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ABSTRACT

=

‘ | ~ The effect of specific active environment on

the fracture strength of glass and polymethyl hethacrylate
was investigated using an indirect tensile testing
'technique.

The strength of glass was not affected by exposure
to dry gaseous N2 and C02. At low water vapour coverages,
k<l/3 monolayer), the tensile strength of giase was reduced
5y approkimateiy 50%. Further increase in wafer vapour
?bessure did not weaken the solid to a much greater extent.
The existence of supface microcracks governs the absolute
tensile fracture strength, and any process which varies the
flaw geometry-acts.to vary the tensile fractere_strength.
Soaking in the liquid has the same effect as adsorption
bfrom the vapour phase near-eaturation. All vapour adsorbates
caused a weakenlng, the mavnltude of the decrease increasing
with increasing ablllty of the adsorbate to screen the
surface Si++1L+ cores, Moisture was the most,eétive environ-
ment encountered, |

Polymethyl methacrylate . dld not weaken in the

vapour phase desplte multllayer adsorptlon, but stre881ng in



.
e
-

de-~

o

wetting liquids did cause drastic failure, with a 57
crease in tensile strength. Ncn-wetting liquids db not
ffect the strength of the acrylfc plastics.

Fracturs experiments on a quartzitic rock in
aqueous solutions of. surfactant, (quartenary émmonium salts),
show that the wéakening due to surfactant adsdrption is
‘negligible, since water itself causes the maximum streﬁgth
redﬁction.< The adsorption of surfactant is only a secondary
effect.

A mechanism has been proposed for the stress-
environmental failure of brittlevsolids. This mechanism
fecognizes the existence of micro-cracks, regards the stable
crack propagation stage of the fracture process to be en-
vironment sensitive, and involves the strain-activated ad-
sorptidn resulting in a decrease in cohesion at the flaw
apex. The magnitude of the weakening is critically dependent
on the nature of the bonding in the solid surface,

A literature review of stress-sorption cracking,

with an emphasis on non-metallic systems, is included.

J. Leja,
Professor,
Supervisor.
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~ CHAPTER ONE
" INTRODUCTION

1:1 General

“The use of ah‘active chemical environmentAto
‘promote cracking would be extremely beneficial in aﬁy appli-
cation where thé fracture of a solid is requifed (e.g. crush-
ing and grinding). Much effort has been expended’in devising
methods to prevént Stress agcelerated failure, particularly.
in metallic systems, but littlevthought-has been applied-to
its cénstructive use. Recent aspects of lunar drilling(l)
have led to the realization that stress environmental cracking

is being subconsciously applied in most fracture operations,

. although little is known of the mechanism.,

1:2 Statement of the Problem

Sfress environmental cracking is a study of funda-
mental, as well as practical interest, since it involves a
unique intefplay of surface cﬁemistry, elecfrOchemistry and
- solid sféte. The phenomenon may be defined as a process
whereby,failure‘of a éolid'occurs as a result of an accelerat-

ed mechano-chemical reaction in a stressed region, in an



active environment., Féilure occuré at a strength level
well belqw that which would‘be experienced ih_thevabsencé of
the environment.
| Noné of the investigations of stress cracking

occurring ir both metallic and non-metallic systems, have
led to a theory or mechanism which adequately ekplains the
péculiéf selectivity of the solid[énvironmenf éystem. Non-
metallic systems, in particular, have received veryllittle
attention, A$ early as 1864, Dupre'(Z) conceived that the
fracture strength of solids might be related to the energy.
of the newly formed surfaces, Many theofies have béen forth—
coming involving the reduction of surface free energy result-
ing from specific adsorption, thereby leaéing to a strength
reduction of the solid; especially since Griffith(3)
rephrased the Dupre' concept and formulated it, However,
_deyiations(”)(s)(s) are more the rule than the exception, de-
monstrating'the-need for a‘mofe complete mechanistic treat-
ment.

Therefore, the purpose of this dissertation is to
investigate poésible stfess;envirohmental cracking systems
on non-metallic brittle materials, with a view to explaining
the»actioﬁ of the environment énd the seleétivity of the

solid/environment system,



1:3 The Sceope and Approach of the Study

The investigation was carfied out on four brittle
materials. Silica is idealiy éuited for studying the
chemistry of surfaces due to its isotropic nature and high
chemical feactivity, therefore two inorganic glasses were
selected. Firstly, a highly porous Vyéér glass for ad-
sofption and'fracture studies and; secqndiy, a borosilicate
‘glass to counter effects whiéh.might resuif from the
porous’nature of the Vyédr glass.,

i | By way of comparison, a brittle acrylic plastic
was chosen, becéuse the fracture pattern at room‘temperqture
appears similar té_glass. Thé covalent bonding of the
plastic and its.low energy éurface, might. be expected.tb
&ield vastly differiﬁg environmental effgcts ffom the ioﬁicA
silicas.,

Experiments on a quarfzitic roék were designed to
sort out soﬁe of the confusion occurring in reported effects
in the literature, whilst_also briefly considering the
possibilities of a practical appliéation. |
| .The utilization of tensile stresses is not to arti-
ficially restrict the problem, but arises from,fhe fact that
stress'accélerated failure-only_occurslin.fénsion. The
indirect tensile test affords a rapid comparative method for
meésuring tensile fracture strength,

| The project has been conducted in four phaées, as -

follows:' (1) Historical review of the problem (2) Prelimi-


http://might.be

—

e

nary exbloration of the_cfacking techniques., (3) Controlled
experimantation. (4) Theoretical evaluation and the pésfu;
lation o! a fracture meéhanism.

Experimentally the investigation is comprised of
two main sections., |

(l) Adsorption Studies

The determination of adsorