is independent of loading time and that it is at least
twice as high as the value at room temperature. Table 3,5
summarizes fhe rosulta-obtained by three authors on the hardness
of glass atlliquid nitrogen atmosphere (77 K)- The exiremely
high values of hardness of soda and silica giasses observed
by Marsh ar§ probably produqtg.of the ezperimentalltechniques
he adopted: He reported that for these experimentas iﬁ‘liquid
nitrogen "the apparatus was ro-dasigned“ and that a tungsfen
carbide pyramid was used. When the standard machine with
diamond indenter was used to indent glass kept under liquid
nitrogen until a thin layer of liquid nitrogen was left over
the glass surface, the hardnesakvalues obtained were not

significantly different from those observed af room temperatnre:
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Table }0 2

Comparison of the Vickers hardness (in GNmrz) of two glagses
tested under liquid nitrogen for 15 - 20 seconds loading time,

Investigation Soda-limerilica Silica glass
glass

?hia work . 6.81 ' -

Wes)tﬁrubok‘ (1960) | . © 6.95 6.86

Mérsh* (i964), e s 10;78 : »~l9.40:

* The typa of glass uasd by Marsh was quoted as eoda-glass
and the indenter was a 136 - tungsten carbide pyramid. S




CHAPTER 4

DISCUSSION

4.1 Introduction

In this chapter\severgl ideas expressed in the past to
explain the indentation process are reviewed briefly and this
is followed by a oonsideratioﬁ of several factors which might
be responsible for the disagreement between the indentation
creeﬁ behaviour obsqrvod by various authors. But it should

not be anticipated that this sort of discussion can lead to a
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positive identification of the source(s) of error or confuasion.ﬁ._

It is shown then that all the indentation creep results
reported in this thesis can be described by a "universal"

indentation creep curve from which several ihtorosting pdints.

emerge. 4Finally the consequences of the preéent results on the‘_.J

existing quantitative model relating the flow and fracture of

glass are discussed and thevnaed for further wprk,ia‘underlined. o

4.2 Briéf survey of important ideas concerning the hardnessE ;

- and flow of glass

SO¢Q material :eiatedkfo the above heading has already s

been presented in the chapter one of the present thesia.—;Théﬁ, 
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forthcoming digcussipn will be concerned only with the dbasic
principles and the implications of several ideas expressed by
rrevious authors; details of the development of these ideas
will be omitted.

The fact that indentation tests on glass surfaces produce
plagtic indents similar to those observed on hard metals led
some authors to propose that glass undergoes plastic deformation,
(Taylor, 1950; Ainsworth, 1954).

Aingworth attempted to correlate the Vickers hardness
number-with the flow stress of glass by means of a conversion
factor derived by simple geometrical considerations and which
turned out to be equal to that observed for metals: :} - 3,

Marsh (1964) pointed out that this procedure yielded values of -
flow stress below the maximum breaking strength of glags and
proposed that the ratio Hv/I for highly elastic materials is
a function of the ratio E/Y (where E is Young's modulus).

Relating the indentation process to an expansion of a hemispherical
| cavity under internal pressure,he derived the ratio Hv/ﬁ'zfor
materials with different ratiocs of E/Y, Experimental results
from a variety of materials (i.e. values of H_ #nd,Y)verified’
the values of'&v/!'obtaiped theoretically. Thié procadﬁra'yieldéd
a value for gléaaes of Hv/Y o 1.6 (vy ihterpolétidn in figure 1.4)(’.
This analysis provided yield stresses (from the meaaured‘va;uas*f
‘ of'Hv) fof glass in oclose agreement with'the>ob§er§ud‘breaking'Vp 3
stresses for aeverai glassea,rloading times gnd tamperatures. |

On the basis of his §baervations hévpicposed that time eensitiﬁy
fracture phehomena’in glass can boréxplained in ter§a of £he7
time dépendanco‘of,flow afreés derived from indéntétibn iest;._

Surprisingly, Marsh did not consider the possible effect g



62

of loading time and temperature on the experimental values of
Hv/ﬁ' for the other materials he tested and the plastic
deformation of which is readily observabdle, that ias, it was
not examined whether the graphs in figures l.4 and 1,5 can be
used for any loading time and temperature. |

An alternative explanation of the observed indentations
in glass has been proposed by Douglas (1958). According to
this author the flow of glass under an indenter is due to cold
viscous flow enhanced by the indenter pressurs.

' He pointed out that the pressure under the indenter at
the beginning of the penetration is extremely large: the total
load divided by a minute area of contact. This high pressure,
in Douglas' opinion, reduces the viscosity of glass; as the
indenter sinks into the glass the mean pressure réduces until
it reaches a constant ﬁalue at which the viscosity returns to
its normal value.

From theoretical considerations of the probadility of a -
particle croesing‘thé energy barrier associated with neighbouring
particles under the action of the external stresses, Dduglas
. derived an apprbximato’equatiOn fo: the viscosity of gléss ag
a function of the apélied éheér sfrsss; kIt wag shown then fhai
the extremely high values of shear stress during the initial
penetration of the indénter (i.e.'when'the”total_1oad is supported
by a minute area of contact ) can reauit in a éubstantiélraduction
of the viscosity of gbase; Whefeaa, when the value of shear N
stress is relatively low, (~5 GNm‘a). i.e. when tha‘penetration'
ceases, the visc§sify, n, of the glass-rbturné to'ife normal
value, no.  Thuérnouglés>olaimed to have damonsfratedyfhat}:-

" the formation of indentations in glass is due to cold viscous
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flow: the value of shear stress at which n = n_ (~5 GNm-z)
is of thée same order of magnitude as that observed experimentally
in hardness tests.

However the indentation creep of glass observed by various
authors does not seem to be readily explicadle in terms of
Douglas' approach from which it is rather implied that indentation
creep must not happen at long loading times above 5 or 10s
(i.e. after "completion" of the penetration) because the valus
of the shear stress has already reached a level at which n = n,
and therefore is not capable of affeéting further the viscosity
of the glass as the loading time increases. But, most importantly,
the viscous doformation as envisaged by Doﬁglaa can not account
for the temperature dependence of HQ observed in the present
work. Thé change of viscosity , n, over the (high) temperature

range used in this work for indentation tests (573 - 823 K) is

at least 5 orders of magnitude, whereas the hardnegs, Hv, changes

by approximately a factor of 2 over the same temperature range,
Moreover 1t is found that the present data do not fit an
A:rhonius-typo relationship (lnHv versus %), an essential - o
feature of the relation between Im and 1/7. Douglas' idea
however that the high level of shear stfcsa at the beginning»ofvb
the penetration'1s'respopéible for the fo:mafioh”df pefmanentr,_
indentations remains a piausible one, . oo |

That glass nndérgoés densificatioh ﬁndef an indente; has
been the subject 6f debate fof,soms &earsvnow. 'Accotdiﬁg fo'-'
Hiliig (1963), Ernsberger (1968), Neely and~Mackenéie (1958)3‘

and Peter (1970) the refractive index of glass beneath a diamond

pyramid indentation is higherbthan'tho normal refractive index

of the glass. This feature was often 6Bserved in fused silica
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glass but according to Ernsberger (1968) when indentations were
carried out in fyrez and in soda-lime-silica glass "the results
are quélitativoly the samé®. The essential characteristic of
densification is that volume decreases under the indenter. It
has been reﬁarted that the "disappeared" volume is recovered
partially upon annealing the indentations at temperatures bvelow

the transition range of the glass (Hillig, 1963; Bartenev,

'Razumovskaya and Sanditov, 1968).

Densification of giasa under high compregsive stresses
was known, mainly, from the work of Bridgman and Simon (1953)
and Cohen and Roy (1961). In general, it was found that in
inorganic oxide glassés the relative increase in density is
smaller, the higher the pfqportion of network modifiers in the
glass. Density iﬁéreasea up to 15% have been reported. Densification
wag found to occur however above a "critical" value of pressure.
Sakka and Mackenzie (1969) reviewing the effects of high pressure
on glass reported that different investigators obgserved different
threshold values of the pressure for demsification., They -
speculated that this variation could be due to the'shear,atfasaes
prgsent during oomprossib# tests arising frbm tﬁe pfessure |
transmitting syatem and which enhance denaifioation:(and'thoreroré
reduce thebthreshold value df'presaure;:or denaification). ;ThQ.
obgerved threshold values Qf pressure for densificétion were |

2, 14 can be seen that théso'valuea,aro*

between 2 and 10 GNm
of the same oider of magnitude as the flow stress obtained from
the previously mentioned approachea'(plagtic flow and oold"

viscoﬁs flow). The poésible effegt of’ioading fime,u@oné,the__

threshold value of pressure for densification in high pressure -

‘apparatus has not been studied (to the author's knowledge) so =
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that the possibility that the indentation creep observed in
practice is due to a time-dependent "flow stress™ for densification
cannot be examined.

Yamane and Mackenzie have derived an equation for the
calculation of Vickers hardness of a glass from its chemical
composition., The derivation of the equation was based on certain
considerations of the nature éf deformation under the indenter,
which finally resulted in expressing Vickers hardness number
in terms of the "average single tond strength", a, Young's
modulus, E, and the ionic volume fracotion V of the glass:

1/2

a 7 E

H_ = 0.051(-
v 10,462 + 0,097 = V2

Usiﬁg this equation they calculated the Vickers hardness numbers
for 4T different glasses which included complex silicate as
weil as non=gilicate inorganic glasses. The wvalues obtained
were in excellent agfoement with published values for H in the =
literature. (The latter values were obtained apparently at °
15-.20 'seconds loading time). However, despite thq fact that
the agreement of the predicted and the experimental valﬁea‘of ‘
B, was remarkable, the equation'dqes not seem to accoﬁht for
indentatioﬁ creep phenomena. This would have been possibia7
only if the ionic volume fréctioﬁ V;‘of/and’the‘averagb bbnd
strength or/and Young's modulus were functions of time. To
the aﬁfhor's knowledgé there exists nokevidence suggeafiné:f'
the time sensitivity of these qusntitieavrgr oxide glassesVAtv
room tamperafure; e | ; | , ' ‘ " ;
Finally, Imacka and Yasui (1976) have applied the finite
"element method for the analysia ot tho Vickars indentation in Al-

elaatio—plaat1c materials and particularly in glaas.: Theee~w»”
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authors were able to calculate the relationship between hardness
Hv and flow stress Y for materials with different ratios of
E/Y. 1In their calculation the criterion for yield was that of
von-Mises but no assumption for the stress distribution beneath
the indentér was necegsary. When the results obtained were
plotted in the form adopted by Marsh (1964), figure 1}4, and
also by Hirst and Howse (1968), reamscnable agreement was found with
the experimental results of these authors. However the shapes
of Vickers indenation in glass obtained from the finite element
analysis were not in agreement with the shapes obgerved in practice.
Refering to previous reports that glass can undergo
denaificatioh under the action of high hydrostatic pressure,
lmabka and Yasui argued that the yield criterion applied to glass
must take into account the hydrostatic component of the applied
siress. TFor this reason they repeated the calculation using
the Mohr-Coulomb yield criterion which includes a term accounting
for the-hydroatatio stress components. ,Several;other factors
such as "the densification factor", "the stress hardening raté"
and "“the piling—up factor" were considered in their calculation.
They claimed that the new calculation prov1ded indantation
shapes in'agreement with those observed in praotice,”whe?qas" ”
the quantitative agreement between their predictions and th§ -
results of Marsh (1964) and Hirst and Howse (1968) Waé not
affected at all, The coniribution of densification"to total
deformation for silicate glassee was estimated to be up “to 45%.
‘The significance of the findings of Imack and Ya.sui'a o
study cannot be fully appreciated at the present time, but if
- wag indicatad strongly that hardness iz not related 8imp1y ta'?“m

;tho yield atrees but is # more complex function of the mechanical

"properties of the material.
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From the foregoing discussion it is obvious that the
various theories proposed to explain the nature of deformation
of glass have been/baeed on empirical obsorvatione or on
oversimplified,mathematicel treatmenta. Most of the evidence
on which the interpretation of the deformation mode is baged
vis rather ambiguous. For example the results of experiments
conduoted’by Bridgman’and Simon (1953) in high pressure apparatus
have been taken by Marsh (1964) as evidence of plastic flow of
glass wherees Ernsberger (1968) and others regarded the same
results cs strong evidence of densification. Moreover none of
the proposed ideas seem to predict indentation creep which has
been obnerved by almoest all the investigators in the field. |
In view of this deficiency it does not appear profitadle to
discuss whether the ideas expressed for the deformation of glass
can be eonlied to macroscopic fractnre phenomena (crack
propagation and‘etatic fatigue) even in a qualitative ov
speculative sense. |

Unfortunately it is very rarely acknowledged in the literature
that there is lack of fundamental understanding of the deformation d
process in silicate glaseee. Some authors did not heeitate to
invoke the conceot of dislocations in theee materiale (Levengood
and Vong, 1960, Levengood 1966' Gilman, 1975) Levengood in
particular claimed to have seen dislocations in silicate glaes o

| It should be recognized that the mode(e) of deformation
of glase during indentation ie very complioated evon for tha‘
| simpleat of silicate glasees, the fusod silica glaee. The kind

of deformation that may predominate ie probably diotated by the

- * Tichane and Wilson (1964), also have reported seeing features =

- reminiscent of dislocations, but they argued that the patterna
.0bserved were artifacts associated with the technique used
(ohemical etching) o .
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atomic bonding in the glass but major differences would not
be expected betﬁeen the deformation mode(s) in silica and in
other silicate glasgsses with high 8102 content; however this
expectation is not in accord with claims made recently in the
literature.

On the other hand the present work has shown that the
indentation creep behaviour (the variation of Hv with logt) of
four different silicate glasses is approximately the same,
figure 3.,2. Whether this can be regarded as evidence that all
the examined glasses undergo the same type of deformation is

subject to debate.

4.3 Discussion of the indentation creep of glaas reported

by different investigators

The severity of the discrepancies between the results of
different investigators on the indentation creep behaviour of
glass is evident fromvfigﬁres 3.6.and 3.7. Attention is drawn
'particularly to the discrepancy existing between thé rasults'of
thé present study and those obtained by‘Gunasekera (1970)}working 
in this same laboratory. In summary, the present work has shown .
that the Vickers hardness of severai glasses, inclﬁding‘Floét g;ass;
decreases linearly with log(loading time) and that the rate of
decrease is indeﬁendent of the test enﬁironmént.(~Thia'behaviour :
is in direct conflict with the resulfs of Gunasekaéa who‘fquﬁd' .
thét the rétef of decrease ofvﬂi with logt in Floét glésa 15Aatr§ngly,
dependent upon the test environment. Specifically ha.foﬁnd,that, :
.inimoist envi?bnmenta~the rafe of.decrease of Hv~yith 1bgt is

, sighif;cénfly graafef'than in a wafér;free enviréﬁménf;»%bn'thé’
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basis of his results Gunasekera argued that stress-enhanced
diffusion of water under the indenter resulting in softening
of the subsurface layers is probabdly responsible for this effect.
It ig interesting to note on figure 3,7 that the environment
independent indentation cfeep behaviour of soda~lime-silica glass
obgerved in the present study corresponds closely to that observed
by Gunagsekera in dry environment. This fact can be explained,
at least in principle, if it is assumed that the samples used
in the present study somehow inhibited the glass softening process
from taking place. For example, if a layer of modified glass
existed on the surface of the glass used which inhibited or
perhaps delayed the diffusion of water into the glass, the
surface of the glass under'teat would respond to the indentation
pro;ess as if the surrounding medium was water-free, Layers
of modified glass on goda-1ime-silica glass surfaces have been
detected after a long-time aging in moist environmets, heat
treatment at high temperatures,speciai treatments with chemical
substances etc . Frozen thermal stresses may also exist in.
these glasses. But ther; is no a priori roason‘to believe that’aﬁy
of -the above mentioned features would inhibit the stress—u .
diffusion of water. | |
The results of special experimenta carried out in the
present study eliminated the possibility that any of thesa
features were responsible for the errect»(or rather lack of ffi‘
effeot) obaerved, - These experiments included 1ndantation tests
in two different soda-lime—silica -glasses (Fioat glaas and |
microscope slides) which have vertually the same chemical

-f;composition but are manufactured by dirferent processes.» "Old“-f

* The properties of glass surfaces in this contaxt are review
by Holland 1965, Ergaborger, 1972; Doremus, 1973.f EE
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and "new" gspecimens from these glasses were tested "as found"
or after annealing. Also, fracture surfaces of Float glass
were produced and tested in air and under extremely dry cohditions.
For the main series of experiments three hardness testing machines
were used and three different main experimental procedures.
(One of these machines was used in two different procedures).

These axperiments were carried out over a period of one
year but aftér an interval of a further year most of the experiments
were repeated following the same and whenever possible modified
experimental procedures., In all cases the reproducidbility of
the results was excellent; the total scatter of the results
from tests carried out for a fixed loading time but under different
experimental conditions, machinea,floads, environments, never
exceeded :4% and was usuaily :2%.

The present author gained additional oconfidence in his
own results when he was able to reproduce indenfafion creep
results for PMMA in air reported by McQuillin (1974) from this
laboratory. i |

;Particulaf attention is drawn to the‘foilowing fgct:
Gunasekera (1970) carried out his experiments on 6 mm thick
Float glass; these specimené had .been préserved in a labor#tory ;
' drawer‘sinco fhen. - These specimena‘wore retegted by the presént '
author 6n both natural aﬁrraces and also on freshly producéd
fracture surfaces followipg'the‘experimentél procedure an&v
" using the same instruments, lenses etc, spacifiedrby-cﬁnagokérd;
In all cases the results were identical to those fppndbin‘the ,
course of the present study; the more,rapid‘indentatioﬁ c:oep{;
repdrfod‘by‘cunasekera tokoécur in moist ahﬁirbnmenté couid Sk

not be reprodﬁced.
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"It is also appropriate to mention here another remarkable
cage in which seriously inconsistent indentation dreep results
were reported from the same laboratory (V.I Lenin Moscow
Pedagogical Institute) by two research groupa* with I.V.Razumovskaya
being a co—author in both studies., These two studies were performed
apparently on the same soda-lime~silica glass (although the
exact cdmposition was not given in either paper ), and with the
same load, 0.5 N, and with identical hardness testers, (PMT-3),
(Pigure 3.6 curves IT and III).

| It is possible hoﬁevér that some of the glassés uged by

earlier-authoré hadré "defective” surface, that is, surface
lﬁyérs df modified'glass with different hardness from the bulk
glass. Holland (1964) for instance has reported that "a soda<lime
ﬁicfbaobpe siid; some 10 yearsvold had a surface film of 600 &£ '
(0,06 um) thick with about a quarter of the hardness of the
substrate glasa". The question is not however whether a surface
iayefyhasva different hardness than the bulk glass but whether
it haa different indentation creep behaviour and moat importantly
whether its thickneas is comparable with the depth of the indentations.
The depth of Vickers indentations in a glass with a typical
hardness number of 5 5 GNm -2 produced with loada of 0.5 N and 5 N
are 1 8 um and 5.9 um respectivnly. It ia therefore rather
unlikely that such layera (it any) could have playad a dociaiva
role in the indentation proceas. ‘

- If the effect of glaas proparties is to bs considered
unlikaly as a possible source of the discrepancy betwoen the  ,_
roaults of the varioua authors, then some other effeot must b§->

:réabon;iﬁle. In the forthcoming diecussion the poaaibility that, f

‘% @,M.Bartenev, I,V.Razumovskaya and D,S,Sanditov (1969 ).
I.V.Razumovskaya, L.M.Turchinovich and D.B.Dorzhiev (1976).
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operational errors, vibration and other effects can influence
the indentation process is examined. This discussion includes

an account of curious observations reported by earlier authors

in connection with the indentation process in general.

4.4 Discussion of possible sources of error.

a) Opsrational error.

.Therer deLLak number of factors that may, in principle,
influence the results from indentaticnrtests. These are the
quality and tbe geometry of the indenter, the position of the
weight above the indenter which determines the value of the
load applied to the indenter, the quality of the image of the |
indentationa’and the‘calibraticn4cf the optical syastem used for
meaeuring the indentation diagonals. | |

But it can be readily appreciated that . such factcra
canrresult «cnly in eyatematic errcrs (1.0, the indentation
creep curve will be shiftea” parallel to the H_ axia) or in an
increase in the total acatter of the results for each experimental
pcint. The slope or the shape of the indentaticn creep curvc ‘ »
cannot be affected. Aa can be aeen in figure 3 6 the discrepancy
between the indentaticn creep curvea of different investigatcrs
18 in the shape of the curves.v‘ o | '

b) Vibration errects. |

It is possible that vibrations produced by varioua appliancee(ﬁ
in research laboratcries or in the aurrcunding envircnment may
affect especially the indentaticn creep process.f Such vibrations
wonld most likely be of randomly varying frcquency and amplitude i
’(i.e. ncise) and wculd affect the magnitnde of the applied lcad T“
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but also would result in local (frictional) heating of the

material in contact with the vibrating indenter. It seems

most likely'that this would result in decreasing the hardness,

and the longer the loading time under these conditions the larger
would be the effect on the hardness. In fact several indentations
produced after long loading times (~ 3 days) were found to be
surrounded by a large number of cracks which obscured the corners
of the indentations., This phenomenon might be due to instantaneous
shocks produced by a pass of a heavy vehicle or to a door slam.

An attempt deliberately to produce shocks to the hardness tester

“regulted in the same phenomena: severe cracking around the

indentation.

Vibrations have been thought in the past tq cause significant
reduction in the hardness numﬁer. Tabor (1954) reported that
vibrations produced by the ;lluminating system of the hardness
tester affected the hardness of a fully annealed single crystal
of aluminium, He used a Cooke, Toughton and Simms hardness
tester fitted to a Vickers projection microscope (a éjste@
identical to that used in the present study) which carried a
mercury vapour 1amp and a carbon arc. When indantations were
carried out with both illuminating sources switched off the
value of hardness was,found;to‘be ~ 0,2 GNm~2, However values |
as low ag 0.04 CNn~2 and 0.1 GNm -2 were obtained when the carbon -
arc and the vapour lamp reapectively were switched on. Althongh

Tabor suspected that the illumination syatem cauged vibraticns o

 which resulted in reducing the hardness of aluminium, ‘there exists -

a large litaraturo on the effect of light, both visidble and

'1nfrared, on the hardness of a wide range of materials 1ncluding1v [;’!

semiconductors (Ge,vSi,‘Insb; QaAs; GaP,.PbS),-semim5tais:(Bi;isb);,k
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ionic crystals (NaCl, LiF, KCl) and Ti. For most of these
materials, an electric potential applied between the specimen
and the indenter was also found to effect the hsrdness number.
(These phenomena have been referred to as photomechanical and
electromechanical effects respectively; see for example Leighly
and Oglesbes, 1973; Varchenya, Upit and Manika, 1973). Specifically
it has been reported that light or electric fiseld (or both)
decrease.the hardness number of the materials and that for
certain values of the intensity of light or electric field the
hardness number reaches saturation. The final reduction in
hardness can be by 20% of the “dark value".. The combined effect
of loading time and light (or electric field) has not been studied
yot. Presumably, the possibility that the source of light or
of the electric field'might have produced vibrations so that
the observed reductions in hardness were due to the vibration
of the indenter and not to the light or potential cannot bek
ruled oﬁt; Alternatively, local heating produced by>111uminating
the surface with intense'ligpt could cause reduction in‘hsrdneee.
In this study the effect of viaible light on the mdezitatui;
creep in glass was investigated by illuminating the indentation
.site with incident light from the illuminat;ng syatem of the’
Vickers projeotion microscope (tungeten-halogen lamp) during
the loading tizﬁg. ,Se;reral indentations were made whne'the':“ |
lamp was operated af its matimum output. The experiment wae e
repeated with the'light off. In both cases the results obtained » ‘
~ were identical %o those found in the ceurse ot the present study
under (usually)rmoderste illuminating conditions. :
The rate of loading can also be discnssed as e possible '

source of the discrepancy obsorved. Most~ofvthe 1nvestigatorsfl
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involved with the hardness testing an glass reported that slow
rates of loading up to 20 pms_l were used. Ainsworth (1954)
and Brearley (Gunasekera, 1970) reported that high rates of
loading result in laréer indentations and hence lower hardness
nﬁmbers. No affect of rapid loading on long time indentation
hardness is reported. In any case it must be expected that
indentations produced by rapid loading would not show cree§
phaﬁomena;becauso the load is applied to a larger area than
that which would have been produced after a long loading time
‘at normal (slow) loading rates.

In connection with the environment dependence of the
haidnes; of glass the foliowing curious phenomena reported by
earlier authors are ﬁérth mentioning.

Westbrook and his co-workers (e.g. Westbrook and Jorgensen,
1965; Hanneman and Westbrook, 1968) investigated the influence
of the test environment (ﬁwgt" and “dry") oﬁ the indantatidn
" creep of some non-metallic materials. In their experiments, dry
éﬁrfaces were prepared by heat-treating the samplea at 573 K
in a‘dry argon atmoaphard and subsequently quenching in water-
fréq_tolueﬁo. For the materials tfeated’in'thislway, the hérdnéés
was found to be indopendentrof the loading time whereas aaﬁpies |
: téétad in air, shpwed indenfatioh creep; Some of their‘reéults’ ,
are shown in figure 4.1.17Fbr Al,0, in partiqular thoy}sh9wed o
that by increasing the:pénetration above 1 um (b& 1néré§sigg‘ "
rthe«igdenter‘1§$d) the enﬁifonment effect on tﬁa hérdnass ﬁiaappaara.
They giao reported that.whén mixtures of DMSO and toluene wers
uged as test enfironmqnts; thevhardﬁeéa of LiF for a givéniloéding'
time was higher than thatbobsefvod’in "ﬁafer—free“ toiuéﬂﬁ.‘ :

In view of their observations Westbrook and his ¢b—workars
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proposed that most of those phenomena can be explained on the
basis of lubrication-frintion effects induced by adsorption.
Bowden and Tabor (1964) (and others) have shown that the
coefficient of friction can be altered appreciébly by adsorption ,
so.that %he slow decrease in hardness with time observed by
Westbrook in air could be due to the time taken for water
molecules or OH ions to reach and lubricate the newly formed
surfaces.

Othef curious phan§mena related to the environment
dependenéé ;f the hardness of glass and other materials have
| been :éported by Westwood and his associates (Westwood, Parr
and Latanision, 1972; Westwood and MacMillan, 1973).

iheso authors used an unorthodox method to measure the
surface hardness of solids: the pendulum sclerometer method in
which a pendulum pivoted on‘thevtest material with a Vickers
diamond indenter is éetvinto oscillation and the pendulum
hardness is defined in terms of the logarithmic attenuation in
the amplitudo of oscillation.

The environments used by these authors were water, toluene,‘
a series of n-alcohols and a geries of p—alkanes. The pendulum -
hardne;aiof glass fracture‘surfadéé produced undér’theea enviionments ‘
as reported by Westwood and his colleagues is shown in figure 4.2b,
Akéharﬁ increase in the pendulum hardhees was observed in both
the alcohols and the hydrocarbcns for chain 1ength n= 7 whilst
in water and’ in toluene the pendulum hardness was aimilar to: thati
for alcohols with nw(4. This 1attor observation was . particularlyl
emphasized by Hestwood and hia co—workers who claimed to have
;‘domonatrated that the water content measured in the environmente -

used could not aocount for the variation of hardnesa ‘obaerved
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under these liquids, figure 4.2a. It was also shown that the
rracture'energy of this glass measured in the same series of
liquids did not follow the same pattern as the pendulum hardness,
figure 4.2c.
The above mentioned authors proposed that the variation

of the hardness with the chain length could be connected with
the adsorption = induced variation of surface charge, a phenomenon
which is represented quantitatively by the zeta (2) - potential )
of the solid-liquid system*. When thezz-potential of sodawlime-
ailica glass in the n-alcohols was plotted against the number
of carbon atoms, n, in the alcohols it was shown that the Z-potential
1ig zero at n = 7,

| According to Westwood and his colleagues, at Z-potential = 0
there is no significant concentratiop of surface éharges at the
80lid surface so that the material exhibits the bulk hardness,
whereas at J) 00 5:-3 (o@ ions from the subsurface layers (e.g.
ma*, OH-),conceﬁtrﬁto near the surface causing a local softening.

" Fox and Freeman (1979)13150 studied'thé‘effeot of n-alcohols
in the range n = 5 to 8 on the penduluh hérdnesa oflsoda—lime~
.sili¢a glass and found’excelleﬁt agreement with WOstwobd'q résﬁlts.
However, despite Woétwood's emﬁhatio declaration that water does
not affect the values of pendulum hardnesa, Fox and Freoman ‘
proposed that the phenomena observod are due to water either’
present in the alcohols or ".ee prodpced by catalytic,action \;
6f new gilica. sﬁrfaéea prcduc§d ...?

In tho prosont study the effect of n—alcohols with n - 5
to 8 on the Vickera hardneas of Float glaas was investigated.~,

The reaulta ehowed that the Vickers hardness of Float glass o

k" The Z-potential describes the electrioc field associated with
the charge carriers in the near-aurrace regions of the solid and
is influenced by the presence of 1iquids. o
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is unaffected by these environments.

In the preceding discussion, no attempt has been made to
cover all the aspects of hardness testing in which curious and
confliéting experimental evidence has been reported by earlier
authors, but in view of what has been presented so far it must
be obvious that the 1dentification of factors which led to the
production of the conflicting results is almost impoasible.
The:only speculative conclusion that one can be led to, is that
several complex factors piésent during the indentation tests
(incluﬁiﬁg material prepafation and measuring procedures) under
specific conditions wére not suspebted or their'infiueﬁdo was
not fhouéht tovbe criticallfor‘ihase tests and therefore were
not reported. | | | .

. It mst Ve ma&o dlear at this point that the present
author is wnable to‘idehiify or even to speculate further on
the nature of theée "complex faotors" which led to the production
of such conflicting results. | |

However, the question of which results repraaent the
indentation creop behavionr of glaas remains to be answered.

It may be argued that in view of the serious descrepanciea
existing between ‘the results published by tho varioua authors,'
none of the existing rasulta are reliabla. Nonethelesa,the
extensive experimental evidence obtained in the prébent atudy :
can justify fhe'author's claim that the resuifé‘feporfed heréin
rrepresent tho real behaviour of the materials teated. But beforer;
this 15 unambiguously established further work by independgnt

investigators is olaarly naeded. -
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4.5 Discussion of the present results

In this section it will be shown that all the indentation
¢reep results reported in this study can be described by a
simple expression relating the Vickers hardnées with a temperature-

compensated time parameter,

As shown from figure 3.4 the indentation creep behaviour

of Float glass can be represented by an equation of the form

B, =4+ 3Blnt (4.1)

wWhere A and B are constants for congtant temperature,.

| Altdrnativoly,.the indentation creep results can be repressnted
%7 plotting values of H_ against test temperature for different
' 1oading times. Figure 4 3 shows that to a good approximation

tho indentation creep rosults fall on a series of straight lines

suggesting that Hv can be rgpresented as
Hv.c+'nm : o - (4.2)

where C is a constant approximately independent of the loading °
time and D is a tinme dependent parameter. | s
It is possiblo in principle to combine equations (4 1)

and (4.2) so that H, ocan be exprassed as a function both of

temperature and of loading time i.e8. -
; _ : | | D
H, =C+B o(r,t) (4.3)

wherezB' is a constént and the fuhctioﬁh d(T t) ahduld dontai§ .,l}
the product T lnt.‘ It will be: shown below that the exact form

of g(T, t) can be derived empirically from the oxparimental data', ;’
availablo. : o

It is found in practice that the slopes of the B, vs T 1inea f"d' !
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(figure 4.3), for different loading times vary linearly with

1nt, that is,

[} "
D=D +D lInt (4.4)

] "
where D and D are constants.
Table 4.1 shows the values of D(calculated by the method
of least sduarée from the data of figure 4.3), the corresponding

value of t and lnt and the temperature range AT over which Hv

was measured at t - cohstant.

Table 401
Yalues of the aslopes D, load duration t, lnt and temperature
range AT
D x 103/01%:"2 g} | t/s Int AT/R
~5594: 5 1.6  T1-T73
-6,12 | | 20 3.0 77-823
~7.07 | 103 6.9 77-823
~7.39 | I (s 9.2 295-713

‘So that equation (4,2) can be written as
' - oo ‘
H =C+ ™MD + Dr»lnt) L »  (4.5)

. ‘ : , ' ' =
ory ... .., H =€ +B MInt+C) . (4.6)
where B = D and C = =5 and can be calculated from the data
| D 1 | ~ |
of table 4.1, This procedure provided that C' = 28 and by ,;g

lotting C = Hvb‘the hardness of soda-lime-silica glass can bé‘
“expressed ag ¢ o ' : - : o

gv =H, +B ¢(1nt +28) . (47)
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iBy.plotting values of Hv against the corresponding value
of g(T,t) = T(1nt + 28)v§pe curve shown in figure 4.4 is obtained.
It ig worth noting that the indentation creep results for Pyrex
(figure 3.6) fall on this curve, which can,arguably,be called
uwniversal 1ndentat10n_creep curve.

The constant H can be regarded as the hardness of glass
at T = 0 for any loading time, or the value of hardness at
Int = =28 at any test temperature. In the latter case however
" because th§ loéding time t is extremely small, t = 7 x 10713 8,
and comparable with the period of atomic oscilationas, it can
he arguedrthat Hv’at this loading time would not represent a
- physical reality. It is therefors plausible to regard : S
the intrinsic hardness, of glass at T = O. The value of Hoo
obtained by extrgpolatioh in figure 4.4 is approxihately Te5 GNm-z.
This value is higher tﬁanxany value of hardness observed in any
of the examined silicate glass in this study.

However the universal indentatién creep curve is entirely
empirical and therofore predictions mad#lby ejtrﬁpolation wéuld
not be appropriate particularly at the high-temperature region
of the curve. At temperatures noar or above the tranaition
range of the glass (~'103 K) the term hardness would be maaninglesé‘
even for the shortest loﬁding time.  On the other hand oxperimentali
determination of H, under extreme condition of temperature
(r=0Kor, T ~'1o3 x) or, at very short loading times would >
be extremely difricult (if not.impossible) and so should be the
‘verirication of tho predicted values.v The usefulnagg of the
universal indentation croep curve should be confined only tc
,'predicting the Viokera hardnesa of a glaas at a givan temperatura T

and at a given loading time. Further axperimental wcrk 13 “’.
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cortainly needed to define thq range of glass compositions for
which the curve can be applied. Additional experimental data

may also lead to another form for the universal indentation

Creep equation from which useful conclusiong for the nature of
deformation involved in the indentation process may be drawn.

It has been reported (Bowden and Tabor, 1964) for example that
some soft metals (e.g. Indium) exhibit indentation creep behaviour

at different temperatures which can be described by an equation

of the form
B
Hy -»t(t exp - =

Where ﬁB is the Brinell hardness number,t is the loading time, _

T is the absolute temperaturo,‘R,the universal gas constant

and E is the activation enorgy which was found to be the same

as the acfivation energy for self-diffusion over the relsvant

temperature range. fAs diabussed in section 4.2 the present

rosultn do not exhibit'a linear relation between InH_ and
(for constant loading times), that 19, tho indentation creep

did not appear to be thermally activatod

4.6 Conaeguencea of tho prasent results

The main facts that led Marsh (1964) and Weidmann and SE
Holloway (1974b) to ‘examine the possibility of a quantitativa‘
relationship Eefweén the flow stress obtained from indéntatidn:
:‘experimenta and rraoture paramaters in glasa were the following'f'b
Tho rraoture energy for crack extenaion ia found to. bo much e

‘largor than the theoretioally ostimatod aurface freo anergy,
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the hardness and the strength (of both pristine and precracked
glass specimens)are found to decrease with the duration of
loading (static-fatigue); slow crack growth is observed at
rates which are stress and environment dependent.

According to Marsh ( 1964) there exists a zone of plastically
‘dérormedkmaterial at the tip of & loaded crack in glass the
8ize of whigh can be characterized by a length R, This zone
°Ipands‘diséipating elastic strain energy from the specimen until
1% reaches a critical size, Ré, at which bond rupture‘*ié more
favourable" than further flow. This is the criterion which
Provides a limit to plastic flow and it is a fundamental consideration
for crack propagation. This idea was further quantitatively
| developed by Weidmann and Holloway (1974b)- Thése authors
were able by using géneral‘equatibné‘of continuum fracture
mechanics to derive an equation for the speed of an advancing

crack in terms of the rate of chéhgé of fléw stress at the crack

'tib:

| V= [g%]criticalsize - [%? ~é% i(?) crit;cal size  (4.8)

where X is the stress intenaity réeto:;<-(

Values of the flow stress, T, and the rate of changs of Y
with loading time in different gnvironmenta were obtained from.
the hardness indentation creep experiments of Gunésekeré_(197b),
It wa§ found poasible to»prross the flbﬁ stress as a funotion'

of time ags
1. In(Bt ﬁ '1’  = o '
FeAwmG) 0 (49)
‘where A and B are oonstanté dppendént upoh the test environmént54 |

Assuming that the time scale for plastioc flow at thbiciack fibjl' o
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is identical to that for plastic flow under the indenter, and,
ingerting equation (4.9) into equation (4.8) the crack velocity

was fihally expressed as 1

| 1 2

= 2R )
KAB 2 ( c

V= === (23R )" exp - —57 (4.10)

| It was found in practice that lnV ié approximately a linear
function of K™t iﬁ both wet and dry environments. From the
slope of 1nV vs K~ lines the values of R, were computed and
found to be Rc -‘5 nm in wet and 25 nm in dry enviromments.
However when”valﬁes of Rc ﬁere calculated from the intercepts
~of the Inv vs K™l lines they were found absurdlyrlarge (R§r~103
to 1022 métreé). This‘diaérepancy between the predicted values
of R could be overcome Yy gdjﬁstiﬂg B in équafiqn (4.9), and
this ﬁas'equiﬁﬁient to &isplacing the % vs 1nt lines but not
changing their slopes. If the shift is confined %o ¢ aris the
‘Physical implication of the Tequired adjustment is that the
tensile £low stresa at the crack tip for any given load duration
is lower (by a factor of 1/2) than that deduced from indentation
oxperiments. Alternatively, if the shift is confined to (lnt)
axis the implication is that plastic flow at the crack tip tnkea
plaoe on a time acale which is approximataly 150 times longer |
than undar an indenter in all environments. - ‘

As far as statio ratigun phenomena are concerned, Weidmann '
and Holloway proposed that tho time to failure of a pristine |
glass sample is tho time taken for the flow atress to reaoh the
levol of the applied atress,cn at a local irregularity in the

tomio configuration, (providod that the applied stress, aﬁ_‘h. _;'
;ia smaller than the 1nstantaneous atrongth of glass) Therefore

vthe time to failnro can be given from tho oquation (4 9) as
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1 1
t, =5 exp(za (4.11)

The times to failure predicted from equation (4.11)
were found in good agreement with experimentol results from
static-fatigue experiments on pristino soda-lime-silioa samples
Teported by previous authors, (provided that the ad justment of
the constant B»is taken into account).

For "as-feceiVod" or abraded soda=lime-~silica glaos specimens
they proposed that the fatigua~lifo-timo is the time taken for

an existing eurfaoo crack to reach a critical length at which

catastrophic failure would occur, and which can be obtained by
integration of the expression for the crack velocityf Again,
tho prediotionbwas found compatible #ith experimental observations
on theifatiguoilife-tihe'of damaged specimens of oodo-limo-
silioa‘glass. | o o | o

Of the theories proposed‘for osioblishing a quantiiaiivo
bose for the mechanisms iﬁvolvod in fracturo and_sfatio fafigua
behavioui of sodaplime-silica glaas,'thatvof WGidﬁanﬁ ond:“
Holloway sooms to be the most oomprohonsivo one. It soooeded
An acoouhting for static-fatigue phenomena of both damaged and
pristine glaes speoimans and alao for the environment sensitivity ’
of these phonomena.‘ The apparent success ot this theory diotatad
that further reeoaroh is required to dofine the range of glass
’ compositions and tomporaturea to which it can bo applied.v The
present work undertook thia taske. But failure to roproduco tho
rosults on whioh the theory was based not only mado tho oxtension 
of the theory imposaiblo, but called into question tho validity
of the model. | | e | - ; '

The main feature of the éiocropancy is the oovifonmohiﬁ‘ o
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insensitivity of hardness observed in the present study, and
this eliminates any poaéibnity of modifying the theory. It
must be made clear however that the present results affected
only the inter-relationships between the flow stress and the
rate of crack propagation in different environments. The
quantitative interrelationships between crack propagation and
static fatigue for pre-cracked glass specimens in wet and dry
environments remains apparently unaffected.
It should be pointed out strongly that
" a) If the reéults of the present study do represent the

flow behaviour kaaoda~lime-silica glass, and if the flow process
observed under an indenter corresponds to the flow process
occurring in tension and at the crack tip region then Marsh's
(1964) and Weidmann and Hollowﬁy's (1974b)’hypothesia thatk,
fracture occurs when the applied stress reaches the flow stress
must be rojected, and some other explanation must be sought for
the problemsraasociated with‘the high value of fracture sﬁrf&ce
energy;‘slow crack gfowth, environment'dopendence‘of fracture
characteristics etc.

| b) If Marsh's (1964) and particularly Gunasekera's (1970)
| results represent the flow behaviour of soda—lime-silica glaes
then there is still need for establishing that the flow process
under the indenter corrospoﬁds fd fhe flow procgss uﬁdqr ténailg
stresses at the tip of a crdck}or in fracturerih_ténaibn;t=1£ .
is recalled that the adjﬁstménta that had tou ma.d.e? in Weidmann
and Holloway's model in order to obtain consistent resultis |

implied that the time acale for plastic flow in fracture phanamené AR

is not identical to that for plaatic flow under an indenter,

, or, that the rlow in rracture occurs at a atress level much amallar TR
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(x %) than the fracture stress. These implications however
were in sharp conirast with Marsh's original ideas which seem
to have gtrong experimental stppoft.

That glass can undergo a limited amount of plastic
deform@tion during fracturé cannot be ruled out, but there are
grounds for questioning whether the £low behaviour under an
indenter, and in tenéile fractﬁre of priatiﬁé sampleé or at
the tip of a propagating crackkare to be expected to.be comparable
sven in a‘qﬁalitativp sense. This argument can be substantiated
in the following way. | |

Congider a hemisﬁherical zone éround a Vickers indentation
in the way adopted by Marsh (1964) as’the basio foim of the
expanding cavity undor 1nternal pressure, H v Tha'oentre of
the sphere is thonght to be at the tip of the indentation and
its diameter is slightly bigger than the 1ndentation diagonal.
Within this zono‘the material;is plastically_doformed and the
boundary betweén this‘zbne'gnd’thg hulk‘matorial~represenfé
the elaatic;plastio boundafy at which the level of the shear
stress induced by the indanter raachos the yield stress of the
material, In fact, observations in sectioned indantations
(aloﬁg a diagonal) reveal a kind of intarsocting pattorn of
lines (similar to the flow lines depicted in early theoretioal
models of tha deformation beneath an indenter) which form a .
homispherical zone around the indentation, rigure 4. 5 « If
it is assumad that the area covered by these lines representa ,
the extent of the plastically deformed matorial then it can be
seen that the radius-of the zonevis approximately equal»to half ;

_ the length of the diagonal. Following Marsh's ideaa,'thaf~

*  Similar pictures have been published by Peter (1970) and
Arora, Marshall, Lawn and Swain (1979) o | R




]

Sl
e
.
o
fon
e
by
e
e
e |
=

jectron mi

lans




93

expansion of the spherical zone with load duration (i.e.
indentation creep) must bebdue to the reduction‘with time of the
Yield stress of the material at this elastio-plastic boundary
If the surroundihg envirohment, water molecules in particular,
affecta the flow stress of the matefial then‘it mist be concluded
that watervmolecules mast reach fhe elastichlastio boundary
around the indentation (perhaps through a stress-enhanced
diffusion process), This implies that the larger the indentation
&ﬁd hence the larger the radius of the plastically deformed
Zone the more difiicult it will be for water molecules to reath
the boundary, but on the other hand the stress is independent
of the aize of indentation, that is, indepenﬁent of the applied
load, This implies in turn that envirommental effects should
be more oonspicnous when small indentations are pfoduced;‘ Such
a Phenomenon however hao never'beon oboerved except in Westbrook
and Jorgensen's (1968) work in which the environment oensitivity
of the Vickers hardness for A1203 disappeared gradually when
the 1oad on tho indenter was increased %o produce indentations :
more than 1 um deep.‘ For indentationsix:glasa with a typioal
hardness ‘ovf> 5.5 GNa produced with O. .50 ¥ and 10,00 ¥ the .
semidiagonal length is 6.5 pm and 29 um respectively. ' Penetration
of water moleculeo to deptho of this order is ﬁighly improbable.
In the above simple argument densification of material
'_within the plaatio zone was not considered. Clearly, tha presenco
of a densified region beneath the indentation will inhibit .

dirfueion of atmospherio speciea into the bulk of the m&terial, L

*  Local softening of the noar-the—eurface ragion of gl&sa in
~ contact with the indenter may also result in indentation creop,fof'
as discusaed for instance by Westibrook and his colleagues,

(ses gection 4.3), - But then such an effect would be irrelevant

to the plastic flow hypothesie propoeed for glaes. ‘ ,
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Marsh himself stated:
"... The water in glass is believed to be chemically
bound by a type of hydrolysis... Thus water acts as a type of
network modifier in softening the glass.
- "This water can either come from the atmosphers or be drawn
from the "built-in" water present in all glasses. In bulk
~ fracture measurements, atmospheric water predominates except
in very dry atmospheres (Mould, 1961), but it can be readily
shown than in fibre strength and hardness measurements the
different diffusion conditions mean that "built-in® water is
Tach more important. This is fully supported by experimente
and is more fully discussed in Marsh (1964c)".
- Surprisingly, this paper, Marsh (1964c) has never been
Publighed. . | |
Considering now the plastic flow at the tip of a loaded
crack in glass it c#n be readily appreciated that the gtress
fleld at this region is entiroly different from that under an
indenter. The main dirferenaa is that there are not compresaive
stresses at the crack tip region. Alsb thp size of the plaétic
zone arouﬁd the orack tiﬁ muat‘be extreﬁely small and essentially
independent of the specimen and of the crack’(of-loading)
eonfigurations.‘ If the length of fho plastioc zone»is about;s’nm .
(a’valuo derived 1n‘wéidmannj#nd'Holloway's‘model) itrgeemgp;f
poeaib1§ that "water" can diffuse 1nto diastances of thig order‘
and 1nf1uence the flow process at the boundary of this plaatio |
zZone, That is, environment sensitive plastic flow is more likely
to occur at the orack tip © _than beneath an indenter, Sl
| With the abovo simple reasoning it wag desirod to underlina 7

f the fact that although glaaa may undergo a limited amount of
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Plastic deformation,tho hardness test is not suitable for
quantifying the flow behaviour under tensile loading conditions;
it was argued in particular that the environment insensitivity
of the hardness of glass anticipated by Marsh himself and

observed in the present study can be physically justified.

4.7 Concluding remarks

The principal aim of the present work was to examine
quantitatively the corrslation between the indentation creep
behaviour of several glasses at different temﬁoraturea and
other fracture parameters exhibiting time dependent properties
(slow crack growth and statio fat;gue). - This would have been
in effect an attémpt to extend and possibly to définevthe
limitations of the theory proposed by Weidmann and Holloway,
However, the originél expeétations have not been fulrilled:
the earlier results ffom indantatioh croep tests of soda~lime-
silica glass at room temperatuﬁe4on which the mbdel'waa baged
could not be reproduced. | |

It was shown that conflioting o;ﬁorimental results 6h‘
the indentation hardnass'aﬁd~1te variation with 16@&, time or
temparatnrg for various matoriala, gnd for glass in particular,
~are not rare in the literature, but the reasons for this are
far from obvious. Attompts to 1dentify the faotor(a) reeponaible o

Particularly. for the "internal® oonfliot - meaning the results-

obtained by Gunasekera and by the present author in this laboratory e

failed to provide any sensible solution to this prcblem.»p»wV o
It is the author's scientiric belief which arose aftar PR

laborious and sometimes diatresaing 1nvestigation ‘that the ’
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results of the present study do in fact represent the "{rue"
indentation behaviour of the silicate glasses examined.

Certainly the factors which led to the conflicting
experimental evidence reported by the various authors have yet
%o be identified, although this seemed to be an extromely difficult
task and would remain a subject of scientific curiosity even
after the true indentation behaviour of the material is
unambiguously established by several independent investigators.

In the context of the present regults it was argued that
the Vickers indentation test is not suitable for studying plaetic
flow phenomena in glass. Even a qualitative correlation batween
indentation creep and slow orack growth or gtatic-fatigue gsaemed
unattainable, I+t was argued that the different siress distributions

and different sizes of plastic zone involved in indentation and

fracture processes are the basic obgtacles for such a correlation.

Apart from the obvious, an§~indeed urgent, need of

experimental work o establish the true indentation beheviour
of giass there seem to be a range of problems to be solved
aggociated with'tha*plastio’flow of glass. The present work
does not question at ‘all the hypothesis that glass undergoss
Plastic flow, but it should be emphaaized that no experimant
has been devised as yot to demonstrate and quantify this important
‘prOperty of glass and that the so called evidence of plastio ,
flow in glass are inferential and therefore weak. " » ‘

It is hoped that the electron microscopy will be able in ‘
‘the near future to eatablish whether a very small plastic zone
existsat the crack tip in glaee, (poeaidbly, by detecting derermation
| features similar to those found 1n other materials in larger

3 extent).Electron microascopy may also be. able %o detect and
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measure the orack tip radius if it exists. When detection

and measurement of these characteristics of plastic deformation
become realities, the calculation of the flow siress will becoms
feasible thfough equations of éontinuum mechanics. But if
electron microscopy succeeds in detecting such submicroscopio
features in glass = of the order of a few nm - then it would
P?obably also be able to provide vital information about the
sfruoture of this material. In this event, it may be found
‘that some of the silicate glasses are nol continua over regions
bthe size of whichviﬁ comparable with that of the plastic zone
and therafofe the application of equations of continuui mechanice
would not be straightforward.

Some techniques uséd to examine compositional changes and
diffugions - phenomena in glass may be of great value in examining
some aspects of the deformation of glass. Radioactive tracer
experiments would probably ba the moat suitable for this kind
of investigation. spacirically; examination of subsurface

layora of glass underneath large indentationsi:xa glass which

22

contains,ayradioactive ion (e,g. Na) can reveal whether

dengification has ocourred. (BY comparing the intensities of

Y-rays of 22Ka from rogions beneath the 1ndenta.tion and from

the surrounding glaaa) Similarly, whether diffusion of water
under the indenter pressurs takes place can be verified in |
common glass which was indentad in a T20 or DTO atmoaphera
(Details on radioaotiva tracer experiments are given by Friachat,
1972). S |
| In this final sentence of the first part of the present

o thaais the author wiahes %o express his appreciation to hia

', supervisor, Dr,n.c.ﬁolloway, for his unbiaged attitude and =



continuous encouragement during carrying out and writing of
this work which apparently gquestioned the validity of a theory

in which he was so much involved.
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PART I

CRACK HEALING IN GLASS



CHAPTER 5

THE MPANING OF CRACK HEALING

5¢1 Introduction

Despite the large amount of experimental work carried out
on crack propagation and generally in the fracture of solids,
very little attentionvhas been given to the reverse process:
crack closure 6r‘the apparent healing of fractures, Perhaps
this is due to the fact that while fracture has been a recurring,
_ everyday experience, the welding of fracture gurfaces in none
"living material is not a commonly observed phenomenon,

Knowledge of tracturé wag entirely empirical until the-
beginning of,theb20th century;w At that time, Griffith (1920)

put forward somé ideas in which, at least impliecity, both erack
Propagafion énd‘§rack closure in an elastic solid were considered.
Griffith's theory of fraéfure was based on a simple and very
well—known thefmodynamic principle: the conserﬁatidn‘of energy:
crack propagation proceeda by conversion of elastio anergy'u, '

in the body containing the crack, inta aurface free energy, T,

~ of the fracture gurfaces; thus,. the surfaca energy of the newly

created surfaces must be equal or less than the release of elastie.. -

.energy from the body;'vThis is the Griffith's energ&—balange‘_

eriterion for créok propagation in an‘alastio aolid‘and'cén be'f
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expressed

-&Ha (5.1)

where A, is the area of the crack surface.

From this argument it is implied that if,

@& (5.2)

surface energyvis recovered and the crack might be expected to
close up.

Griffith's energy-balance criterion, equation (5.1),
although aﬁplicable only to ideal brittle materials, has ﬁeen
modified and extended to embrace real materials exhibiting
different degrees of brittleness (Irwin, 1947; Orowan, 1948).
In real materials an energy dissipating process occurs at or
near the éradk tip as it advances but an energy oriterion can
still be a sufficient condition for crack propagation. The
released elagtic strain energy mugt in'this.caaé»provide both
the free surface energy and the energy lost, P, in the disaipating |
Process: i.e. the term T in equation (5.1) s replaced by a
T+ P -'Y where vy is the fracture surfaca engrgy Qf the real
solid, S e ‘

e ﬁowover;‘the reversibility of cracks as originally
envisioned by Gfiffith is‘rarely observed, it has remained az_
theoretical concept, which might be expected strictly to apply e

-only to ideally brittle materials. DR

As diacuasod later, there are practical reasoﬁg why crackVYV 
closure and recovery of the surface energy'ara'not*common b
i . phenomena even with highly brittle materials for which P ia.

vory_small, These includa the effeote of toPOSr&phical f°at“reg*, ’j,
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Produced during crack propagation and the environmental contamination
of the freshly produced fracture surfaces.

Crack propagation in semibrittle materials is accompanied
by plastic deformation around the orack tip, which often results
in the formation of surface irregularities. When the externally
applied load is removed, the relaxing elastic field arpund the
crack tends to bring the fracture surfaces of the crack into
contact. But contact is made only at the tip of the highest
irregularities and for all praotical purposes the cragk remains
open, |

In very brittle materials, even though crack propagation
may produce smooth fracture surfaces over small areas, usually
it also produces surface steps, striations and fracture debris
which can wedge open the opposing fracture surfaces so that
closure is improbable. |

It is possible, with some materials and under suitable
test conditions to form smooth fracture surfaces over relatively
large areas and also to évoid the formation (or the‘preaence on
the fracture surfaces) of}ffacture debris. Then orack‘closura
can.take place alfhbugh the adsorption of environmental species
such as 0,, H,0 or CO, dnto,the‘fresh fracture 9“?f§¢°5:m§y~ |
inhibit significant bonding between the .surfaces: although;plcgad
and possidbly invisible,-such cracke would therefore probably
not be load. bearing. N ' ' i

Nevertheless, in practice it is obsorved that oloaed crackg
in certain materials exhibit load bearing propertiea: 1.9. a: |

finite load is raquired to reopen the closed cracks.mv'
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5¢2 Aims of the present study

'The closure and the load bearing propsrties of closed
cracks in selected materialshave been studied by a very small
nﬁmber of investigators and only'superficially._ As will be
séenvin the forthcomingkparagrapha; the few ﬁublished reports
in this field indicate that crack closure can take place under
cortain conditions but the extent to which the closed cracks
would support.an applied load has not been examined in any
detail, Such published results as there are, are qualitative
and rather inconclusive.

The objectives of the present investigation were to examine
the closure énd the load bearing’properties of closed cracks
in glassy materials, Thé influence of several factors such as
time, témperatﬁre and onvifdnment upon these characteristics
ig also'invéstigéted.mﬁowledge of the behavioﬁr of closed cracks
in solids'may not be éntiroly'esoteriﬁg it may contribute to
our underatanding:of the fracture and the étrength of‘matériﬁls.
For instance, it 13 of interest to know hov a closed or an
invisible crack afteots the atrength of a particular apecimen.
Does a closed crack remain a potential weakness in the solid
or does it assume the médhahica1<propértieg of the bulk structure?
Buf'the‘péienfial'df'the present study is éven;widér; The .
atudy of crack olosurekand crack repropagation may perhaps
offer a novel way of studying adhesion between solids; the T
‘initial fracture produces clean matchad surfacea which require f’
no further preparation such as polishing, drying eto,

It is often mentioned in the 1iteratura (a.g, H011and, ! o

' }1964, wgyl, 1975) that freshly prepared glasa bottlas and fibres ;1 "”

’stiek together when they are placed in contact at tamperatures
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8everal hundred degrees below the softening temperature of the
glass. Laboratory glass-blowing provides frequent examples of
low temperature adhesion between glass articles. When a piece
of glass tubing is blown out special care is taken so that the
bubble does not touch the wall of the tube or other near by‘
tube, If accidental contact occurs it is highly likely that
strong adhesion will take place, even though the surfaces are
quite cool. It is hoped that an investigation of the adhesion
of fresh glass surfaces mighi shed light on these striking

pPhenomena.

5¢3 Observations b& earlier investigators

| Dgspite,the‘proviously mentioned closure prevention

- mechanisms often met with in practicé, crack closure has been

obaerved,by various investigators in a limite4 selectibh of

very brittle materials. fSome of théée aﬁthora also attempted

to investigate the‘load béaring character of the closed cracks.
Histofically, Obreimoff,(l930) appears to be the first[

author.to report phenomena on crack closure and on orack |

repropagéfion. - He ohaerved that claavage cracka in mica crystals

closo readily when the applied forces on the cryatal are removed,

and also that the closed. cracks were load. bearing. Cleavage  »

| test, were carried out to measuro the energy required to propagate

cracks both in 1aboratory air and in a vacuum of 10~% yn~2,

This energy was 0.375 Jm in air and 5 Jm 2 inAvacuum,.
Tha.éne;gy‘pervfgrunitea,area to ?B‘OpenVQAQIOBQd_Qrack

in air was found to be less than 0,375 Jm-z tut no aotu@lyvﬁlue \

* An arithmetical error appears in Obreimoff's original )
caloulation of cleavage energy, which gave values four times
too big. The correction was mada hy Orowan (1944) S
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o

was given., On the other hand the energy toresopen closed cracks
in vacuum was found to be the same as that required to reopen
& closed crack in air,

More recent experiments on qrack c¢losure in mica crystals
have been carried out by Bailey (1957, 1961) and Bryant (1962).
Bailey found that the energy required to reopen a closed crack
in air was about 0.25 Jm'z while the energy for cleaving a virgin
crystal in air was found to be 0,31 Jm-z.

Bryant found that in air the energy forrw;opening a cloged
crack was 0.15 To~2 that is, half of that required for cleavage
of a virgin mica crystal.  But in ulira high vacuunm, 10'11 Nm"z,
he found the cleavage energy was about 10 Jm"2 while the energy

-2
toresopen the olosed crack was approximately 9 Jm ~.

- Other materials in which crack closure has been obaerved
include alkall halides crystals (Forty and Fbrwodd, 1963), Germanium
(Haﬁem&n,‘noots‘and Grand, 1964) and inorganic glasses., Several
authors have repofted,that occasionally cracks in glass specimens
disappear when thovexternal;y applied load is rgleased.

For example,finkel and Kutnikv(1962)'observad that\smgll
cracks in soda-liﬁe—silioa glaéa plafes can propagate‘and 61059
repeatedly as a bending moment is applied and removed, reapeotively.
They also reportad that ueing high speed cinematography, they |
had observed that some _oracks formed by hitting a glass plate»
with a‘striker, disappeared Slsmall fraction of a second arte:r"}
.baing formed. - | i L i

' Outwater and Gerry (1967) reported that unloadad cracks
in glaas became inviaible *until the glaas was reatrained" :

~ Varner and Frechette. (1972)observad that cracks induced "

_by water quenching hot glass apecimens, frequently cloaed up
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partially. As a force was applied %o the specimen the closed
portion of the glass could be seen to reopen readily, until

the "true" crack tip was reached.

Cheesman and Lawn (1970) reported a quantitative investigation
on what they called"crack healing in glass"where crack closure
and the'loadlbearing properties of closed cracks were aexamined;
in their experiments, however, crack closure occurred only afler
the cracks had been subjected to a oqmpressiveyload or to a
heat treathent and even then reproducible results were not obtained,

Wiedgrhoin and Townsend (1970) bave also reporied a
quantitative inveastigation on werack healing in soda=-lime~-gilica
glags", They observed that for "spontaneously formed" and closed
oracks the fracture energy is up to 80% of the fracture surface
energy of virgin glaaai.whereaa for craéks'held open to the
ambient atmosphere for gome time before unloading and closure,
the fracture surface energy was only up to ZQ%‘of the fracture
surface energy of virgiQ glaas.. | |

However, as will be discusaed later in this thesia, the
experimental procedures used by Cheesman and Lawn (1970) and
by Wiederhorn and Townsend (1970) can be criticized aeriously
kso that the validity and aignificance of their rosults are -
queationablo. |

Finally, Weidmann (1973) reported that cracks produced
in a oontrolled manner in soda—lime-silica glass oloae upon
iunloading, and also that the oloaed cracka ware 1oad bearing,:iif.
sevoral qualitative observations on closed cracks were report#d

by this. author.:;”
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54 Definitions

In the reports cited above the terms "crack healihg“ and
"erack re~healing" w#re used to describe both the oclosure of a
crack and its load-bearing character. . The terms have also been
used by Outwater and Gerry (1967) to describe the disappearance
of cracks in epoxy resin specimens after heating the specimens
at tehperaturas above the softening temperature of the feain.
Evans (1977) used the term "crack healing" to describe the
closu}e of cracis in alumina specimens heat-treated at temperatures
above 1473 K. |

There are, in prineciple, a number ofkdifferent phqnomena
agsociated ﬁith unloaded cracks and’it will De convenient here
to define several different terms’which will be used in this
rart of the present thesis to disfinguish between these phenomena,

Crack closure: disappearancs of a crack on unloaging the .
,specimen. This 'é usually odcurs'over a part of the total length
of a crack near the original position of the crack tip,

. Appgrent crack healing: state of a closedfcrack‘in which
it exhibits some load-bearing éharaotéf i;e;_some kind of bonding
mugt exist between the fracture surfaces. |

“Genuine crack healing : tato in which part or all of
the orack has recovered the ﬁormal structure and propertiea'qr
the original bulk material, Thus, this term will signify, at
leastrover part of tﬁe aréa; re-making of the original*chemical
bonding characteristic of the'barticulaf'materiai. It is perhaps
‘unlikely oftén to be found in practice because of the intefference

caused by adsorption of environmental species onto freshly .
’ :formad fracture surfaces.¢  | ‘

Before turning to more detailed conaideration of experimental |
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Procedures, it is worth pointing out that crack closure in glass
in particular, is a quite common phenomenon thouéh hbt-always"
obvious, Closed cracks may be found in many glass articlea

which have been accidentally or otherwise broken. The photograph
in figure 5.1 shows a brokeﬁ glass panel found in a nnivérsityk
building. Apparently the glass panel was broken by impact;
several fadial cracks have closed o#e: many odntimetrés. Some
of these craéks 6ontain large and §m311 poqkets 6f air, trapped
during the rapid closure which followed the,'qrigihal violent
Crack propagation. Surfaqe traces can also be seen along the

closed portions of these cracks.



} A fractured glass panel exhibiting closed cracks
Figure 5.1.

(indicated by the arrows).



110

CHAPTER 6

EXPERIMENTAL: APPARATUS AND MEASUREMENTS

6.1 Introduction

Despite the small number of published studies on crack
closure and apparent crack healing, a number of different
. techniques have been used by the various investigators. In
this chapter these techniques are described briefly and their
suitability for crack closure and apparént healing studies is
discuéséd. Also the experimental techniques and apparatus used
in the present investigation aravreported in detail.

Most of fhe experimental methods adopted by previous
investigators are mechanical methods in which avSpocimen cohtaining'
- a small crdck is loéded i# a syatem designad for fradfure mech;nics
studies of crack propagation. -The crack ia forcad to 6xtént
Py an applied load. 4 load is applied to the speoimen which
results in a atfbsa concentration at the tip of the crack. At .
some critical value of the étrqaa intenaity at the crack'tip}
the crack extents. Thevcréck is stable wheﬁ smali incremeﬁts 
of the stress intensity at the ti§ of the'crack céuae”sma11 +LA“-

bincremehts of'thé length of»the crack. However,. at crack lengfhs
, ‘1arga comparod with the dimensions of the test piece, ‘the crack ‘:;

becomes unstable, xsmall incrementa of the stress 1ntensity>,u SIS
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at the crack tip cause large crack extensions and the crack
Propagates catastrophically. In crack closure studies the applied
load is withdrawn btefore the crack runs through the specimen.

The energy required for fhe original extension of the crack

can be determined from the magnitude of the applied stress or
strain, the‘geometry and the elastic constants of the teet
specimen. = If the crack closes on unloading, the closed crack

can be forced to re-open by .reloading the speeimen. The energy
expended per unit area of crack surface can be determined, for

this second re-opening to compare with that for the original

c¢rack propagation.

6.2 Techniques used by earlier authors

Obreimoff (1930) in his pioneering study on crack oloaure
used a simple eleavage technique, figure 6.1. Thin sheets of
mica were cleaved from thicKer ones by advancing a glass wedge.
When the eplifting wedge was retracted, the mica sheets caee'
in contact, (the oleavage crack closed) " On reaadvanoing of
the enlitting wedge the cleavege crack appeared to open again.
Bailey (1957, 1961) in her experiment with mica ueed a
slightly different cleavage technique, figure 6o 2a. Mic& specimeﬁa
of uniform thicxness were split into two sheets of equal thiokness
by applying the forces, £y, at one end of the specimen. This-
mothod is now usually called the double-cantilever beam (DCB)
technique. A cleavage crack could be made to advance or retreat_n
by increasing or decreaaing, respectively, . the forcag' f-~?‘” o
Linger (1967), studying the fracture of glass in double-’;ie

,‘cantilever beam specimens, figure 6 2b, attempted to inv‘Stig&te .
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Figure 6,1 Specimen configuration for cleavage in mica crystals,

Obreimoff (1930).

/2

t/2

groove

' Figure 6,2 Double-cantilever beam specimen configuration used
- . for cleavage (a) of;micavcryatals, Bailey (1961)

(b) of glass, Linger (1967), Wiederhorn and Townsend (1976);
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the possibility of crack closure in glass in this loading
configuration, However, he only rarely obtained crack closure
- and this apparently discouraged any attempis to examine the

bPhenomenon in detail.,
‘Wiederhorn and Townsend (1970) also used the double-

cantilever technique to study the load-bearing capacity of
closed cracks in aoda—lime-silicé glaas but the closed cracks
wore introduced by hand manipulation of the specimens before
they were loaded in the double-cantilever beam machine,

- Cheesman and Lawn (1970) investigated the closure of cone
cracks in glass formed b&neath a loaded spherical indente;,
figure 6.3, The cone cracks did not show any tendency to close
when they were unloaded, unlesd they were subjected to compresaive
ioad or to‘heét-tréatment. -3ome of the treated cracks showed
load-bearing'properties.k The results obtained in these -

investigations are discussed in a later chapter,

-2lass surface

S~ COne crack

Pigure 6.3,:‘111usiration'or‘a cone crack formed benéath~g, ST

| fu1°3d°d spherical indehtar.,;-'
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The information available from these earlier investigations
suggests that certain techniques are really not suitabtle for
studying crack oclosure and apparent or genuine healing in glass.
Although the double-cantilever cleavage technique has proved
suitable for such a study in the sheet structure of mica which
pProvided an inherent stability during crack closure, it apparently

was not satisfactory for glass. It is believed that small lateral

displacements of the two arms of a double-cantilever beam specimen
in which b (d (figure 6.2b) is responsible for the unreliable
closure of cracks in specimens of this configuration. In the
cage of the mica it was practicable to produce specihens with
b)) d which resulted in excellent elastic resistance to shearing
displacement of crack surfaces. Wiederhorn and Townsend's‘usa
of special tricks té produce élosed cracks may have been inspired
by the difficulty of producing reliable orack closure in the
double-cantilever oieavage‘oénfiguratidn.

. The cone cracks have also been proﬁad unsuitable for crack ’
clogure studies. ‘Tha failure of cone cracks to close as the
| load was withdrawn, according to dhéesman:ahd_bawn, ias primafily ‘
due to mechanical effadts; ‘the fraoturoAaurfaces‘of a 6one crack
' exhibif topographical features éuch as hackle lines, cle§vgg9v‘.'
éfeps, striations, hfo, and any small lateral displacement of,
the fracture surfaceswill prevent precise métching of the dpbosing
fracture éurfacés. o |
| A tochnique which has been used succeasfully ror crack
‘propagation studies in glaas and other materials but has not:
been used in a eyatematic way hitherto to invastigate crack
= closure, is the double-torsion technique (gee for example Weidmannt,'

and Holloway, 19743)
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Preliminary experiments early in the course of the present
study suggested that crack closure conld reliably and regularly be
produced in glass using this configuration., The double~torsion
technique was therefore adopted and new apparatus was constructied
for the main series of experiments. Before describing the refined
double-toreien loading machine e brief’account of the mechanics

of the doublé-toreion‘technique is given.

6.3 Mechanics of the double~torsion technigue -

The double-toreion technique was fiiet introduced by
Outwater and Gerry (1966). Since then many investigations in
.which this technique was used, have been reported in the literature
of fracture mechanics (see for example Xies and vlark, 1969;

Evene, 1972' Weidmann and Holloway, 1974a).
The toet specimen ueed in this procedure ia a simple

rectangular rlate. The twe halves of the plate are subjected

to equal and oppoeite torques epplied by means of a fonr—point
loading system at one end of the plate. The craok propagatea
along the mid-plane parallel to the length of the epecimen,'
frigure 6.4. | ‘ 1

The etrain energy release rate (the energy per unit area

of the craek eurfaee) during crack propagation can be derived

“relatively eimply:

: The tetal work, W, done on a 11near1y elaatio specimen

in producing an angular defleetion. 6, between the toreion armev
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where C ié the compliance of the specimen and M is the applied

torque.

In this case
| ‘M= fm ' (6,2)

where £ is the force at each loading point and m is the distance
between the two loading points in one arm of the specimen,

figurﬁ 604.
'The work done by the torque, M, is stored as elastic strain

energy, U, in the specimen;

The strain energy release rate, G, is defined as
G = "('amA)e » | | | ‘ » (003)

‘where A = DL, b is the thickmess of the specimen and L is the

crack length. Lo
Equations (6.1a) and (603) give

2

| G - (604)

o
Els
[ ]

If it 15 assumed that each torsion arm of a cracked specimen
can be modelled by a reotangular beam whose length is eqﬁai to
the crack length, L, and a torque is applied at ‘one end of the

beam whilst the other end romaina fixed the torque M, is given

by (Timoshenko and Goodier, 1970)

| 3 | | | B
M,3 %7ﬂ-m®;)‘ - (&ﬂ

‘ NIQ

where pu is tho elaatio shear modulus of tha test material and |
- w is the width of each rectangular beam. ‘ |
Because C - g, equation (6 5) can be written as'

e
3 D
mugmma)

- - e
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Substituting equation (6.2) and (6.6) into (6.4) we obtain

2 2
0 = o0 (6.7)
pbw(l - 0.64 ;)

It is worth noting in equation (6.7) that G is indepandent
of the crack length, L, for a consiant applied force, f.

Equation (6,7) can also be expressed in terms of the
angular displdcement, @; from equations (6.2), (6.5) and (6.7)

it is found that

g b
92b2w(1 - 063 =)
G L " 2 2)_—
: “12L

(6.8)

Howeven, thesge equationé haverbeen derived using linear elasticity
theory, and also (tacitly) assuming that the crack front is a
straight line, perpendicular to the direction of proragation, .
Zfigure‘6;4. The actual shépe of a crack in a double-torsion
specimen ia that shown in figures 6.5 and 6.7.

Thus;it might be expected that the above expressions would
'servs, at best, only as approximatioﬁs to the oonditiqns in
Practice, ; |
Nevorfhelesa, Weidmann and Holloway (1974a) showed that
there is é range of crack length'Whére the compliancefis indeed _
Proportional to l/L , as implied by equation (6 6)e Also over
approximately tho Bame region, the crack velocity ia oonstant :
independent of crack length ror a constant apolied force. This
region was found to be the middle rogion of the specimen 1ength’ ‘
extending from about one quarter to about three quartars of the |
' speoimen length, : v( d o
The peculiar shape of the crack front does not seem to i
.4have any significant erfect, nt least on the expressiona for G,
provided that measurements of crack length and/or crack vBIOcitydn.‘

~are taken 1n the middle region of the specimen. It is worth
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Compressive
surface

surface ,

Figure 6.4 The double-torsion specimen and loading

configuration.

Compressive
“surface

G/

Crack surface

//////////// \

— e
. Durecuon of propagatlon | Tensnle
: o surface

Figure 6,5 Illustrating tho shape of the erack front in

doublo-toraion.;~
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noting that excellent égreement oxists between the results on
slow crack propagation (crack velocity versus strain energy
release rate) in soda~-lime-—silica glass published by different
invegtigators who used completely different loading configurations.,
Namely,of Sdhgnert, Umhauer and Xlemm (1969) who used simple
tension; of Wicdcrhorn (1971), who used the_doublefcantileyer’
cleavage technique and that of Weidmann and Holloway (1974&),
who used the double-torsion technique. In the simple tension
and double-cantilevcr cleavage techniques the crack front is
virtually linear during crack propagation in constraat to the
curved crack front in the double—toraion technique. In all the
techniques crack 1engths and/or crack length increments are
measured at the surface of the specimen, (the tensile one in
the case of the doublc-torsicn‘teohniquc). Because ' it is found
that the crack velocity is a sensitive function of the strain
energy release rate, any influence of the shape of crack front
on the slow crackkpropagaticn‘characteristics would have yielded
different results when diffafont tachniques were uged.

By constrast, Evans (1972) has afsﬁed that fhe.pQCuliar
| shape of the double-torsion cracks mist be taken into account
in crack velocity detcrminaticns. ‘The abovc authcr depicted ,
the shape of the crack front as a slightly curved line, figuro 6.6,
He uaed a valuo for the ratio %; about five, for glass and
alumina specimens, i d éfgﬁadrthat the direction of crack
| propagation mst be taken fi'fnormal fc the cfcck'r§oﬁf. Acccrding'.”
to Evana the cptically measured crack spead must be reduced. by

a factor of
b

Y (aa)? n? B

(6.9)
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-"""'“"'—-—4{—4
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'

: o
Direction of propagation Groove

Figure 6.6 Illustration of the double-torsion orack front

as depicted by Evans (1972).

Figure 6 7 Illustration or the principle of OPeration or tho-: 

}original double—toraion machine (Outwater and Gerry, 1965)
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(see figure 6.6)

Evans! depiction of the crack front and fbe value of
%? . 5 does not'correspohd to the shape observed by previous
and present members of this laboratoiy,'including the-present
author. The line of the crack front reaches the tensile surface
of the speoimen nearly at a righf angle and aporoachee the .o
compressive one almost asymptotically until the underlying

Slaes,which is now a fine rib of glass breaks (figure 6. 5)

The ratio %?k is found to be considerably larger than that quoted

by Evans.

644 The double—torsicn machine

The or1gina1 double-torsion machine described by Outwater
and Gerry (1966) ie illustrated in figure 6o 7. Four eteel
hemiepheree, fixed on a horizontal baae,'eupport the apecimen.
The end of the speoimen in which a crack had been initiated
before mounting, is loaded through two other hﬁmiapheres at
one end of its top surfaoe. A scratohora groove on the bottom

-surfaoo of the speoimen guidee the crack to prOPagate along the

midplane of the specimen.

Thie eimple form of double-toreion machine 1is still being
ueed in some laboratoriss (Young and Beaumont, 1977) but a .
modified syetem of double-tcrsion 1oading hae been developed
and ueed in thia laboratory. This system wasg developed by :
Weidmann and Holloway (1974a) from a machine which originally
_had been designed and used for four-point bending teete on glass
rods by Brearley, Haetilow and Holloway (1962) in this laboratory.';

| The deecription given below of the loading system fgllowa
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that given by Weidmann and Holloway (1974a).

The principle of the method is illustrated in figure 6.8a.
A torque is applied to the specimen, C, through two pairs of
steel pins, A and B, one of which, A, is mounted on an arm which
can rotate about an axis midway between the two pairs. The
shaft of this rotatable arm is connected to a pulley, P. Rotation
of this pulley under the action of the force, F, cauges the pins,
A, to exert a torque on one half of the specimen. This applied
toréue is balanced bj that generated in the'other half of the
Bpecimen by the reaction of the fixed pine, B,

Each pair of pins is mounted on a separate small rectangular
block, D and E, figure 6.8b, so that the line joining the centre
of the pins in each pair can be rotated through a small angle
and then clamped.rigidly by'meane'of’the 1aferaiiecfewe, S,
shown in figure 6,8¢. This rotation of the blockas enables
epeoimene of different thickneee to be tested in the machine. |

A specimen mounted in the machine can be loaded either |

dby épplying a oonstant force (dead.load) to the end of a cord

attached to the periphery of the pulley, or by applying a lnown |

conetant defleotion between the two halves of the specimen.

" This can be achieved by means of a micrometer BCTOW which is

threaded through a small block faetened to the beeel plate of

the machine and which can thrust against the end of the moving

'arm. P o
- As well as offering versatile loading this deuble—toreion !

syetem enablee a epecimen to be loaded while it is vertioal in ,

,the machine.~ This particular facility wa.sg ueed by Weidmann and «

- Holloway (1974&) and by the preeent author in order to study B

the cheracteristics or crack propagation in glaee Bpﬁcimens :
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Figure 6 8 The doubla-torsion machine
(a) illustra.ting the principle of the loading aystem

(b) vertical aection of tho machine, (¢) plan view of pina and :
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immersed in a variety of liquid environments.

Part of the experimental work described in the present
thesis was performed using the alréady existing double~-torsion
machines constructed as described in the previous paragraphs.

In the early stages of the present investigation the
‘phenomena of crack closure and the load-bearing capacity of_

the closed cracks was studied in soda-lime-silica glass. However,
the desirability of expanding the investigation to cover other
glasses and other materials soon became apparent, The early
experimeﬂts also suggested that it might be inatructive to observe
crack closing and re-opening under the optical mioroécope. The
cost and availability of selected materials as well as the need
for microscopic observations dicfated the conagtruction of a
much smaller double~torasion machine.

| A new machine, which is essentially a mihiature version
of that used by Weidmanﬁ and Holloway (1974a) was therefore‘
desigﬁed, figure 6.9, ’It is capabie‘bf‘accomhodating specimens
up to & thickness of 2,5 mm with a wi'id'th‘ of only ~ 25 mm.

The biggest problem‘in’the design of sngh a‘smail;s;zéd

‘machine is to avoid axcessive deflleiohé of the iogding pins
. which'aré amoné the hqst highly stressed parts of thévmachine.b__

Simple elasticity theory shows that thé dafledtiqn‘ét,fhe’
end of each loading pin is proportional to the load éﬁplied,dn
the pin and fb L}/r4 where L is the iéngth‘and r the radius ~:,
of the cylindrical pin, figuréyé.lOQ,fBut the load required'oﬁ B
eac& rin to produCQ a‘giQQn value 6: strain ehargy reléase.rafef  ';  
in a lddded'specimén is'proportional'fo | |

: f Y bzml/z |

(see equation (6.7)). T



Figure 6.9 The miniature double-tor.ion machine deigned by the

author (mag. X n



126

PR
LA

.
Lo

L
NS SRRR RN NRANRNNN

Figure 6.10. Illustration of a loading pin deflected by
the force f.

Thus the deflection at the end of each pin for.a given

value of G, is proportional to.

¥ ‘cbzwl/zlas

. ‘ ‘(6011&)

The complete expression for the deflection y, is

b
wa-0B D @
R I

mr

J =
where E is Yonng'a modulus Of the material the pin is made of, -
steel in the present case. If 1t is attemptsd to scale down

the dimensions of the cowponents of the double-toraion machina

and also the dimensions of the speoimen by the same (emall)

factor, for instance 4, then, as can be seen from axpression

(6. 11&) the deflection, ¥, in the small machine would be the

same as that in the original machine (within a factor of two).
This scaling down however, was not practicable in the preaent
caso-‘ for practical purposea the thicknesa of tha spscimen

~and the. length of the pin had -to be reduced by a factor of
approximately 3 and all the other dimensions shown in ezpression '

(6.11a) had to be soaled down by a factor of approximately 6.
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This scaling down of the dimensions resulted in a value
of y, ten times larger than that in the original machine,
Nevertheless, in the large double=torsion machine the
maximum deflection 'at the end of each pin when the machine was
Operating at a very high load (corresponding to G = 10 Jm'z)
vas about 2 x 100 m (from equation (6.11b))., Thus the maximum
defleotion of the pins in the small-sized machine is about
2 x 1077 m, which is also very small and it is thought to be
& safe value for the reliable operation of the miniature machine,

In addition to the above difficulties, the accurate

Parallelism of the loading pins was discovered to be very
important for the reliable operation‘of the machine, In the
early stages of operation of the machine, curved cracks which
often failed to0 close when they were unloaded and erratic y
experimental results (crack valocity versus G) were obtginad.
This difficulty waa,pfeaﬁmably due to,1oading of the apecimen

with three loading pina before the forth pin came in contact -

with'the‘specimen. lSubh an awkward lbading configuration would

seriously perturb the stress distribution at the crack tip and
hence the orientation of the crack during crack propagation. ‘
When the paralleliam of the pins was corrected, the produotionr
of specimens. with long straight cracks, which could close readily
When the load wasg released, was # matter of routine.i__

- The miniature double-torsion machine wasg equiped with all
the facilities of the large machine 5o that both loading methodsg :
(conatant load or constant dofleotion) could be used. In addition,

| its small size enabled ‘the present invastigator to cafry out .
A; experiments in a vacuum chamber and in other controlled environments;i

‘The ‘use of a large test machine which naturally quuired a large-: P
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sized specimen would have been extremely  difficult for the
performance of experiments of this nature.

A separafa, simple piece of apparatus was developed to
facilitate optical observations with the Vickers: projection
microscope. The device is in effect a versatile stage to which
3 miniature double-torsion machine can be attached. A specimen
is mounfed in the device on its‘side:‘that’ig, it has the
direction éf its width perpendicular to the microscope table.
Thia'arrangement enables the crack plane to be examined

microscopically while the crack is under load.

Using suitable illuminatian, interference fringes formed

by reflection from the orack walls could be studied:’ :These
Obaervations, however, required that the specimen be adjusted

80 that the c¢crack plane can be made accurately perpendicular
to the aris of illumination. The special mounting etage was

designéd to faciiitaté such adjustment.

6.5 v Double-torsion machine stago—mounting devioe

The photograph of figure 6411 givva a genoral view of the
'mounting dovico which was oonstruatod in mild stael, in the

DBpartment's workshop to the author's dasign." :

The double~torsion machine is attached to a Vﬁrtica1 pillar .
on the frame P, clamped to a base plate, P, which can be m°“nted »”
on the stage of the Vickara: projection mioroacopa. The d°uble.f !
torsion machine is attached to tha pillar by means of the screw,,g:
A, and ‘can be rotated about the axis of this BOTeW by addustmentr‘ B

" of screws B and C.

The frama,>F; has three feet on its undérsido ﬁhich reg£ o



Figure 6.11 (&) Diagramatic representation and (b) photograph
of the double-torsion machine stage-mounting device

designed by the author
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in parallel groovesin the base plate, P; one of these feet can

be adjusted via the screw, D, so as to adjust the frame about a
horizontal axis and the whole frame can slide horizontally in

the grooves of the base plate.
In order to keep the frame in position while the double-

torsion machine is manipulated, the frame has two long slots

parallel to the underlying grooves and it is loaded via a pair
. of springs, S, the axes of which pass through the slots and are

firmly fixed to the base plate. A large hole in the central

area of the base plate allows the specimen Yo be observed when
the device is mounted on the stage of the inverted projection
microscope. o

By sliding the frame, F, along the plate, P, the desirod
area of the crack plane can be brought into the fiold of view.
Then, by manipulating the screws B and‘c, in combinaticn with

fheAacrew, D; the plane of the crack can be made precisely

Perpendicnlar to;the axis of illuminafion.‘ The two transverse

movements of the microscope stage as well aa the independent -

Totation about the optical axis of the objective lens, increase

the manceuvrability of the system.

6.6 Materials | u
The materiais used in the Pl‘ﬁseﬁt investigation were the:_>‘
~ following
i) _Soda-lime-silica glass as:
a) Float glaas (Pilkington Broa Ltd)
b) Microsoopo slides; (Chanca Propper Ltd)

1) ‘Borosilicata glass; Pyrex (7740, Corning Ltd)
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111) silica glass (Thermal Syndicate Ltd) as
a) fused silica: Vitreosil 066 and
b) synthetic silica: Spectrosil B
The nominal compositions of the above glasses as quoted by the
'Manufacturers are given in table 2,1.
iv) Epoxy resin; Araldite CT200 with curing agent HT 901

(CIBA ~ GEIGY).
This epoxy resin composition was chosen for its glassy
nature and its transparency. fAlfhough it is widely used as a

Photoelastic model material due to its excellent optical sensitivity
(high stress optical coefficient) it is used in some laboratories
as a model material for studying fundamental phenomena regarding

~ Systematic research
by Griffiths (1968) in this laboratory showed that Araldite

CT 200 with low hardnener content ( 5 farts per hundred by

WQight (5 pph)) has a very low fracture energy (~1 Jm'z) and

exhibits fracture characteristics similar to that of silicate

glasses, In the present atudy it was used eithar as pure CT 200

_or with up to 5 pph hardener,

The above selected materiais gave'nbt only a:ﬁidé féngé,
of glass compositions, but also an organioc gysteh.which
phenéménglogically behaves 11kerthe‘oxide glasseg but differs

entirely‘from them in chemical nature,

6.7 uﬁecimeh preparation
. Specimens of Float glass were cut to suitable size from'f

jrlarger plates, aocording to the size of tho testing machine to

;be uaod.
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Specimens of Pyrex glass were already available in our
laboratory as the arms of double-cantilever beam specimens which

have previously been cleaved (Linger 1967). These arms were
| cut and ground to euitable‘size for the small=gized double-
torsion machine, and then polished to transparency.
Specimens of Vitreosil were cut to suit a small-sized
double~torsion machine and then polished to transparency. Specimens

of Speotrosil were purchased in a finisghed form.

 Specimens of epoxy resin were cast in specially made moulds

of gilicone rubber (Silicoseti151,I.C.I Ltd).

The required amount of epoxy resin was heated in an slectric

oven at 413 X and then hardener was added to give a mixture

¢containing 3 or 5 pph hardener, - The mixture was stirred until

all the hardener had dissolved. The resin was then poured into

the preheated moulds and curedi for 4 hours at 413 K and then

aliowed'to oobl down to room temperature., The epoxy resin dbeg

ﬁot stick 4o the flexible silicone rubber moulds, so that the

removal of the specimens was Quito simﬁle; ‘These specimens

were virtually free of frozen sirains (when examined batween
crossed polaroid sheets) andkhencé post curing (amnealing) of
" the specimens was not necessary. |
In addition to parti&lly hardened epoxy resin epecimens

& number or unhardened rasin specimens were prepared follow;ngtf
the same procedure but without adding the hardaner.

A short craclc was initiated in all the apeoimans to ba.
tested in the double-torsion machines. A fine soratch about
15 mm long wag seribed by a diamond glasa outter along the
r,midline of one face of aach specimen and trom one end.; A Bméll el 3

- crack then was introduced by tapping over thigs scratch on the
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face of the specimen opposite the scratch.

Crack initiation in glass specimens became a sgtraight
forward procedure, whereas the extreme brittleness of the epoxy
resin materials resulted in only a small percentage of the
Prepared specimens reachiﬁg the testing machine. Most of them
were déstroyedrduring the crack initiation etagés.

The quality of the short scratch was found to influence

to some extent the'closure characteristics of the cracks. The

finer the scratch the longer was the region over which the crack

closed when the load was released. This was probably dus to

the fact that a "crude" scratch produces multiple lateral cracking
around the scratch so fhat when the crack‘is induced the glass

around the gceratch flakes off and glass particles fall into the

crack wedging it open.
F&nally, some of the Float glass specimens were annealed

at 813 X in an air oven for approximately an hour and then slowly
cooled ( ~ 2 K/min) to room temperature. But no difference in

the crack prop;gation.closufe characteristics could be detscted

between annealed and as-received gpecimens.

6.8 Experimental procedure
In the following paragraphs, the main experimental techniques

which were employed in the present study are described and the ;
Present chapter ends with a description of two additional methods
which were used to demonsfrate and sfud& qualitatively the load—ﬁ;
bearing properties of closed cracks. Othar tachniqueg usea in
attempts to answer specifio qu33t1°n5 which arose during. the

‘investigation are- reported in a later chapter. ’
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Specimens having had a crack initiated as described above

were mounted in one of the double-~torsion machines and the crack

' was propagated from the initiated crack. In the preliminary

experiments, specimens were mounted vertically sothat the cracks

were propagating downwards, btut, for most of these specimens,

the cracks closed over very shori lengths at the orack tip. -

The. failure of these cracks to close when the load’was removed

was atiridbuted to partiocles, particularly fracture debris

produced either during scratching or during subsequent crack

Propagation, falling into the crack and wedging it. For mpst

of the experimental work, therefore, gpecimens were mounted

vertically but the load was applied at the boitom end eo that

the cracks were propagated upwards. With this configuration

the ma jority of the cracka cloaed over an approciable length

when they were unloaded. In many cages the‘cracks closed‘up

to the end of the diamond geratch when the applied load was
VOOmpletely withdrawn. ’ SRt SHAE

Tho atandard proceduro followed in this 1nveatigation was
to extend the crack slowly until it had run about threa quarters‘

" of the specimen'a length, The load. then wasg gradually reduced

until tho crack closed. The load wag then rmppligd_graduany :
until the crack appsared to repropagate. | R

, The apeed at which the crack appearod,to repropagatg or
’to olose waa datermined for various 1oads by mﬂasuring the
.diatanco covered by the craok tip in a known time. The orack
tip was obgerved through the teleacope of a cathetometer which
was fitted with both a vernier and a micromater 80 that crack

_length incremanta could be measured accuratoly. Ta facilitate' ‘;'

1ocation of tha poaition of ths craok tip, the crack plane waa  ,  b:
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illuminated using a microscope lamp of variable light intensity,
so that light was total internally reflected from the walls of
the open crack*.

For crack velocities higher than 10™4 me-l, determination
of the crack velocity was made by measuring the relative position
of the crack tip on a sequence of frames of a cine-~film of the

crack motion taken with a Vinten 16 mm scientific camera.

6.9 Aging and heat—treatment of closed cracks

Crack repropagation tests were performed either within
5 minutes after the crack had closed, or after allowing the
closed crack to age for various, much longer times. For aging
times up to three days, the specimens were left mounted on the
machines. For longer than this, the specimens were removed
frou the testing machine and were replaced for further testing
after completion of a specified aging period.

In order to investigate the effect of heat-treatment of
closed cracks upon the repropagation characteristics, specimena
with closed cracks wers heat-treated in air in au;electrio oven.e‘;
Temperatures of heat-treatment ranged from 313X to about 1023 X.
The selected temperature was controlled to within -2 K.  The
apeoimens were always inserted into ‘the oven at room temperature,
the duration of heat-treatment after the temperature had reached
‘the set level was standardized at 30 minutes., Slow rates .

‘(approximetely 2 X/min) of heating and cooling were used, .

* This arrangement led to the discovery of a faiut refleetion'
from the region of the closed portion of the crack.  This
particular phenomenou is described in the next chepter.



6.10 Experiments in differsnt environments

Experiments on crack closure and repropagation wers carried
out in air, water, various organic liquids and gases, a2nd in
vacuaum,

The majority of the experiments reported in this thesis
#ere'performed in air., No attempts were made to ccntrol either
the temperature or the humidity, but the normal laboratory
conditions provided a reagonably constant temperature at around
295 X and relative humidity between 50% and 70%.

In experiments in different liquids the double-torsion
machine wag inverted so that the specimen could be mounted Lelow
it and the initial crack propagated vertically downwards. The
double~torsion machine was supported over a glans veasel dontaining
the liquid so that the specimen could be immersed in the liquid
up to the loading points.

The chosen liquids were water (tap'and distilied),
dimethylsulforide (DMSO) and paraffin. DMSO and paraffin were
dried over molecular sieve, Union carbide type 5A (B,D.H.kLtd)‘
and freshly drawn sodium wire respectively. e

In some tests the cracks were4unlogded while the;specimens
‘were immersed in the liguid and then were taken out of the liquid
to dry and subsequently be treated before further repropagafion
tests. | | |

For the tests in gaseous environments, inflatablé;glove :
baéﬁ werefﬁsed;L Thé double~torasion machiﬁe'with the speciﬁens
and all the nacessary accessories (weights, Qfandéisetc):ﬁé§§'f€
inserted in:fhe‘gloéa:bag{jiThe gas to be introduééd'inﬁiae'the'A
gldVé'ng was first passéd'through‘d°c6116& pipevimméfséd'in»§'~J 

liquid nitrogen,trap.' Amounts of freshly gdtivatéd éiliégfgél{ |
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molecular sieve and sodium hydroxide were also introduced into
the bag. The outlet of the glove bag was left open for about
one hour while the gas inlet was open. In order to allow the
gystem to reach equilibrium the experiments commenced at least
an hour after sealing the glove bag, Test were carried out in
this way in helium and nitrogen gas.

- For the experiments in vacuum, a commercial cdating unit
(Speedivac 12E3, Edwards High Vacuum Ltd) was used. A small-
gized double-torsion machine was clamped to one of the btuilt-in
stands of the vacuum chamber. Manipulation of the machine, that
is, the loading-unloading procedure was achieved by means of
a simple two-gear system attached to the built-in vacuum-gealed
shaft. The latter allowed rotary‘mechanical motion to be transmitted
from outside into the vacuum chamber., The system was calibrated
gso that for a measured rotation of the external drum (which
rotates the vacuum-sealed shaft) the induced deflection between
the two halves of the specimen could be calculated. The cover
of the chamberwas a bell-shaped transparent Pyrez glass which
enabled direct optical observation of the speciman inside the
chamber. During the measurements the backing, rotary pump was
awitched off in order to reduce vibration. The pressure

achieved with this system was about 1073 w2,

6 11 Optical techniques -

Two optical technigues were used to study qualitatiVﬁly
the load bVearing propertios of closed cracks in the tested:
materials. | : |

The firat method was based on observations of the photoelaatio
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stress pattern at the tip of a crack when tpe crack was obssrved
between crossed polaroid sheets. As the load applied to the
specimen was increased, the photoelastic stress pattern at the
crack tip spread out until the crack propagated. When the applied
load was gradually reduced, the photoelastic stress pattern
appeared-to "ghrink" and then to move backwards, that is, the
crack was closing. On complete unloading, a small portion of
the crack remained open and a fesidual photoelastic stress
pattern could be seen at the tip of this open portion of the
crack. On re-loading the closed crack, the photoelastic stress
pattern could be seen to spread and eventually to move forwards,
that is, the orack was repropagating .along its closed portion.
The second optical method was b&sed on observations of
interferenca phenomena produced at the open portion of the crack.
By suitable specimen arrangement and illumination (us#ng the
double-torsion machine stage-mounting device) a pattern of |
Fizeau fringes could be observed at the gap of the opan crack.
As the load was applied progressively the spacing betweeﬁ fringes
dogreaaed until the whole frings pattern started moving forwards.
This sequence of phenomena could be seen in‘ravarse order whan'
the load was progréasively withdrawn: the moving fringe pattern
stopped, the‘infer-fringe distance inqreaaed and evantually.the
whole fringe pattern moved backwa;ds.~ ‘ -
Thesge fwo optical methoda were used tbvdemonstréte not:'
- only the load-beafing ch#ractér of closed cracks bﬁt alab fhe
' pa£€icuiar feafure that cracks in glasa can close against an
applied load, i.e, craok cloaure occurs while the stresa intensity

‘at the crack tip (or equivalently the strain energy ralease rate’ )

'* The sirain energy release rate is related to the stresa:

intensity factor, X, via the equation K = (GE)]'/ 2:

’ whare E ia L g‘
Young modulns. (Plane atroas) el
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has a finite value. Furthermore it waas shown by these optical
methods that there is a range of loads (above that required
for closure) for which a closed crack remains stationary. A
further increase in the applied load is needed to propagate the
closed crack. The method based on photoelastic stress pattern
observations was used in‘many stages of the present investigation,
for quick inspection of the load-bearing character of a closed
crack in certain specimens. It was also used to sxamine whether
cracks can close in the epoxy resin used in this study. Crudely
fractured specimens of this material examined between crossed
polaroid sheets éppeared to contain partially closed cracks
which were load~bearing.

To the author's knowledge, this is the first time that

crack closure has been observed at room temperature in an

epoxy resin.
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CEHAPTER 7

RESULTS

Tl Tntroduction

In the present chapter the main quantitative results and
’qualitativo obgervations on the load bearing properties of the
closed cracks are reported. The strain energy release rate
ﬁas boeh chosen as the parameter to represent the load bearing
capacity'of the closed‘cracks.‘ For these results, the strain
energy releaso rate for crack propagation in virgin glaas is
denoted as G o1 the virtual energy release rate againat which
crack closure ocours (1.0. at negative crack velocity) is denoted
as G and ror any aubeequent repropagation of a olosed crack
the strain anergy ralease rate ig denoted by c .bf" ’

~ The results are presented in the form of graphs' of G
versus 1°310V (whera v is the crack speed) for crack ropropagation
tests 'in closed cracks agad for different timas or heat~treated

at a particular temperature, ‘or in the form of G versua agipg ’
time,'dr Gi*'versus teﬁpérature of heat—treatment of the closed |
cracka; where G * is the strain eﬁérgy feleaae rate at the
arbitrary seleoted crack speed of 10~ 7 «. o |
g Other results obtained from experimenta in different

é“Vi’°nm°“tB are shown in the form of flow charta and tables, .
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Values of strain energy release rate wers calculatéd
using equations(6.7) and (6.8). In the case where the applied
load was constant (equation (6.7)) the applied force, P, was

measured and for a pulley of radius R,
FPRewfm

Therefore, in equation (6.7), the product (f m) was substituted
by (F R).

-» A part of the present chapter deals with a special feature,
a faintly reflecting area, which appeared along the plane of

closed cracks under certain experimental conditions.

Te2 Results in air

Figure T.1 and T.2 show the variation of Gr with craqk
repropagation velocity in air for soda~lime-silica glaas spacimens
aged after crack closure for various times and for specimens
heat-treated af 393 X respectively. Results from specimgns
ﬁeat—treated at temperature above 393 K and up to 823 K apﬁear
fo lie on the same curve as those from specimens heat-treated
étk393 K. On these graphs (7.l and 7.2)‘thére are also pldtted
results obtained for the initial crack propagatioh in virgin
sodaélime-silica glass specimens, i.e, values of Gv' As caﬁ
be seen Qxcelleht’agroement with the results of the grigin51 w_j
investigation ofrweidmann and Holloway (1974a) was found.

Bach oxpefimental péihf ;eprgsants the meén value of orack'
velooity,obtained'from atileaat 8kcrack'propagati§n testa:§arr1§d _‘
vbgt-on at least two different specimens Qt a conatant,valﬁo“of G;]f .

The error bars printed in figures 7.l and 7.2 represent the typical
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Closed cracks aged for 5 min
Closed cracks aged for 24 hours
Closed cracks aged for 30 days

Virgin cracks this work
— —Virgin cracks after Weidmann and Holloway (1974a)

o ®© O ©

v

. " S -1
.Gr or Gv/Jm ,

Figure‘7 1 variation of crack'apeed with G and.G in air;

'for agad olosed cracka and for virgin cracks respeotivaly' in ﬁ ,‘

kisoda—llme-silica glass. . SRR,
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o Heat treated closed cracks at 393 K

(o) Heat treated closed cracks at

-1 temperature indicated P

107 e Virgin glass, this work ‘ o L

--—Virgin glass after Weidmann (0)723 K !
and Holloway (1974a) !

dl - —— p—Y —r —t
o o o o o o

-
(@]

6.6 fdm

" Figure 7.2 Variation of crack speed with Gr-and Gv‘inféif;;ror  '
heat~treated closed cracks at 393 X and above and for virgin‘éfaﬁks

respectively in soda—lime-ailicargiaés.
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value of the total scatter in the crack velocity value,observed
under constant value of G or G_.

Figures 7,3 and T.4 show the wvariation of the strain
energy release rate, Gr*, required to cause repropagation of
the closed crack at ~107/ me~t with aging time and temperaturse
" of heat-treatment of specimens of the three types of glasses.
(No detectable difference was observed between results from
experiments with fused and synthetic silica glasses).

- By contrast with the results for the inorganic glasses,
the strain energy release rate, Gr' in crack repropagation tests
in epoxy resin specimens was found to be independent of aging
time up to aging times of.four months. Values obtained for
Gr*,~for unhardened Araldite CT200 were identical -~ within the
experimental scatter - with that obtained for CT200 partially
" hardened with 3, or 5 pph hardener. |

It was not possible to heat-treat specimens 6f epoxy
resin because the softening point of this material is very low,

Specimens can deform even by being in contact with hands.

7.3  Results in different liquids

The flow charts in figureé 7.5a and 7.5b summarize the
beﬁ#viour of the closed cfacksﬂinrliquid enviiohmenté under
certain expérimental conditions. 7

Cracks were propagated in Virgin Float glass specimens
in the specified ligquid atkfoom teﬁperature. -OnApfogressiva ,
unipading howaver, craokkclosure could nof be readiiy obsérved; b
- Observations then\wereyc&rried out pladihg»the-immar;ed 5P9°imen‘k

'between crogsed polaroid‘sheets.,'Whon water was used as the
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- Fgure 7.3 Varia.t‘ilan of ‘Gr*-‘with aging time in air in il

e soda.-limg.'ailica’ 'gla.as;‘, e
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| continued |

Figure .7.5a  Closure characteristics ancracka in liquid

. environments.
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"water-prepared"
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heat-treatment
in alr at 393 X

\

if distilled water was
uséd initially then
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\
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closed cracks
and high scatter
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Figure »l1;5b:, Load bearing properties of clbéqd\cfacka, init;aliy |

¢

, prepared,in_tapvor diatilled water.
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immersion liquid some of the cracks appeared to close over
approximately 1 mm from the originél crack tip, XNo closurs
was observed when other liquids were used. The strain energy
release rate to re-open this short, closed portion of the crack
was 0.14 Im~°. No further closurs could be seen when the
unloaded crack remained immersed in the ligquid. In a number
of Float glass specimens, cracks were propagated in water and
then taken out of the water and allowed to dry and age in the
laboratory atmosphere. Specimens so prepared will be called
hereafter "water-prepared" specimens, and specimens in which
the initial crack was opened and closed in air will be called
"air—prepared" specimens.

Cracks in "water-prepared" specimens closed further as
they dried and aged in air, Interference fringes formed in the
crack plane by the layer of water eventually disappeared., The
lengtﬁ over which these cracks closed was typical of the closed
cracks in "air-prepared" specimens. Subsequent repropagation
of oclosed cracks in “wafer-prepared“ specimens after aging or
heat-treatment revealed that
i) Gr? increases with aging time |
ii)  After aging for about 24 héura,'ci* reachasifhe value
measured for closed cracks in‘"éif-prepared" sﬁecimeﬁs aged
for the same period of time.

iii) "water-prepared" specimens heat—treated a% 393 ¥ showad
a valne‘of Gr*' indistinguishable from that.measured in "air-
prepared” specimens heat—tréatéd at the same femparature. ~Whénb
. tap=water was used for the preparation éf closed cra#ka inatead l
-of digtilled water, theivalﬁo ofrcrt'was'approximétely 3Q%giower  :

~ than in the previous case, and a larger scattéf occured in the
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results. _
Cracks opened initially in liquid paraffin or DMSO and
then unloaded and removed from the liquid did not show any

tendancy to close at all.

7.4 Results in vacuum and in dry'gases

The flow‘chart in figure 7.6 summarizes the behaviour of
closed cracks formed in dry gaseous environments or vacuum.

" The initial craék propagation was made in virgin Float
glass specimens. The strain energy release rate, Gv' wag found
to be 9 Ju-2, In these environments, a small increment in the
v#lue of Gv' resulted in a large increment in crack qued. This
characterigtic and the value obtained for Gv, agrees very well
with published data by earlier investigators (e.g.Schonert and
Unmhauer. and Klemm,1969; Weidmann and Holloway, 1974a; Lawn
and Wilshaw, 1975) for crack propagation in soda=lime-silica
glass. in dry environments. : |

In the dry énvirqnhenta uged in this investigation the
cracks appeared to close down as the applied 1oad was ieduced.
In subsequent repropagation tests,_Gr, was found to be 1.3 Jm 2.

Cracks closed in vacuum and in dry gases were allowed to age
up to 4 hours in the same environment and then tented;  the
previouhly‘obtaihad vaiué of G,y 1e3 Jm.z,waa again obtained;f

If airrwaa allowed into thé_chamber while a specimen

cé;taihing a cléaed crack'ﬁés mbﬁnted onvthe double~torsion
machine but without any external load appliad to the specimen

- some cracks appeared to cloaa further over a few millimetres. '

Subsequent repropagation in air revealed that the strain energy
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release rate, Gr*, for repropagation of the portion of the crack
which had been closed by admission of air into the chamber is
the same as for crack repropagation in an “air-prepared" specimen.
But the rest of the closed crack length, which had been closed
in vacuum, could be re-opened only by applying a much higher
load corresponding to a strain energy release :ate of approximately
1 Jm-z. Closed cracks prepared in vacuum or in dry gases and
subsequently heat-treated at 393 K could be repropag&tod in air
‘ at a load corrssponding to a value of G - 2,2 Ju2 ,i.0, the
value obtained from repropagation tests in "azr—prepared“ specimens.
A summary of the values of Gr’ obtained for different
materials and under different experimental conditions is shown
in table T.1. |
The value of atrain energy rolease rate, G o! against which
an’open crack appeared to close slowly (negative velocity) was

also rocorded for different glasses and in different environments.

Table 7.2 summarizes these results.

PRREN

Te5 Qualitative observations

In the following paragraphs some qualit#five but interesting
phenomena observed in the course of the present studi’aré repérfod.
It héa'beon‘nofed that specimens in whiéh‘crﬁcks'had“.‘

undergohe a repropagation test and then closed again could be ;
allowed to age or be hgat—tfeated and then tested aga1n ﬁithout.
special coﬁcern for the "hiétory" of the specimen, The oniy |
information of significanoe‘i.e. the only "stép" which ihflﬁenced'
the repropagation behaviour was the treatment of the apecimen L

aftar the laat crack closura.
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Table 7.1

* -
Values of strain energy release rate, Gr  inJm 2 obtained for

‘repropagation of oclosed cracks under specified

tagt conditions

Material | | Aging time in air Eﬁvironment

5min 7days 30days water(l)fdry-gas(z)
Float glass 0.25 1,05 1,25 0.14 1,30
Pyrex glamss 0.25 0,45 0,55~ " 1.30
Silica glass = 0425 === 0,35 — —
aralaite c120003)  0.25 0.25 0.25 _— —

7(1) ‘,Réfe?s to‘iebrqpég#tiéﬁ f§ats on 6los§§kc§qué‘formed éhdi
tested ﬂndei‘thg’Samekeﬁvirénment.; »,1 |

(2).‘ Refers to vacuum (10 =3 Nm ), or dried nitrogan, or dried
=  helimm gaa.‘ " ey SERERER N
j;(3)' Refers to pure Araldite CT2OO or CT2OO partially hardenedrf ” ;
f’with up to 5 pph hardener. it
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Table i .2

Values of strain energy release rate, Gy in Im~2 obtained in

crack closure tasts(l)‘under specified environment

Material Water Air Dry gaa(z)
Float glass 0.1 0.17 0.1
Pyrex glgss L — 0.15 0.1
Silica’glass N 0.15‘ o
Araldite cr200(3) —_ 0.15 U —

(i) : The éiaéﬁé weré:cl§sing at a Qeryrsléw réfa'if
(apﬁoximately 107 ms-l). | ; o

‘ (2) ~ Refers to vacuum (10f3 Nm'e), ér driéd nitrogen, or

 aried heliwm gas. i

(3)  ‘Refers to pure CT200, or CT200 partiailyrhéfdéner ﬁith‘ _“117

7 up to 5 pph hafdéner.
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-The above feature of the behaviour permirted econonical
use ofepeedmene particularly of Pyrez and silica which were
available either in small quantities only, or required laborious
preperation.‘ With these materiele up to three cloaure—reprepagetion
cyolee were performed in a eingle specimen.
Ae mentioned previonsly, a microscope lanp was ueed 1o c
facilitate detectien of the crack tip peeition., Hhen the lamp
was operated at high light ontpnt it wae observed that some
of the cloeed cracke exhibited a faintly reflecting erea whieh
extended from the tip of the residual open crack to the tip of
the originel creok. 'I‘he photograph in figure 7. 7 ghows a specimen
displaying this reeture. G f ‘ R i
The faintly reflecting area has been observed 1n cleeed |
‘ oracke on all the materiale examined but only under certain g
circumetencee'~ S \ | Bl | : _ ‘
i) The faintly reflecting area ceuld be eeen either efter a
craok had been opened and eloeed several timee 1n the laberetory Fd?
atmoephere er etter the oreck had been remained opened ror i
epproximetely one minute before cloeure.""i ) "lrfslllldﬁiy

i1) 1t could be. eeen at small anglee, e, of glaneing ineidence.

Whene“wae abovea "criticel" value the faint reflee‘bion oould

iii) All "water—prepered" olosed cracke in gleee dieplnyed the o
faintly reflecting area.J In these pertxcnlar epecimena, the o
feature eppeered as eoon as. the water layer ineide the creosgr
dried out end it was brighter - ae far the humen eye ceuld judga -
| than in "air»prepared“ specimens. :Zlb_;.; 5*,{lf~gia+;¥:a
N | On the other hand, the faint rerlecting area did not eppear ‘4£d

'in epecimens, where the crack formed in air and wae left open 1;, o




ieet
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only for a few seconds before closure, nor in specimens where
the cracks opened and closed in vacuum, or in other dry gaseous

environments.

However, the presence and the appearance of faint reflecting
areas did not apﬁear to influence the values of strain energy
release rate, Gr and Gc.

Once the faint reflecting area has appeared it was not
possible to remove it. It remained, apparently unaltered, after
the specimens had undergone heai-treatment at temperatures above
the softening point of the material (e.g. 973 X for soda-lime-

silica glass and approximately 313 K for the epoxy resin

Araldite CT200).

7.6 Tdentification of the faint reflecting area,

Although the results obtained (the values of crf) were
found not to depend’ on the presence of the faintly reflecting
area, it was thought thét information about the nature and the
properties of this feature might be of importance in uﬁdératanding
the basic processes responsible for the load-bearing of fhg
‘closed cracks.> Several techniques were, therefore, employed . . .
in order to sesk information about the obgserved faint reflecting
area, |

" The possibility of~obta1hing interferencéAoffects ﬁas
sought initially. Specimens with closed cracks Bhowing‘the ‘
"featuie were mounted in the double-torsion machine attached _
to the stage-mounting device for micrOscopic obaervationa. The
illumination system was’ suitably arranged in order to obeerve

. possible thin film'intgrference in reflection. ,Under these : _: 
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conditions, however, it was not possible tv detect any interference
effects in the area beyond the tip of the open orack, although
| excellent fringes were obtained in the open portion of the crack..

Specimens showing the faintly reflecting area wers then
mechanically sectioned by scribing with a diamond pérpendicular
to the plane of the closed crack, and subsequently bending the
specimen. This sectioning was intended to expose a cross-section
of the faint reflecting area to be observed under phase contrast
illumination. If a closed crack, showing a faintly reflecting
area, was in the form of a film whose thickmess was at least a
quarter of a wavelength of the visible light, and its refractive
index was slightly different from that of the bulk glass, itl
ought to be resolved by this technique. But the results were
again negative: no optically detectable feature was found to
correspond to the position of the reflecting area (even under
phase cbntraet'illumination‘of the sectioned épécimena).

Sectioned surfaces normal to the plane of the faint
reflecting area were sputter-coated with gold and then examined
in a scanning electron microscope (Cambridge 84 - 10). But
again nothing could be seen, even when. the scanning electron
mioroscope was operated at high magnificatibh where the resolving
power was about 250 .

The conditions under which the faint reﬂecﬁng area
appears, in conjuction with the results of the above attampta ‘
would be explicable if it were assumed that the raint reflectiﬁg
area is a film whose thickness is & vory amall fraction of the
wavalength offvisible light. «Also,'the fact that'the feature
could bo seen only at small angles of glancing incidence auggeat3 J :

that the effect is related to the phenomenon of frustrated total -



159

internal reflection.

The frustration of total intermal reflection occurs when
electromagnetic radiation is incident on a sequence of media:
dense-rare-dense at an angle greater than the critical angle
at which total internal reflection would occur at the first
dengse-rare -interface. When the thickness of ths rare medium
is less than about a wavelength of the electromagnetic radiation,
a fraction of the incident energy is transmitted into the third
medium (dense) rather than all being reflected at the first
dense-rare interface. The amount of the transmitted energy is
determined by the thickness of the rare medium; the smaller the
thickness the greater the transmitted energy.

The circumstances under which the faintly reflecting area
appears may suggest that this feature is due to adsorption and
subsequent interaction of environmental species, water molecules
in particular, on the freshly produced crack surfaces. A
discussion on the nature of the faintly reflecting area is-
presente& in the next chapter. As a matter of brévity the

faintly re:lecting area will be called hereafter £ilm.

Te7 Estimation of the thickmess of the film.

An estimate of the thickness of the film can be made from
heasurements of the relativerintensity of 1ight,;R, :eflected; o
from the f£ilm if the film is assumed to be a 1ayof}of unifofg‘
refractive index, n,, between two glass plates of réfracti#e‘
index n 2! (n } nf) - The expreasion which relates R with the

thickness of the ﬁlm, d, 13 : . S
*  The derivatxon of this axpression is given 1n the appendix III.
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R - S [((n cos8)’ - (8,2)")% + ((2,2)% = (n coee>2)2] (7.1)

where 1
n =
Z = [(35)2 sin’e - 1]2 (7.2)
where © is the angle of incidence and ) is the wavelength of
light.
. The mégnitude of R can be determined experimentally, €
and n, aré kmown but the refractive index of the film, ney is
. unknown. It is posgible however to assume reasonable values
for the refractive index, npy 80 that caloulation of the f£ilm
thickness becomes possible.
It has already been hinted that the film is probadbly due
to adsorption(and subsequent interaction with the glass surface)
of water molecules and because it apﬁeared in all the examined
materials it can be argued that the film has the same optical
properties in all the materials examined. Clearly, the film
in silica glass must have a refractive index lower than 1.46
(= n, of silica glass). In the present discussion the film
thickness will be calcualted for two extreme values of nfy: 1.45
‘and 1.35. | ' |
“In pract;cg tho experimental measurement’of R proved
to be far more difficult than. . was thought initially: A Float
glaﬁs sample exhibiting the film was mounted onvthe*table of
a simploAbanch spectrometer ﬁith'tha direction bf the film léngth‘
- normal to the stage of the apectrometer. Intense light was pasgsed’
through the :collimator onto the film and~the~faint‘réflectian ;
was detected thrdugh ththelescope of the instrumant.z Measurementa
of the light intensitiea were made with an electronic photometer .”

However, early attempts to obtaxn a measurabla intensity’

* (dS exposure meter (Watson & sons Ltd)
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of the light reflected from the film in "air-prepared" Float
glass specimens failed., This major probdlem was overcome when
"waterupreparad" Float glass specimens aged for over 30 days
and which exhibited relatively brighter films were used.

The angle of incidence (air-glasg interface) was chosen
arbitrarily so that the angle of incidence @ corresponding to
the glass-film interface was 75°. Unfortunately it was not
possible to investigate the variation of R with the angle of
incidence: on rotating the table of the instrument (and of
course the telescope abowut their common vertical axis) the
reflection could not be received through the telescope. This
was probably due to the faot that the plane of the film was
not perfectly aligned with the vertical axis of the ingtrument,
But for small rotation up to X2° no detectable difference could
be observed in the value of R,

The mean value of R abtained under these conditions from

six mqasurements on two different specimens was
R=(12%0,3)x107%

Solving equation (7.1) for d and using this value for R
and © = 75°, n, = 1.51 and A= 555 nm it is found that
d; = 5.6 f0.8nmm if B, = 1,45 and

+ ,

dy = 3,2 = 0,5 nm  if n, = 1,35

Certainly, the value of R for "air-prepared® apecimens'
should be much smaller than that measured adbave in “wateruprepared“
closed oracks, go if it is aseumad that R = 1 x 10™ the valnas :
of d becoms dl =1l.8om - ° and d2 - 1,0 nm _ respectively.

The above values of d must be regarded as rough approximationa .

only, The assumptions made throughout the calcualtions and
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particularly the intrinsic difficulties encountered in the
measurement of R prevented any accurate determination of the
£ilm thickness and any hope for examination of a possidle
f£ilm "growth" or change in general terms with aging time.

It nmust be emphasized that the assumed £ilm would not
be necessarily a single layer of material of uniform refractive
index deposited on the fracture surfaces of a closed crack as
assumed in the calculation above. There are reasons to believe
that the film is due to compositional changes occurring in the
glass near the fracture interface and due to the adsorption
water from the environment. Further discussion on this matter

is given in the next chapter.
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CHAPTER 8

DISCUSSION

8.1 Introduction

In this chapter results and observations reported in the
part II of this thesis will be discussed and a possible
interpretationvwill be sought.

Initially the results reported by earlier aunthors are
discussed briefly and this is followed by a consideration of v
several mechanisms which might have been thought to be responsiblé
for the formation of load-bearing closed cracks. Then the
~ phenomena associated with the interaction of water with glass
are discussed briefly and this leads to an attempt o intarpret
qualitatively the load-bearing properties of the closed crack’,
in terms of the chemical reactivity of the water-glass system..

The éoncluding section,‘bothvof this chapter and of this’
thesis summarises the main conclusions that can be drawn from

the studies of part I and II of this thesis.



8.2 Previous work

The methods and observations of earlier investigators on
crack closure are reported in chapters 5 and 6., Among them
there are two investigations in which guantitative results on
"crack healing" are reported and, as has already been mentioned,
these results are believed to be unreliable. Reasons for this
belief are given below where the experimental procedures used
to obtain these results are discussed in detail,

Cheesman and Lawn (1970) reported an inveétigation on
closure and healing of Herzian cone cracks (figure 1.3). 4
Herzian cone crack is produced when the surface of a relatively
brittle material is indented by a small hard spherical indenter.

The radius of mutual contact between the indenting and indentsd

materials is given by

s = /3 o (8.1)

where P ig the load on the sphere, and k is avfuncticn of the
radius of the indenter and -the elastic constants of the indenting
and indented materials. ' | R |
- At aome critical load, P o' the elastic 1imit af the speciman,
is exceeded. 4As a result a circular crack initiates just outside
the mutual contact zone ghich propagates into the bulk of ihe
specimen fo?ming g‘conq-ehaped crack. Cloaure aﬁd “haaling” ,
Of'fhese crackswerestuéied by‘Cgeegman and Léﬁn in soda.lihe_v
silica glass under normal laboratory conditiona. Howévar;ron )
unlpading,rihese cracks did not showvany t°nm&ncy_t¢ dis&pp;gi'
Then tho authors aubjected the cone cracks either to a o
Conmreeaive stress or to hoat-treatment, where ‘upon some of the

cone cracks closed and,showed load-bearing propertiea. In the
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first case, unloaded cone cracks were subjected to a compression
by a larger ball indenter so that the whols cone crack was within
the compressive zone induced by the large loaded indenter.,

After maintaining the compression for some time = up to 3 hours -
the large indenter was replaced by the original (smaller) cne

and the loading cycle was restarted.

In the second case, freshly formed cone cracka were heat-
treated in a nitrogen aimosphere for various times. The
temperature of heat-treatment ranged from 473 1o 873 X and
the duration of heat-treatment ranged from 1 hour to 7 days.

In order to characterize the “"degree of healing" which
might bave occured, Cheesman and Lawn introduced a "healing
parametef", H, defined as the ratio of the critical contact,
radius a . at which the treated crack re-appeared- suddenly,

to the critical contact radius, Ry at which the c¢one crack

developed originally, i.e.

2c2 ~
i=a, o (8.2)

~ Genuine healing as defined earlier in this thesis i.e.
total restoration of the original structure and bondihg,fwéuld
give H = 1 and zero healing H = 0. Genuine healing waa never
obsefved.' Fof‘thrée cone cracks aﬁbjoctdd to a cbhprbssion
‘the healing parametef foﬁnd iojincreasé‘rrom 0.7 to 0.8, az
‘the duration of compression increased from 10 s %o a fow hours.

No systematic results iefe'obtainedkfroﬁ’ezﬁérimenta on

heat-treated cone cracks. For instance, for thrée‘coneﬁcfaéké‘
heated at 473 K for cme hour, the healing paramoter was found to

be 0.87, 0.79 and O respectively; for another met of thres cracks
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heated at 673 K for 24 hours, the healing parameter was found
to be 0,64, 0.83 and O respsctively.

In the author's opinion the definition of the healing
parameter, (equation (8:2)), is rather misleading, that is, it
does not represent the load bearing capacity of the closed
cracks. It can be argued that the ratio of the fracture energies,
G, gives a mich better indication of the "degree of healing"
than the ratio of radii of the areas of contact. In this case,

because GeCPcz and P < a°3 the load bearing capacity can be

defined as
G, | |
2.6
how=ta (7 : ) 8.3
G 2 - &)

It is obvious that the values quoted by Cheesman and |
Lawn for H will be reduced if the above definition (8.3) is
adopted. For example a value bva = 0,64 would correspond +to
h = 0,068 and a value H = 0.9 would correspond to h = 0,53,
Despite the fact that the actual guantitative results quoted
by Cheesman and Lawn are inconclusive, they do suggest that time ’
and temperaturs improve the adhesion between the opposite crack faces.
- Perhaps, more ¢omparable with the present work is the.
work of Wiederhorn and Townsend (1370). Tha‘oxperimental :
proceduro'adopted‘by these authors was as foilows.‘ Small
cracks were'initiafed'ih soda~lime~silica microscope slides by
a mothod similar to that desoribed in the present thesis.'-cfagk
growfh and clogure were induced in -two difrerant‘vays. Firatly,
the cracks were rcrced to. propagate in doubleutoraion @nda by
hand manipulation of the specimena in air or in an atmosphere
of "superdry nitrogen".. These’ cracks ware obaervad to close

~ partially as the force appliedvby the fingers was removed.~»
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Secondly,specimens were placed in a small chamber containing
"guperdry nitrogen" and "shaken randomly". According to these
authors, this mechanical shock resulted in an extension and
rapid closure of tbe short pre-existing cracks.

Specimens containing closed cracks formed in these two
ways were teated in a double-cantilever cleavage machine in an
atmosphere of "superdry nitrogen®. The energy required to
repropagate these closed cracks could not be calculated directly
as in the case of virgin specimens, but special fechniques had
to be used. There were two problems encountered in Wiederhorn
and Townsend's work. Firstly, the cracks always deviated from
the midline of the specimens towards one side, figure 8,1,
Therefors in repropagation tests the crack had to follow the
pre-existing off-the-midline direction. The authors aassumed
that the fracture energy at the point B (=ee figure 8,1) for
instance, for a crack repropagating along the curved line AB
is equal to that when the crack propagates along the siraight
line CB. So they carried out calibraticn measurements an
specimens contéining cracks lying varying distaﬁcﬁs, d;:away 
from the'midline of the specimen, The results from thé calibration
measurcments were uged to "correct" the fraoture energy obtained
from the reprop&g&tion of the curved cloaed cracka.

The second problgm arose from the shape of the front‘of the
‘ cloéed cracks. The‘sha§e of tﬁq crack front as dapicted:ky : ”
Wiederhorn and wansend,;figura 8.2, reacembles that of the‘
double-toraion cracks i.e., there is always a web of ﬁnbroken o
glass of considerable thickness near one surface of the apecimen,
- S0 that when the specimen was loadad in the doub]ecoantilevar

- cleavage configuration, both the closed portion and the unbroken
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Actual Assumed
path of equivalent
the ¢rack path

Figure 8.1 Diagram illustrating method of correction for
out—of-midpléne'crack propagation used by Wiederhorn and

Townsend (1970).

 Healed surface

“Rib marks  Fresh surface.
. Figure 8.2 = Sketch of fracture surface obtained by Wiaiiérhom ,

and Toﬁnsen«i (1970).
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glass web were being opened. Wiederhorn and Towvmsend estimated
the fraction of the total energy used for repropagating the
closed portion of the crack by measuring the thickneas of the
unbroken region after the specimen had been completaly cleaved.,
The so-obtained values were 2.3 z 0.3 Jm-2 for cracks induced
by mechanical shock and 0.2 £ 0,2 Ju~2 for cracks induced by
slow loading. |

A direct comparison of these results with those found in
the present investigation is very difficult indeed. The high
value of fracture energy for repropagation of cracks which were
closed quickly in a dry environment i3 ~ 4 times higher than
that found in the present situdy in closed cracks formed (vy
relatively slow loading) and repropagated in vacuum or in a
dry gas. However it cannot be appreciated whether the high
value of fracture energy reported by Wisderhorn and Townsend
| ia dus to the higher load bearing capacity of the closed cracks
or iz a product of the complex experimental procedures and
correction methods used for the calculations of the fracture
energy. On the other hand the error quoted in the lowet value.
of fracture energy 0.2 ¥ 0.2 Ja 2 ihpliesvthatvsome of the
clesed eracke were not lead~bearing at all. This is another
‘reason fhatVEakes'theae raaulta'open to doubt. In the present
inveatigation no crack was found which closed in air or in
vacuum or in a dry gas and which was not load-bearing. All
cracks closed under these conditions exhibited measurabla 1oad-.
bearing capacity. | | |

Unlike the earlier reported resnlts in glass,the results
: reported by previous authors for the 1oad bearing capaci+y of

closed cracks in mica seem to be more comparabla with those .
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obtained in the present work: ’Namoly,Bailey (1961) reported
that in the case of crack repropagation in mica in air,the
fracture energy was G, = 0.5 In~%ata crack repropagation
velocity of 2 to 3 x 10"5 ms-l. As shown in the graph of
figure 7.1 the value of Gr for freshly formed closed cracks
in soda~lime-silica glass corresponding to crack speed of

2 to 3 x 10.5 ms L ie approximately 0.5 Jm-a, that is, the
same as that found by Bailey in mica. Bryant (1962) reported
that in mica crystals the value of G, is 0,3 Jn™>. This author
did not report the speed of the repropagating cracks, tut he
poiﬁted out that more rapid separations’required more endrgy.

Values of G, in air reported by different authors (including

the present one) for different materials are summarized in

table 8.1.

Table 8,1
Investigation Material - ‘gr / Jm-a

at~10"7 ma™} at~10" me~! unspocified

Bryant (1962) mica — — 0.3
Batley (1961) mlea = 05  —
Preéent work Float glass 0.25 - 0,5 e
Present work  Pyrex glass 0,25 — LT
Present work Silica glass 0.25 0.5 S
Present work ~ Araldite 0,25 e i‘ - ‘° —

In view of those results it will ba argued later in this ohaptar B

.that the initial load bearing capacity of olosed cracks in a
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variety of materials can te explained by a common mechanism
independent of the test material. The subsequent development
of the load-bearing capacity of the closed cracks (i.e. the
rate of change of Gr* with aging time and wi£h tomperaturs)

is dependent upon the nature and composition of the material.

8.3 Discussion of possible mechanisms for the formation of

loadnbeafing olosed cracks,

a) Initial 1oad-béaring capacity of the closed crack.

The value of 0" = 0.25 Jn"> measured in freshly closed
cracks in air was fouﬁd to be an order of magnitude smaller
than the value of Gv (~2.5 Jm—2) for crack propagation in
virgin silicate glaeses. This fact alone can rule out: the possibility
that genuine crack healing can te responsible for the load~bearing
capacity of the closed oracks in air.

It has been argued in chapfer 5 of the present thesis
'thétkéfmospheric'contamih#ticnkof the crack faces can e a ma jor
obstacle for the occurrance of genuine crack healing; For the
cracka formed by slow 1oad1ng in air it is cartain that the
crack faces are contaminated goon aftar»they are formed, It
appears intereasting to calculate the time, t, taken for a
monolayer of gas molébuléﬁ fb adsorb on a freshly'formed‘éfagk'
surface at a distancé L from the crack opening, figﬁfe'8.3.

In the calculation below it will be assumed for simplicity that

a double-torsion crack in glass held under load is auddenly :
exposed to a gaseous atmosphere and that each molecula striking
the surface is permanently adsorbed (i.e. the sticking coefficient 7
is 1).
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Figure 8,3 Illustration of portion of double-torsion ecrack

length showing depth L and width r of the crack.

Under these conditions the time t is given by the Clausing's

relation (see Hordon, 1966) as:

% w g({_:)z = (8. 4)
whera L and r are the depth and the width of‘the crack
respectively, figure 8.3, A,is the cross sectional area of the
gas ﬁolecule and n is the rate of impinging moleéulés. Thé
kinetic}theory of gaaéé éhowé that |

' , ~l v ‘ ‘ :
n = 2.24 x 20°4 P(u) % molecules m™2 s”F  (8.5)
where P ié the partial pressure (in Nm-z) of the gas specieé
of molecular weight M, and T is the absolute temperature.~
For water molecules A~ 2 x 10717 mz,’ M= 18, |
P 1.5 x 10° Fa™ at T = 300 X (assuningrolative humidity 50«;&)
For the geometry of the orack used L = 1 mm and r 0 01 mm.:!'

_For these valnes, equation (8.4) gives that t - 3 x 10 -4 aeconds.
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It is pointed out that this time is the time required for water
molecules to adsorb on the deepest parts of the crack walls.
Faturally for areas of the crack faces cloaser to the crack
opening the adsorpticn time would be considerably smaller .
It is therefore practically impossible to form and preserve
virgin fracture surfaces in air, which would promote genuine
healing to occur between the crack walls,

In the case of cracks formed in moderate vacuum ('«10'"3 Nm-z)
where the partial pressure of water vapour is ~1070 ym2
(at T = 300°K) equation (8.4) gives that the time required to
- adsorb a monolayer of H20 molecules is approximately one hour**.
This suggest that it is possible in vacuum (or in a very dry
gas) to avoid excessive atmospheric contamination if the time
for which the crack remains opsn ié confined to a few seconds.
Thig is turn suggests that if the crack faces are atomically
smooth over large areas, restoration of atomic Yonds ¢f the
opposite crack faces, i.e. partial genuine healing can, in
principle, take rlace. So .that the relativelykhigh value of
Gr* observed in cracks closed in dry gasea or in vacuum
(qr* = 1.3 Jm-a) may be due to partial genuine healing. Further
discussion of this issue is presented in a later section of
this chapter.

Returning to the adsorption of water holecules on the f
crack faces in air, it can'be speoulatedvthat aftgr the furmétion*

of a monolayer, additional molecules may be adsorbed dépeﬁding”on'

* In fact, it is found that the time required to form a monolayer
of water molecules on a planar surface under the same conditions :
'is about 1/1000 of that calculated by equation (.1),

*%* In practioce, it is expected that the tima, t, will be
consideradbly shorter than that, due to the fact that the vacuum

‘used was not static; the diffusion pump had to remain switched
on oontinuoualy in order to maintain the pressure at the level

of 10~ 3
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the.relative humidity of the atmosphere., It is not yet clear
what determines the adsorption of subsequent molecules,and

also if there is an equilibrium thickness for a given experimental
condition. McHaffie and Lenher (1925) have reported that at
relative humidities ( 50% only one monclayer of H,0 is formed
on a glass surface but at relative humidities ) 504 the number
of molecular layers increases dramatically. For example at
T0%, 90% and 100% relative humidity the number of molecular
layers of H20 adsorbed at room temperature is 5, 20 and 180 in
the order given, What is more plausible though ias that during
crack closure a number of water molecules already existing in
the space between the crack faces will be adsorbed on the crack
faces. 1t is therefore reasonable to assume that a closed
crack in air at room temperature which had remained open for
very short time (say 1 s) contains at 1easf three molscular
layers of water molecules between the crack faces.

In this connection it may be thought that the capillary
attraction of the opposite surfaces due to the water adéorbed
(condensed) inside the crack may be responszible for the initial
load bearing capacity of the closed crack. 7 |

This mechanism (the capillary attraction) has been proposed
in the past fo explain the adheaion observed between glass beads
or betﬁeeﬁ flat glass surfaces (Stone, 1930; Raylaigh,71937).
Sucﬁ a mechanism however canﬁot account for the phenomena obaérveﬁ
in this study: The measured value of Gr“:in air is;é:factorvéf
2 larger  than that expected from surrécetanéionvphenémena
(surface tension of water is 0,073 Jm-z).r Also;cracka unloaded
in water appeared td cloae‘oﬁor»ahort disténces t4\)1‘mm) and ‘

gshowed load bearing properties (Grf in water = o14 35-2 .
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Naturally, surface tension forces are not expected to operats
when the crack is completely immersed in the ligquid. On the
other hand a phenomenon has been observed which may favour the
surface tension hypothesis to some extent: Freshly "air-prepared"
closed cracks, when immersed in water open slightly over a few

mm. DPut closed cracks aged for as short a time as 30 minutes

did not show any tendancy to open under water even when they

are stored under water for over one year. This phenoménon is
consis&ent with the observed values of Grf and .2

The value of G; at which a cloged-in-water crack starts

2

propagating is 0.14 Jm . However, the value of Gc against

which a crack closes.in air is 0.17 In~2, That is, the stress
intensity at the tip of a closing crack in air is higher than
the stress intensity at the tip of a repropagating crack in
water. The excess of the stress at the crack tip is releaved
upon immersion in water by repropagation of the (immersed)
closed crack, A physicochemical interpretation of this
phenomeﬁon will be attempted in a later paragraph,

b) Rate of increass of Gr*.

Two mechanisms will be considered here which might, in
principle, be responsible for the increase of Gr with time‘and
- with temperature of heat-treatment: ‘both would result in a
gradual ihcrease:of the real area of contact between the
opposing crack faces. | 4

Firstly, the possibility that air trapped fetween the
crack faces during crack closure may migrate out of the crack
as time progresses or temperature is raised so that the real

area of contact increases is considered.

However the observed rate of increase of Gr* WOuld'roquire
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that a large amount of air migrates out of the crack at rates
dependent on the composition of the glass, As a matter of fact,
air pockets of various shapes and sizes have been observed in
#11 the materials examined when the cracks were unloaded and
closed very quickly; but once they have formed they remain
indefinitely #nd unaffected from aging or/and from heat-treatment
(even at tempefatnrea above 800 K) until the cracks are re~opened
and oclosed again at the normal slow rate. The value of Gr*
for repropagation of closed cracks exhibiting air-pockets was
" found to be smaller than that measured ir normal specimens
(depending on the pize and density of the air pockets) but the
rate of increase of Gr* was identical to that in normal specimens.
It is therefore unlikely that the considered mechanism was
responsible for the increase of the load bearing capacity of
the closed cracks. |

An alternative mechanism which may be thought responsible
for the increase of Gf*’and which would also result in an
increase of the area of contact botwéén'the opposing crack
faces is the following? F?acture is often prodncea surfaca
irregularitios (asper;tias) and shear "lipa" at the crack edgsa ,‘
as the reault of the plastic deformation of the material,
fignre 8.4. So that when the crack oloses, under the action .
of tha relaxing elastic stress field arcund the crack tip 7
‘ contact 13 mada only between the asperities on the opposing
crack faces. As time progresses or temperature increaaaa tha’
: actual area of contact between each pair ct asperitias should
~“increase due to. the creep of the material. Whether the 1imited

' amount of plastic deformation that 1ass is asaumed to nndergo :  “

~can rosult in the formation or such features in a sub-microscopioAv'ftj
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Figure 8.4 Schematic representation of the contact between
two bppositb crack faces pcassssing"'hypofheticalr surféceh |

,irragularvitiés (a) and shear "1lips" (b). Plastio deformation

at the points of intimate contact would result in incréasing

the real area of contact.
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scale cannot be ruled out and it is therefore worth considering
the possible influence of small asperities and shear "lips" on
the rate of change of Gr*.

However if this mechanism of gradual increase of the real
area of contact operates, then the closed cracks ought to close
further during aging or heat~treatment. Such a phenomenon has
never been observed even after heat-~treating the closed cracks
at a temperature above the annealing point of the material (813 KX°
for Float glass, 838 K for Pyrex glass).

Also, although the three silicate glasses differ substantially
in chemical constitution their elagtic, plastic and creep
properties are approximately the same. Therefore the rate of
increase of Gr* would have been expected (in view of the mechanism
congidersd) to be the same in all these glasses. Bat it is
obvious that this is not the case; the rate of increase of Gr
is drastically different from glass to glass, figure 7.4.

Finally, an experiment was carried out to investigate
directly the possibdle influence of the shear "lips" on the rate
of change of G_. '

A number of Float glass specimens containing closed . cracks
were prépared; gome of them were etched in~ﬁ$‘HF“ for 5 to 30s
and the others were nsed'§5100ntra1 apecimens."Afterbetching'*“
some of the specimens were stored in the laboratory gir’gnd~'

" others were heat-treated in ai:‘at 413 ¥, In‘eﬁery caga sﬁécimens
from the c§ntroi group were treated together with the étched
specimens., Aftér completion of the goelected ﬁreatmeﬁt, cfack‘ 
repropagation‘teats:were'carriad out in all the speciﬁens.‘ The
regulta obtained tro@'etched specimené ware indiatiguis;$1a  »

. from those obtained fromvthe control apecimeﬁs.j
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Observations under the cptical microscope before crack
repropagation and also after complete cleavage of the etched
specimens,revealed that etching had removed a considerable
volume of glass at the edge of the crack. In particular, the
width of the crack line on the specimen surface was 5 to 10 um
and the depth of etching inside the crack was 10 ~ 30 um
depending on the duration of etching. It is plausidle that
the etched-out glass volume at the edge of the crack must have
contained the shear lips (if any). The results showed clearly
that the assumed sghear lips do not influence the rate of increases
of G; with time or with temperature.

In conclpsion,theﬂwo mechanisms considered are not believed
to contribute. to the process responsible for the observed increags
of the locad bearing capacity of the closed cracka. Toth mechanisms
require that the rate of increaaa,cf‘cr* is independent of the -
chemical consitution of the silicate glasses. However the
results of this work showed élearly‘that there isg a strong
link between the rate of‘inCrease of Gr* and the chemical
Qompqsitionlof,the glass, v‘ ‘

4 | In‘a'latar,aection dfkthe~preaantjdisc§ssién it will be
proposed that the rate of increase of G with,tims aﬁd”witn;
' temperatufe may  be explicable in terms of ion exchange pheh§maﬁa e

occurring between the zlass and the adsorbed water mc‘lecuies.
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8.4 The water-glass system

It has been argued that water molecules adsorbed on the
fracture surfaces of a closed crack in air can form a thin film
gseveral molecular diameters thick and which is in effect responsible
for the observed lcad bearing capacity of the closed cracks in
the materials examined. It appears therefore interesting to
seek possible ways in which the adsorbed water between the crack
faces of a closed crack can lead to a load bearing interface.

The literature on water-glass surface system is immense
and dascribe phenomena ranging from simple physical adsorption
to elusive effects such as dissolution of the glass structure
and even the production of new forms of water. It will not be
the taslk of this section to give an account of the pkenomena
associated with the contact of water with glass; instead some
of these phenomena which are believed to be the moat intereasting
(and indeed fascinating in the author's view) and which would
help to understand and perhaps interprete aomévof}the phonomana
observed in this study will be touched upon and only briefly.

It appears as though . most authorities in the field'genérally
‘agree that silicate glass surfaces (silica,glasa surface in
particular) consist of isolated SiOH groups, hydrogen-bonded
Si0H groups, internal (subsurface) SiOH groups and molecnlarly
adsorbed water molecules hydrogen bonded to tha siOH groupa.
The relativa amount of these different groups on glass surfaéeé
ia dependent mainly on the "history" and environmental_conditiona
' (tamper&turs, humiditj). '(Ahderson andywiékersheimg 1964; S
Boutin and Prask, 1964 and also reviaw by Doramus, 1973)

Reeearch to data on the adsorption of water on ailicgfa

-glaases has resulted in the publication of a great deal. of
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evidence that the adsorbed water must be multilayer before bulk
phase properties can be detected. The evidence originates from
spectroscopic studies, principally infrared, nuclear magnetic
resonance, and disleciric measuremenis from which the
characteristic spectra, relaxation times estc of the adsorbed
water were found to be substantially different from those of
liquid water. For example McCafferty and Zettlemoyer (1971}, -
Kier and Zettlemoyer,(1977), have found that the dielectric
relaxation time of adsorbed water was dvcreased from 1 s to
10-43 as the thickness of the adsorbed film increased from

one to several moleculgr diameters. These figures were compared

1os for water in the

 with the dielectric relaxation time of 10™
liquid phase. Also, fhe nuclear correlation times for the water
adsorbed on silica surfaceswere found to be 2 to 4 orders of
magnitude lower than for liquid water indicating atroﬁgly that
the mobility of the adsorbed water molecules was restricted
(Michel, 1967). Many authors have taken tha view that the

firét fow moiecular layers of the adsorbed water or water
adsorbed inside narrow pores ( ( 10 nm in diameter) is forms. .

an oriented hydrogen-bbnded'netwérk which éould be more
appropriately modelled by an ice-like structure and several
models depicting the hypothetical strusture of this hydrogen=
bonded ﬁetwéfk of H,0 molecules ﬁavo Yeen §r§posed*. E

But the most important characteristic of the water-glass

system is the chemical reaction of water with the glaaé;which

# Different aspects cf the hydrogen bonding of water molecules
in close proximity with silicate and other oxide surfaces are
reviewed by H.,Knozinger, and also by L.Sobeczyk, H.Engelhardt

and X,Punzl, 1976 in "The hydrogen bond-recent developmente in
theory and experiment® Vol. II and III. Edited by P,Schuster
G.Zundel and C,Sandorty, Forth Holland Publishing Company. ERE
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often leads to severe deterioration of the glass surfaces. The
tremendous amount of experimental work carried out in this field
has revealed that dramatic changes take place on the glass in
contact with water (atmospheric or liquid water) but the actual
mechaniem of the chemical reactions are virtually unknown and

only tentatively proposed. The various models involve a diffusion
of water in the form of hydrogen B or hydronium H3O+'into the
gsubsurface layers of the glass by an exchange process with the
mobile ions present in the glass such as rat or K+. This situation

18 usually depicted schematically by a reaction of the form*
+ + + -
Fa' (glass) + E,0 —>H (glass) + ¥a~ + oH (a)

Under many conditions of service the OH and Na' ions
are removed from the reacting system (for example, by rain
against a window pane), Further reaction then requires the
slow diffusion of alkali iona from the interior to the surface
of the glass and thus the rate of attack of the glasa gradually
dscreases. |

Under some conditions however the ions produced by the
reaction (a) may remain in contact with the glass; the silicon-

oxygen bond can then be broken by the reaction

glass =51-0~5= + OH —>-glags =Si-0- + Si-OH (v)
The rate of these reactions determine the chemical durability‘.
of the particular glass. Various empirical methods exist to

classify the chemical durability or ﬁaathgrabilityi>ofrglaésesf

in terms of their rate of dissolution or on their

- % . Detailed chemical reactions have been proposed by Charles = -
(1959),see also recent reviews by Deremus (1973); Hench (1975);
Hench and Clark (1978) and Lanford, Davis, Lamarche, Laursen and
Grolean (1979). - P D A
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optical appearance under certain experimental conditions
(Walter and Adams, 1975). Glasses with high proportion of
metal oxides (Nazo, X,0 etc), such as typical soda~lime-silica
glass, are found to be less resistant to chemical attack by
water than other glasses with small proportions of monovalent
metal oxides such as Pyrex and silica glasses.

Recent studies on the composition of the glass subsurface
layers using newly developed techniques revealed mtriking
phenomena. Pentano, Dove and Onoda, (1975, 1976) examined the

chemical compositions of commercial soda-lime-silica glaas as

a function of the depth from the surface using Auger Electron
Spectroécopy (AES). Four types of surfaces were examined:
a) "as—received"qsufface: b) ion milled‘surfaoo; ¢) ion milled
surface and then exposed to the atmosphere for 5 minutes;
d) surface exposed to water at 394,5 K for one hour,

The results in each case are shown in figures 8.5 to 8.8.
It is evident that weathered glass (type a) showed &n excegs of
Na20 and Ca0 at the first few layers of the surface and the bulk
composition was not resumed until the dooth was about 900 1.
The ion milled surfaces which in fact Wero‘eiposod'iﬁ vacuum
for 45 hours showed an “anomaIY" at the first SQ %, in the sense
that the amount of Na,0 and Sioé was not what was a:peoted for

2

a pristine surfooe. The authors bslieved that this dovio.tion

from the bulk composition was due to a traoe of water vapour

inside the vacuum apparatus and which in fact was detacted hy
a residual gaa analyzer. Exposura of ion milled glaas surfaces
to atmospheric air resulted in dramatio oompositional changea

- and it can be seen in tigures 8.8 and 8.7 that the composition

~of the subsurface layers of this type of eurfaoe is llko that



I Commeécial Soda-lime-silicate
100 Glass ‘

80} Si0

GQ 5

40t

Ca0
20 .
. azo .

200 400 600 600 1000 1200 1400 1600

Depth in Angstroms

184

Figure 8.5 Compositional profilea for an as-received soda~lime-

gilicate glass gsurface, After Pentano et al (1975)-

Mole percent

100& | lon-milled spot o
_ : | Exposed 45 hours in vacuum
80~ .
; Si0
60} 2
L0t :
20} s
C?‘rf i) \‘CaO

200 400 600 800 1000 1200 1400 1600

Depth m : Angstroms -

'Figure 8. 6 COmpoaitional profiles for an ion-milled‘surraéa éff

a soda—lime-ailicata glaas after 45 houra expoeure to a vacuum -

of ~ 10-'0 Nm-2

After Pentano ot al (1975).



100
T ®
o
2 60
L 40
=z

20

Figure 8,7 Compositional profiles for an ion-milled surface

of a commercial soda-lime-silicate glass after 5 min exposura

to laboratory air
(1975).

100
‘E .
§ 80
@
Q. 60
v

5 40

=

20

 ‘Figure 8.8 Compoeitional profiles for a commercxal soda~11m9~

silica.te glass surface after one hour exposura a.t 394.5 K m

. \.v“A’ . ,'»—" . 3
e Naj0

400 800 1200 1600 2000 2400 2800 3200

lon-milled spot

Exposed 5 minutes to air

\Aa,o —

200 400 600 800 1000 1200 1400 1600

Depth in Angstroms

at room temperature. After Pentano et al

Commercial Soda-lime-silicate Glass

\ After ASTM Test

SiO2 n

ca0

_Depth in Angstrcms'

: 1ow-conduotivity water. After Pantano ot al (1975)

185



186

of the "as-received" samples. Finally, exposure of glass
surfaces to water at 394.5 X (ASTM test) resulted in considerable
changes up to a depth of 1500 %. These authors‘claimad that
their results agreed well with previously published results
obtained from either AES or from other spectroscopic techniques
such as secondary-ion mass spectroscopy (SIMS).

In a recent review article (Hench and Clark, 1978) it is
reported that there exists experimental evidence to support the
idea that glass articles in intimate contact can be more easily
weathered than a free glass surface exposed to the same environment,
and also, that freshly fractured surfaces showed signa of selective
leaching and higher rates of ion exchange than other types of
glass surfaces.

That fracture surfaces are much more easily attacked by
water in'generalfi;kalso indicated by the results from durability
tests of Walters and Adams (1975): The amount of Nazo per unit
aréa "generated" by fracture surfaces of a borosilicate glass
treated at 325 K at 984 relative'humudity for 20 days was six
times higher than that‘"genarated" by the surface of drawm
glass under identical test conditions.

" Also Gossink and Werner (1979) have reported that b&
using the SIMS analysis they found that the conpentration‘éff:
impﬁrity atoms of Na+ and K* in the first two atomic layérs‘éf
the surface of an "as-received" silica glass was 100 times -
higher than that found at depths of ~ 100 2 (which wag 4 and |
2 ppm respactively) By etching the samples for 10 s in 409 HF
they found that the bulk concentration of the impurity atoma -
is detected at a depth of ~20 X from tne surface. |

 Finally, it is felt that this discussion would not be -
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complete without some account of the story of angmalous water.
Since 1960, there has been a frequent appearance of reports on the
andmalous behaviour of water in fine capillaries, although a

few reports on this topic appeared long before that.Everett,
Haynes and McElroy (1971) gave an account of one hundred and
eleven publications.

In brief, water exhibiting anomalous properties counld be
prepared by evaporation and condensation of purified water into
freshly drawn fine capillaries of silica or Pyrex glasa, of
internal diameter 1 to 50 um. After some time, which might
vary from one day to a few weekas, in some of the exposed capillaries
condensed 1iquid could be found. This liquid, as reported by
vafious investigators, showed anomalous properties. There
~existelitfle (if any) disagreement on the properties of this
cbndenaed liquid. Its anomalous properties ware higher viscosity,
density and refraéti#e index than ordinary liquid water; phase

eepératibn ét temperatufés below 273 K and temperafure’of'maximum
’density below 277 X. Different hames were given to this matérialz
anomalous water, watér II, polywater etec,

If the condensed liquid was allowed to evaporate a residue
could be f§und inside the capillaries. various‘réportg q§scri$ad
this residue as a viscpﬁs, a gel like, a'granﬁlar, or é sol;d' 
éubétahce. The éxtrema anomalous prOpértiés ﬁére exhibitéd by}
this residue. Different degrees of anomalous behavioﬁr dbuld‘°'
be showh*‘thoﬁgh;'béfbre compietélevaporafibn°bf the liquid Qr 
in solution of the residue in purg‘watér.o Some of the characteristics
of the residue wére'a'high‘dénsity,‘anut‘1.4#103K8m”}%f9ff§6ti#° ‘

vinde: about 1449{‘ita”b6111n3 point was éétimated”to‘be:aréﬁhd1 “

523 X, although it was found stable at temperatures above 873 K,
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its molecular weight was deduced to be 200 50; it was described
as hydroscopic and birefringent. It showed also time dependent
properties: Its solubility in water was found to decrease
with aging time and it hardened and became salt-like on aging.
Its infrared spectra appeared to change with time alsgo.

Many attempta were made to identify the chemical nature
of thé anomalous wateé. Spectroscopic methods (Laser - Raman,
I.R., N.M.R.,, 6lectron microprobe techniques, and 56 on) have
been employed for this purpose., Then, many alkali ions, silicon,
carbon, oxygen and chlorine ions were detected. However Derjaguin
and his colleagues who enthusiastically introduced the idea of
water II insisted that their samples prepared under ultra clean
’conditioné contained water and onl& water which was in a super
dense state etc. Other groups have adopted the model of a
silica/water complex, a highly hydrated silica gel. This
modelling goemedrto be based on the fact that an appreciable
amount of silica wasg detected in samples of anomalous water,
although this observation was not confirmed by others who found
silicon in trace quantities only, - | |

‘The storm of spectroscopic evidence, hoﬁever, whichrprnvéd
overwhelmingly that what was callad anomalous watér,waa in fact
avéﬁntaminafed,form of water containing si, NS, o,’c; X, C1, S
jona, made the abandonment of the hypothesis of a new modiriéation
of water, inevitable, Derjaguin and his collaagues (1973) gave
-up the idea of water II and bravely acknowledged that anomalous
water preparsd. under ultra clean conditions contained mainly
0, Si and Fa, and that "there are no condansatea both free of
impurity atoma and aimultaneous]y exhibitiﬂg anomalous propertiea"

The unusual circumstance that anomalous water could only
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be prepared in freshly formed capillaries received more attention.
It had been suggested that fresh surfaces had gspecial catalytic
properties nesded to produce anomalous water but it gsoon became
appreciated that they were also the source of leachable impurities.

As well as the peculiar properties of the anomalous water
gsome other interesting observations have appeared.

Olivey (1973) examined the leaching of ions from the
glass during the production of anomalous water and conocluded
that samples prepared in Pyrex capillaries differ in the amount
of contaminant from that prepared in quartz capillarias, and
finally in a recent publication (Ikida and Matruda, 1976*)
it is reported that mass-spectroscopic methods showed that
anomalous water originates from water, silicon, carbon momoxide
and pogsibly formyl-hydroxy-silanes.,

The story of anomalous water, besides other things, gave
another indication, if not a proof, that the reaction of glass
with water is a complex one leading to unexpscted pheriomena,

The application of modern spectroscopic techniques have revealed
in parficular that the‘reaction of water with glass is fast,
much faster than was thought before, |

In this connection it may,bé thought that the occurreﬂca’.
of load~bearing interfaces and also the glass conposition :
dependence of the rate of chanve of the load-bearing capacity ;
of the cloeed crack are dune to the vhenomena which. ara reportad
to occur when water is in contact with glags., It is repeated :
that most of the load-bearing proparties of the c¢losed cracksv"
observed in thia study are associated with the water (vapour)_'_

glasa systam.

.. %  To the author's knowledge thzs is the last publication to A
appear up to mid-1979 on the subject of anomaloua water, =




In the following section a mechanism is proposed, based
on the previous observations mentioned briefly in the preceding
section,and which,although is entirely speculative, ' gives
some account of most aspects of the behaviour of the closed

cracks obaerved in this study.

8.5 A mechanism for crack healing.

As a crack is formed in air,atmospheric spscies, water
molecules in particular,are adsorbed onto the fracture surfaces
of the crack. Some of the adsorbed water molecules remain
undissociatad and_hydrogen bonded to electronegative atoms on
the surface and others dissociate into H' and CH™ ions, possibly
forming hydronium HS°+' After this initial surface reaction,
the HY or H30+ ions produced diffuse into the‘subsurface
layers of the gzlass by an exchangé proceas with mobile ions
present in the glass (Na+ for example), The =Si-O- network
is also attacked,ae thg rggult of the migration of nat to the
glass surface, so‘that the oﬁter layéta'of a élaasrﬂurficeiwiil
V consist of OH , H,0 molecules and various species from the bulk
glass. o ‘ ‘ o S |

As the crack cloaes,the (immobile) H, 0 mélédules which -
‘are hydrogen bonded to the oppoaite crack faces come in contact
and fecrm localized hydrogen bonds. So that the laad-bearing
capacity of a crack frsshly closad in air is dua to a network )
~of hydrogen bonds between the opposite crack facas.J 
~ As time progres;es or temneratu*e is raised the diffusion
. of H30 ions into the subsurface layers proceeds further BO. that

~the layer betweqn ﬁhercrack faces isrfed‘with ions_fromvths glass
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while the water content of this layer is reduced and consequently
the network of hydrogen bonds is destroyed. This situation

can be depicted as a gradual transition from the initial state
of the freshly closed cracks (in air)

hydrogen bonded

2lass glass

H,0 and/or OF"
to a relatively "solid" structire without forming sharp interfaces

with the glass purfaces:

structure containing

glass glasa

¥a*, si, oE" ete.
These apebies'concentrating between the crack faces
"bridge" progreséiﬁnly the fracture surfaces of the closed crack
by'fbrming primary bonds dut without forming necessarily an
amOfphoué gtructure identical to the anbstrate.glasa. ‘It would
e mdré‘apprdpfidté to describe this‘mQChanism gs aikind of
p#ftialygenuine'healihg;’ The faté of increase of the load~
| boaring'bapacity of the closed cfaoks'is tharefére”étffibuted"
to the progreasive built-up of primary bonds across the facaa
‘ or a closed crack. When all the "watar“has diffuaed into the
‘ substrata glass the ("dehydrated") region betweeu the crack
facos oxhibits a maximum in load-bearing ability. o
The rate of increase or ‘the number of bonds across the

orack facea with aging tima and with temperature would ba |
expacted %o be higher in glaases containing larger proportions O
“of network modiriers, alkali oxides in particular. In auch ,7 ,
fgla-ses ion axchange is easiar due to the high mobility of e

 the . alkali iona and leads,probably,to a "1ooae" structuro mura L

‘,vulnerabla o0 furthar attack which in turn would provida tha‘i,’f" s
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of a glass~like structure between the faces of a closed crack.

8.6 Discugsion of the results in relation to the mechani gm
proposed.

It will now be attempted to explain the load-bearing
properties of the closed cracks on the basis of the mechanism
proposed.

a) Initial load-bearing capacity.

Clearly, the repropagation of a crack freshly closed in
air in all the examined materials and possibly in any material
with smooth fracture surfaces (mica for example) would cause
the continuous breaking of hydrogen bonds which are assumed to
oxigt between the faces of the closed crack.

- It appears interesting to compare the value of Gr* uw 0,25
In~2 for cracks freshly closed in air with kmown values for .
the surface energy of ice where the nearest neighbour interactionsa
are all hydrogen bonds. Mac Donald (1953) has: reported that
the energy per unit surface of ice calculated on the basis of
breakage of hydrogen bonds is 2Y = 0,244 Jd'z.;yﬁesidosi'an
experimental evaluation of the surface energy of ice.basad on
grain boundary grooving (Ketcham and Hobbs, 1969)'gave‘a-valué
of 2Ym= 0,22 I3, It can be seen that a close and indeed =
§nccuragipg agreement exiasts between th§ surface energy of 100  
and the (common)'value of G * for freshly closed craéks in’-
different materials. But ‘despite this agreement, the phenomenon =
in which freshly "aire-prepared" cloaed cracks open slightly
(over a few mm) upon immersion in water (o: in methanol) cammot

be explained in terma of the hydrogen bonding'hypothesia.; Ir it ;V
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is agsumed for instance that the hydrogen bonds are destroyed
when they come in contact withkliquid water, it is not understood
why this process (the dissolution of hydrogen tonds) doces not
take place over the entire length of the closed crack. DBut on
the other hand, it is observed that when freshly "air-prepared"
closed cracks are immersed in liquids which are immiscible

with water such as silicon oil,liquid paraffin and n-hexane

the closed crack does not open at alla.fact which is arguably

in support of the hydrogen bonding hypothesis.

b) Rate of increase of Gr*.

As shown in figunre 7.4 and in table 7,1 the rate of
increase of Gr* is dependent strongly on the composition éf
tﬁe giaaé. Specifically the amount of Hazo seems to bé.tha
dominant factor in the process with leads to the increases of
Gf* with aging time and with temperature. For instance, if

the rate of increase of G with temperature is defined as

AG
533 it can be deduced from fZgure 7.4 that for Pyrex glass

with ~ 4% Na,0 the value of‘Er— is a factor of 1/6 smaller
than for soda-lime-silica glass with 13% Na,0 and a factor of 2
higher than for "pure" silica glaaa, ‘which contains Na cnly in
trace quantities. A 1inear relation between zr— and the
Ha20

amount of Na 0 (or of the ratio === 516, =) would not be expected
to hold due to the presence of other cationic network modifiers
(table 2,1) which are known to influence the-chemical'durability
' of the glass.

~In the case of the two types of silica glass used 1n this =
study, a.lthough kmown %o have different pu‘rities, tadle 8. 2,':

they showed 1dentical ’behaviour (values of G and A—-—- )e

Table 8 2 shovs the 1mpurity content of the two types nf silica ‘¢»
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glass used in this study.
Table 8,2

Chemical purities of silica glassee (maximmum levels in<ppm)*

Element Vitreosil 066 Spectrosil B
- Ca S 0.35 0.1
Al 10 0.02
Na . 0.06 0,04
Fe 0.51 . 0.1
B | 0.5 0.01
v 400 1200

In principle, it might be expected that the difference
in the impurity content should have led to different rates of
reaction and therefore to different rates of increase of_Gr*.
It may be, however, that the difference in the iméurity corntent
wouid play a role in the éaturation,value of Gr* ﬁhich was
not observed in this study up to a temperature of heat-treatment
of 873 X. Moraover,the larger content of Na ix; Vitreosil ma,} .
be coﬁpeneatad by the relatively smaller amount of OH in
respect to Spectroeil. |

' Nevertheless, it is not implied that the proposed

mechanism of compositional changéa at the glass fraéture .
surfaces results in the formation of a glasay struoture similar
to the bulk glass.» Although the saturation values of G measure&
in Float and Pyrex glasses are only - ten per cent lawer than -
| that of G at slow crack Bpeeda ( {107 -4 ms ), a significantly

lower value of G appears at crack speeds ahovs 107 4 ms -
*  Hetherington G.and Jack K.H. Thermal Syndicate Ltd,Report RR763/2.:
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‘(see figure 7.2). This fact suggests that heat-treatment at
high temperatures (or prolonged aging) does not result in a
genuine healing ¢f the closed cracks.

In the case of closed cracksin the epoxy resin system
used, it is recalled that G for cracks freshly closed in
air is identical to that observed in the silicate glasses
examined but no increase of Gr* with aging time was detected
(up to aging times of 4 months).

“Although it is very well established that water is
absorbed b& these materials under common circumstances, there
is no evidence suggesting the chemical reactivity in the water~
epoxy resin systems., It is therefore possible that the hydrogen
bonding and the lack of any reaction between the adsorbed water
and the fracture surface of the epoxy resin can account for the
aging time-independent value of Gr* observed in this case,
e) Cracks closed in water.

Cracks formed and closed under vater show load-beéring
capacity G_" = 1.4 Jn~2 which is substantially lower than that
bbservadﬂin air but the‘clqsed portion of the crack is ve:y
ahort é'l mm. It can be argued that the large number éf H2°~ ,
molecules in the closed(ahort)portion of the crack as well as
the‘presencé of liquid watei around the closed crack would
inhidit the formation of a complete network of hydrogen bonda
and therefore the 1oad~bearing capacity of cracka olosed in
water should be lower than that in oracks closged in air. Noreover
any ions leachod from the glass during aging undor water would
migrate out to the liquid phase, a process which can account :
for the time~independent value of G?"obsar&ed in théééb’

cracks.
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When these cracks are taken out of the water they gradually
squeeze ! out the water and show a time-dependent load-bearing
ability (figure 7.5). The value of G in these "water-prepared”
closed cracks increases with aging time and after ~ 24 hours
aging or after heat-treatment at 393 K the values of Gr* are
jdentical with the corresponding wvalues obtained from "air-

prepared" specimens. Presumably, the small number of H,0

2
molecules left betwesn the faces of a "water-prepared" closed
crack would give rise to an ion exchange process and so it
would increase gradually the load-bearing ability of the closed
crack.

It was menticned earlier that when tap water instead of
distilled water is used for the preparation of closed cracks,
lower values of Grf (3y up to 30%) and larger séatter in the
results are shown (figure 7.5b). It is plausible (in view of
the proposed mechanism) that impurities present in the wator
can interfere destructively in the process which leads.to the
bonding of the opposite crack faces. Tap water contains*’in

1

mgl™ Caco3

~100-5005 Cl: 200; Ft 1.5 and N + Fo + Cu + Mg + Pb (0,1,
Such impurities would affectrthe composition and thérefofé’the .
bonding in the between-the-crack faces region of closed cracks.
d)  "Dry-prepared" closed cracks, ;

The value of Gi*(- 1.3 Jmfz)for;”dry-propdred":olostw,,:
oracks is found to be substantially higher than that observed -
in air (figure T.6). It is proposed that this is due to partial‘
genuine healing occurring atksiteg‘of~fhe §pposite'crack’faé§é e
Which‘remained uaéontaminatod’from’atmoephéric?apedies. ‘It is
‘interesting to note thatvforifapropagation,or,ndry_prép&red"‘j

cloased cracks in air, the value of Grfiis 1l Jd"zq(i;e,iléwer;_'
*  Severn Trent Water Authority, water quality 1978/79.
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than that measured  'in dry gases). This behaviour, that
is, environment dependence of the strain energy release rate,
is typical of the virgin glass and may suggest that cracks
formed and closed in dry gases are held together by primary
bonds similar to those found in bulk glass.

It is aleo found that aging in dry gas (up to 3 hours)
does not have any effect on the value of Gr*, while heat-
treatment at 393 K leads to a wvalue of Gr* identical to that
found in "air-prepared" c¢losed cracks (Gr* - 2,2 Jﬁ'a).
this case it is plausible that the relatively small number of

H.O0 molecules (less than a monolayer) adsorbed on the crack

2
faces produced in a dry gas may glve rise to a rather slow

ion exchange reaction which in turn would lead to the formation
of additianal bonds between the opposite crack‘faces.
e) Other properties of the closed cracks,

One of the remarkable characteristics of the closed
cracks in the glasses examined is that they canrundergo repeated
}closure-repropagation runs without measurable chaﬁgeé‘in the
values of Gr* or their rate of change with aging ti@e'or’withv<
temperature.” In this case it can be speculated that duringa
second repropagation (third crack propagation): of a closed crack
which aged or was heat—treatad, two "new" surfaces of the oloaed
crack are exposed to thq atmosphero. | Then, water moleculea
adsorb onto‘the fracturg surfaces, 80 that when the_crack closaér
(for second time) contact is made'betwéen‘thesajmolacules on»;”
fheyopposing fracture surfaces; a network of hydrogen bonds e
is formed again ‘which leada to a 1oad-bearing interface immediately
after closure (Gr - 0.25 Jm ) Au timekprogrgsses or the

temperature is raised the ion gxchahge proce§a~£akesfplaco'?'f-‘
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involving ions from the underlying and already modified layers
of glags and the adsorbed water molecules. Naturally the
constitution of the layers of glass near the fracture interface
must be expected to be different from that after the initial
crack closure, But whether this would result necessarily in
observable differences in the rate of change of the Gr cannot
be anticipated.

Finally, the appearance of the faintly reflecting area
may be due to the changes which are assumed’to occur in the
near—the—crack—face layers from the ion exchange procéss in
silicate glass'or to the absorption of water in the epoxy resin
syatem. Héwovor the conditions under which the film appears
are similar in all the examined materials (for‘gxample ayposura
of the crack faces in humid air for ~ 100 8). Buf in‘view of
the mechanism proposed, the slower reaqtion process inVPYrex
andksiiicakshoﬁldvhave delayed the appearance of the £ilm and
also heat-treatment should have resulted in moreypronoﬁnced
diffefencés in the‘compoéition and thefefora in the appearance;

of'the film.V«It is moré plausible theréfore fo ‘assume fhat tha’-,

film is due primarily to. the Mgubstance® existing between the crack_~

faces and which is believed to be a few molecular 1aysrs thxck.r‘
Lack of direct informatien about the refractive index

of the film prevented any accurate determina*ion of its thickness. ”;,:

kA crude eatimwte of its thickness based on measurement of the ;“

relative intensity of light reflacted from the film gava valuaa'x

between 20 and 40 nm. Sat Gt o

Although tha film has attr&cted much attenticn in thia

 ‘study, it was thonght that rurther investigation on tha natura

of the f£ilm would not contr;bute to underatanding the phangmenaffTL;;é;,,Q
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associated with the load-bsaring properties of the closed cracka
because the latter were not influenced at all by the presence
gr appearance of the film.

In conclusion, the mechanism for crack healing proposed
in the preceding discussion seems to give some account of the
observed phenomena in this study. But because it is entirely
qualitative and essentially based on observation and controversial
interpretation. of the behaviour of the glass-water system
reported by previous authors, it is not surprising that many
questions can be asked which can shake belief in ‘the mechanism,
For instance: .why does the ion exchange process which results
in such dramatic gfructural and compositional changes at the
crack interface not build up any stresses? Why does the
repeated opening and closing of a crack in air ﬁot result in
substantial increases in the visibility of the faint reflecting
area? And so on., Answers to these questions can be attempted
but not without introducing more arbitrary and épeculativa_
aasumpticns. | |

- However, the: eimilarities between the behaviour of the
water-glass system as reported by_previons authors and the
behaviour of closed cracks observed in this study suggest that
the mechani sm propoéed points towardé the'right<diraction; ¥f"
But plausible as this mechanism may be, thers is still a serious
lack of direct evidence to support it. specifica;ny it is ziét?f |
certain that 1ons from the glasa can form primary bonds with .-
each other and with tbe aubstrate glass structure.'v e

,Unfortunately,'it haa not been poaaibla_to obtaiﬁ'
spectroscopic evidence on the constitntion and,o#}the changqs;ﬁ;}

that might have been occurring at the fractureyinterface’of;théfi_
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closed cracks. It was desired to obtain a series of NMR spectra
to check the hypothesis of hydrogenlbonding and of the diffusion
of ions to the space between the crack faces. However, after

a long discussion with Dr. D,V.Griffiths, Lecturer in the
Chemistry Department, University of Keele, it was understood
that the specimen geometry and the extremely small amount of
substance to be examined -« the assumed layer beiween the faces
of the cloéed cracks - make such a study practically impossibdble.
It is believed that when such direct investigation becomes a
reality, it would be of great value in urnderstanding the procesas

which takes place at the fracture interface of closed cracks.

8.7 Concluding discussion

A fundamental conclusion that can be drawn from the resulis
of the present study is that closed or invisible crécks‘;n‘glass
are load-bearing. The loa.d-'bearing cap‘acityc’r the cllosed cracks
is dependent up on the envirénment in which thé’braéké’dfe formed
and closed originally, and the subsequent treatment (aglng or
heatftreatment). Whether the existence of closed cracksixxglasa
specimens can affect the macroscopic strength of the glass would
depend strongly on the:conditibhs under whiéhithg crackéiwere
formed aﬁd treatéd subseqﬁently. There exists experimental :
evidence that the stréngth‘df soda-lime-silica'glass:éampleé -
. containing surface cracks produced by abrasion increasea with’
the time of aping and with hoat—treatment of the specimens.

A systematic study of these phenomena has been carriediw
out by Mould (1960), = In his investigation specimens_precrackqdk :'

by emery cloth abrasion or grid blast with SiC particles were
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allowed to age in different environments (dry and humid air,
water), or were heat-treated at 843 K for 3 hours in a dry
Argon atmosphere and subsequently aged in water, Strensth
measurements were made either under water or under liquid
nitrogen. Mould's results showed that there is a general tendancy
for the strength of the specimen to increase: " the rats of
increase was found to be dependent not only on the treatment
followingthe initial abrasion,but also on whether the cracks
were induced by emery cloth abrasion or by grid blast. The
maximum strength increase was §bserved in specimensa heat-treated
and subsequently tested in liquid N, and it was '~ 60% higher
than the strength of freshly abraded samples. Mould proposed
that rounding of the crack tip due to interaction of water or
of water vapour with the glass during aging or heat~treatment
can aécount for the streng%h‘incrqases observed*.' One of the
interesting observations made by Mduld was that abrasion cracks
consisted of two parts: a visible part (open crack), and a
"hidden" part i.e. the part of craék closed aftér\the initial
formation of the abrasion crack.  But he pointed out that
. "there is ﬁo good evidence that cracks in

glass can indeed heal with time... Rather

than promoting the rejoining of fresh

auffaces a'madigm aucﬁAéé water:is much

more likely to contaminate the gurfaces

- and prevent the reformation of glasay bonds

. aCTOSS the erack",

* . Refering to an equation which relates ths applied stresa, <Ja, 
with the local stress at the crack tip when fracture occura, ’

Ca = ~V?'st, where ia the radius of the crack tip and ¢ is the '

depth of the crack. Mould argued that a strength increase by
«.50% can be obtained if r 1ncreaaes a factor of ~'2.,;,
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However,the present investigation has provided evidence
that closed cracks in glass can indeed "heal" under ordinary
storage conditions and that water adsorbed on the ecrack faces
can promote healing.

A quantitative discussion of Mould's results in terms of
the present results does not seem possible at the present time.
The complicated conditions under which the specimens were cracked,
aged, treated and tesied in Mould's study provide a major
problem for such a discussion. Accurate lmowledge of the length
over which abrasion cracks can close is a preriquisite for a
quantitative approach f; Mould's results. Also the effect of
aging and heat-treatment on the strength of abraded samples
must be studied in other glass compositions so that any

connection of these phenomena with the apparent crack healing

observed in the present study can be identified directly.

Unfortunately,';t has not ﬁeen possible to investigate
whether fracture is a thérmodynamically reversihlé:process’(that
is, for‘freshlyvcloséd cracks can G, = Gv); This would
require complete absence of environmental speciass but it would
certainly provide vital information about the piastio'deformation
of glass. In the event that for freshly closed cracks (ﬁnder ,
ultra~clean conditions) ‘ G, = Gv_ﬁhen glaes should be an ideally
brittle material incapablé‘of plastic deformaticn. On‘fha ofhér‘“
~hand if Gr ¢ Gv then this Aﬁduld be strong evidence for vf.v»
plastic flow and piobably a means for‘quantifying;the'plgafié‘4

flow of glass.
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The present work might profitably be continued and
extended: the technigues used could perhaps be developsd
further to allow the study of adsorption and adhesion phenomena.
Because fraciture consistently produces ulira-clean surfaces,
crack faces make a potentially useful substrate for adsorption,
If the adsorption is time dependent the proceass can be interrupted
at will by unloading the crack. Adsorbed species would remain
enclosed inside the (closed) crack and the specimen could be
examined subsequently in normal atmosphere., The technique for
measuring the relative intensity of light reflected from a closed
orack can clearly be improved. An ability to measure smaller
light intensities might provide a means for studying "film"
growth'in more detail and this might provide further information
on the reaction of water with fresh glass surfaces.

1% should also be possible to introduce various other
species, liquids, evaporated metal films etc, into An open crack,
Subsequent crack closure and re-opening might serve to sxplore
'tha adhesion batween films of these materials or befween these

films and the substrate glass.

. 8.8 ' PFinal remarks,

- The present thesis has dealt with two phenomgné éﬁp&rﬁhtlyv
“related to the flow and fracfure of glaea. The réeﬁlta repbrfed ‘vb
in the first part suggest that either we acrept that indontation :
creep is not related to the flow p*ocess in tensile fracture

oT we need a totally new theory to account for slow crack growth
_and atatic fatigue of glass. The ascond part showed that the

productxon of 1oad—bearing closed cracks in glaas ‘seems to beb
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a result of the still elusive chemical action of water on glass
rather than a manifestation of the reversibility of cracks in
thermodynamic terms. Further research is needed to reveal the
full significance and the conditions under which these phenomena

are related to the deformation and fracture of glass.

=00000=
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APPENDIX I

TABULATED RESULTS OF INDTHTATION
CREEP MEASUREMENTS

Table 1.1 Results at room temperature

H, / CNu 2
(t/8) log)(¥/8) 5o3aT1Tme-silica Pyrexr I- ~ ~ Silica”
glasas glass glaes glass
1l }O 5.83
5 0.7 5,63 5.98 6,10  6.65
20 1.3 5.35 5,73 5.89 637"
330 2,5 5,16
, 103 3 ‘ -_— 5.37  5.51 6.06
10°°% 3.5 5.03 |
4 4 4.88 5012 e 5,91
5 5 4.66 4.90  5.07 5459

6 -6 4447




Table I.2 Results at different temperatures
for soda~lime-silica glass

(+/a)  togyo(t/e) ~17 "v'2'9'5" T4737 TST3T 71237 773 ez
bl 0 S 5.83
5 0.7 7.04  5.63 4.97 4.27 3.18 2,80 ==
20 1.3 6,81  5.35 4.78 4,10 2,99 2,50 2,07
180 2,25 3,68 2,56 2,19 ——
330 2.5 — 516
100 3 6.5T =—— 4439 .3.58 2,34 1,72 1,14
10°3 3,5 — 5.03
10t g ——  4.88 4.21 3.23 1.93 1,32 —
10° 5.0 — 4.66 4,02
10° 6.0 —_— 447
Table I.3 Results at different temperatures
for Pyrex glass :
' E_/ GNm™2 at temperature T/X
(4/8) logo(t/s) === =g === =z ===
5 0.7 5,98 —
20 1,3 5¢3 2.64
103 3 5037 2,02
10 4 5012 1.72

2006
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APPENDIX II

TABULATED RESULTS OF CRACK

PROPAGATION MEASUREMENTS

IN CLOSED CRACKS

Table IT.1 Variation of G_and G_ (in Ju™*) in air
for soda~lime~-sgilica glass

v/ me—L _ _Afizg_tim_e-/ﬁ L Hea:;t;;gt;ent Vgﬁg
0.083 ~ ~ 24" ~ 7120

1 x 1077 0.25  0.83  1.25 2.2 2.5

6 x 1077 - 1 1.5 2.5 -

1 x 1070 - - 1.8 - 3

3 x 1070 - 1.5 - 2.9 3.65
6 x 107° - - 2 - ' -
1x107 0.5 - - 3.4 4

3 x 1070 - 1.8 2.25 - 5

6 x 1077 - 2 - 41 -
1x107% 0.8 - 2.6 43 6.35-8
8 x 1074 - ~ - 4.5 -

8 x 1073 - - - 5.9 -

8 x 1072 - - - 6.75 -
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* -
Table II.2 Variation of G, /Jm 2 with temperature
of heat-treatment for different glasses.

‘T/K  Soda~lime-silica Pyrex Silica
313 0.85 - -
353 1.25 - -
373 - 0.55 0.45
393 2.2 - -
573 2,2 113 0.72
123 22 - o

873 | 2.2 2.15 1.2
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APPENDIX III

| Tﬁe féilowing equatiéns give the relati{ra iﬁtensity of
light tranamitted through a thin dielectric film bounded by
plane parallel interfaces in the case of the frustrated total
intemal reflection . (The subscripts (1) and (1) refer to
incident 1ight with polarization parallel to the plane of

incidence and perpendicular to the plane of incidence respectively):

2 2 2 .2
2ndn n, cosO=-n_ 2 2ndn
1 2 2ndn,Z £ 2 . o 2mdng2
= = h inh™ (w—m—— I11.1
T" cos ( A ) + ( 211 anQOSG ) 8 ? ( A ) ( 8.)
‘ 2 2 2 2
2ndn n, Z.=n_ cos & 2ndn
1 2 2ndn 2 £ z 2 . p2mdn ;
" cosh®( 5 ) +‘ (=5 oo )¢ sinh (--i--) (III.1b)
1/2
where 2 = [(-ﬁ)2 sin®e - %]
s |
s N endn 2
Because Z {1, 2m,(10 and d((( A the quantity P\ (1
- 2ndan , o
and therefore : cosh? ( 5\ Yl (111.23)
o : annfz 2ndn e
and .- ginh? ( By ) ( 2.2 A ‘(II;.2b)

- The relative intensity,ofstha reflected light, R, is only'é'

minute fraction of T, therefore to a good»apprbximation,‘

1

Ty o0 Nt (3)

For naturall(unpolaiizad),1ight**?'

2(Ru + R ) | 1;;{3;¢;?g; (111.4)‘127*;;{

o _mp,my, NeS.. (1967) Fiber Optics ACADEMIG FRESS n.3?
%% BORN, M, and WOLF, . E. (1904) "Princibles of optics" e 44
.. Pergamon Presa. , ; ‘ ‘ e




Substituting equations (I1I.2a,b) into (III.la,b) and
using the expressions III.3 and III.4 the final expression

for the reflectivity R is:

2 2 2 2 2 2:]
2()\;10096) [(n cose-ngz) +(n .-ngcose) .



211
REFERENCES

AINSWORTH, L. (1954) J. Soc, Glass Technol, 38 497T.
ANDERSON, J.H. and WICKERSHEIM, K.A. (1964) sur, Sei. 2 252.

ARORA, A., MARSHALL, D,B., LAWN, B.R, and SWAIN, M.V. (1979)
J. Non=Cryst. Solids 31 415.

BAILEY, A.I. (1961) J.Appl. Phys. ;_ 1407.
BAILEY, A.I. (1957) 24 Int. Congress Surface Activity III p, 406,

PARTENEV, G.M, RAZUMOVSKAYA, I.V. and SANDITOV, D.S. (1969).
J. Non-Cryst. Solids 1 1388,

BASTIC, R.E. (1950) J.30c. Glass Technol. 34 75.

BOUTIN, H. and PRASK, H, (1964) Surface Sci. 2 26l.

BOWDEN, F.P. and TABOR, D. (1964) The Friction and Labrication
of Solids Part I and II. Oxford: Clarendon Press. '

BRAYANT, P.J. (1962) Trans. 9th Nat. Vdc. Symp., re311
Macmillan Co.New York.

BREARLEY, w. HASTILOW, P,A.P. and HOLLOWAY, n c. (1962)
Phys. Chem, Glasses } 181.

' BRIDGMAN, P.W, and sxmon. I. (1953) J. Appl. Phys. 24 405.
CHARLES, R.J.(1958) J.4pol. Phys. 29 1549, |
CHEESMAN, R.J. and LAWN, B.R. (1970) Phys. Stat, Sol. 4 3 951.
CONEN, H.H. and roY, R. (1965) Phys. Chem. Glasses 6 149.
DERJAGUIN, B.V. (1970) Scient. Amer. 223 52,
DERJAGUIH, B.V, and CHURAEV, N.V. (1973) Nature ,ii 430.
DOREMUS, R.H. (1973) Glass Science:'Wiley-Interscience.'
noucLAs; R.W. (1958) J.Soc, Glass Technol. 42 145T;'
ERNSBERGER, F.u. (1969) J Am, Ceram. Soc. 51 545;,

» | (1972) Ann Rev. Mater. Sci. § i529;
EVANS, 4.0, (1972) J.Mater. sci. T 1137. |

e Acta Metall. 25 919



(a8
for
|3+

EVERETT, D.H., HAYNES, J.M. and McELROY, P.J. (1971) sSci.
Prog. (0xf.) 59 279.

FINKEL, V.M. and KUTKIN, I.A. (1962) sSoviet. Phys. Dokl. 7 231.

FORTY, A.J. and FORWOOD, C.T. (1963) Trans. Brit. Ceram. Soc.
62 T15.

FOX, P.G, and FREEMAN, I.B. (1979) J.Mater. Sci. 14 151,

FRISCHAT, G.H. (1972) Amorphous Materials p.235, Ed.
Douglas, R.W. and Ellis, 3B,,Wiley Interscience.

GILMAN,[J.J. (1975) J.Appl. Phys. 46 1625.

GOSSINK, H.A.M. and WERNER, H.W. (1979) Silicates Industriels
44 35.
CRIFFITH, A.A. (1920) Fhil. Trans. R. Soc. 4 221 163.

GRIFFITHS, R. (1968) MSc Thesis,University of Keele.
CUNASEKERA, S.P. (1970) MSc. Thesis,University of Keele.

HANEMAN, D., ROOTS, W.D. and GRAND, J.T.P. (1967) J.4Appl. Phys.
38 2203. '

HANNEMAN, R.E, and WESTBROOK, J.H. (1968) Phys. Mag., 18 (151) 73.

HACAN, J.T. (1979) J.Mater. Sci. 14 462,
(1979) J.Mater. Sci. 14 2975.

HENCH, L.L. (1975) J.Non-Cryst. Solids 19 27,
HENCH, L.L. and CLARK, D,E, (1978) J. Non~Cryst. Solids 28 83.
HILL, R. (1950) 'The mathematical theory of Plasticity, Oxford,

Clarendond Press,

HILLING, W.B. (1963) Advances in Glass Technology, Part 2,
~ Ed: Matson, F.R. and Rindene, G.E. Plenum'PrOss,,N9w York.

EIRST, W. and HOWSE, M.G. (1969) Proc. Roy. Soc. 4 311 429,

HOLLAND, L. (1964) The Proparties of Glass Surfaces,
‘Chapman and Hall (London).

HORDON, M.J, (1966) Acta Met, 14 1966.
IKIDA, Y. and MATSUDA,  (1976) Jap. J. Avpl. Phys. 15 963.



213

IMAOKA, M, and YASUI, I. (1976) J.Non-Cryst. Solids 22 315.
IRWIN, G.R. (1957) J.Appl. Mech. 24 361.

JOHNSON, K.L. (1970) J.Mech. Phys. Solids 18 115.

K=TCHAM, W.M. and HOBBS, P.V. (1969) Phil, Mag. 19 1161.

KLIER, K. and ZEPTLEMOYER, A.C. (1977) J.Colloid Interface
Sci. 2§ 2160

KIES, Je.A, and CLARK’ A.B.J, (1969) Proc. 2nd Int. Cont. on
Fracture Brighton 1969, p.483. Chapmad & Hall, London, 1970,

KOMENI, N., KAWATE, Y. and OBARA, A. (1963) Bulletin - Electrotechnical -
Lab. 27 919. :

LANFORD, W.A., DAVIS, K., LAMARCHE, P,, T.LAURSEN, GLOREAU, R,
- (1979) J. Non-Cryst. Solids 33 249,

LAWN, B.R. and WILSHAW, T.R, (1975) Fracture of Brittle Solids,
Cambridge Univ. Press. (1975) J. Mater. sci. 10 1049.

LAWN, B.R. and EVANS, A.G. (1977) J.Mater. Sci, 12 2195,
LEVENGOOD, W.C, (1966) Int, J. Fracture Mech. 2 400.
LEVENGOOD, W.C. and VONG, T.S. (1960) J. Appl. Phys. 31 1416,
LINGER, K.R. (1967) PhD. Thesis, University of Kéele.'

LEICHLY, H.P. and OCLESBEZ, R.M., (1973) The Science of Hardness
Testing and = its Research Applicationas, p.445, Bd:
Westbrook, J.H., and Conrad, D., ASM, Metals Park, Ohio.

MACDONALD,J.E. (1953) J. Meteorol. 10 - 416.

MARSH, D.M. (1964) Proc. R. Soc. A 279 420,
(1964) Proc. R, Soc. A 282 33,

| McCAFFERTY, E. and ZETTLEMOYER, A.C. (1970) J.Colloid Interface
‘Sci. 34 452, : N

McHAFFIE, I.R. and LEnnEn;,s;;- (1925) J.Chem. Soc. 127 1559,
McQUILLIN, B.R. (1974) PhD. Thesis, University of Keele.
MICHEL,;D.,}'(1967){1¢Z,Napurfbrs§h;i A 22 1751‘1 |
 MOULD, R.E. (1960) J.Al, Cer. Soc. é; 160.'



214

MULHEARY, T.0. (1959) J. Mech., Phys. Solids ] 85.

NADAI, A. ( 1931) Theory of flow and fracture of solids,

NEELY, J.E. and MACKENZIE, J.D. (1968) J. Mater. Sci. 3 603.
OBREIMOFF, J.W. (1930) Proc, R. Soc. 4 121 290.

OROWAN, E, (1944) Nature _zg 341,
(1948) Rep. Proc. Phys., 12 185.

OLIVEY, A, (1973) Jap. J. Appl. Phys. 12 1534,

OUTWATER, J.0. and GERRY, D.J. (1966) Report on Contract
NONR 3219, Office of Naval Research, Washington D.C.
(1967) Mod. Plast. 45 156,

PENTANO, C.G.,DOVE, D,B. and ONODA, G.Y. (1975) J. Non-Cryet.
Solids 19 41, (1976) J. Vac. Sci. Technol, 13 414,

PETER, K.W. (1970) J. Non-Cryst. Solids 5 103.

PROD'HOMME, M, (1968) Phys. Chem. Glass 9 101,

RAYLEICGH, F.R.S. (1937) Nature 781.

’RAZUMVOSKAYA, I V.,TURCHINOVICH, L.M. and DORZHIEV, D,B, (1976)
Sove. Mater, Sci. 11 681,

ROBERTSON, J.H. (1963) J. Sci. Instrum. 40, Pe506.
SAKKA, S. and MACKENZIE, J.D. (1969) J. Non-Cryst. Solids 1 107.

SAMUELS, L.E. and MULHEARN, T.0. (1957) J. Mech. Phys. Solids
-5 125,

SCONERT, K., UMHAUER, H. and KLEM, w;‘(1969) Proc. 2d. Int. Conf.
on Fracture, Brighton, (1969) p.474 Chapman & Hall,
London, 1970. '

SIEGER, 5. (1975) J. Non-Cryst. Solids 19 213.
SMITH, R, and SANDLAND, G. (1925) J. Iron St. Inst., 111 285.
STONE, W. (1930) Phil, Mag. 9 610. |

TABOR, D. (1951) The Hardness of Metals, Clarendon Press, Oxford,‘
(1954) FEndeavour 13 27,

 TAYLOR, E,W, (1950) J. Soc. Glass Technol., 34 697,



215

TICHANE, R.!M, and WILSON, L.B, (1964) J. Appl. Phys. 35 2537.

TIMOSHENKO, S.P. and GOODIER, J.N. (1970) Theory of Elasticity
r.309, 3rd. Ed., McGraw -~ Hill, New York.

VARCHENYA, S.A., UPIT, G.P., MANIKA, I.P. The Science of
Hardness Testing and its Research Apnlications,
r.440, Ed: Westbrook J.H, and Cnrad, D., ASM,
Metals Park, Ohio,

VARNER, J.R. and FRECHETTE, V.D. (1972) Amorphous Materials
P«507 Ed: Douglas, R.W. and Ellis, B. Wiley = Interscience.

WALTERS, H.,V. and ADAMS, P.B. (1975) J. Non-Cryst. Solids 19 183.
WIEDMANN, G.W. (1973) PhD. Thesis, University of Keele.

WIEDMANN, G.W., and HOLLOWAY, D.G. (1974a) Phys. Chem. Glasses
15 117, (1974b) Phys. Chem, Glasses 15 68.

WESTBROCK, J.H. (1960) Phys., Chem, Glasses 1 32,

WESTBROOK, J.H. and JORGEBSEN, P.T. (1965) Trans. Met. Soc.
AIME 233 425. | |

WESTWOOD, A.R.C., PARR, G.H., LATANISION, R.M. (1972) a Amorphous

Materials p.533 Ed: Douglas, R.W. and Ellis, Bey J. Wiley.

WESTWOOD,A.R.C., and MACMILLAN, N.H. (1973) The Science of
Hardness Testing and its Ressearch Application, p.377
Ed: Wesrbrook, J.H., and Gonrad, D., ASM, Metals Park, Ohio.

WEYL, W.A. (1975) J. Non-Cryst., Solids 19 1.

WIEDERHORN, S.M, and Towwsnnn P.R, (1970) J. Am, Ceram, Soc;

WIEDERHORN, S.M. (1971) Int. Conf, on Corrosion Fatigue,
storrs Conn. 1971, paper 40.

YAMANE, M. and NACKEIZIE, J.D. (1974) 7. Non—Cryst. Solids -
15 153. | R e
YOUNG, R.J. and BEAUNONT, P.W.R. (1977) J. Mater. Sci, 12 684.



	etheses coversheet 2017.pdf
	778969.pdf

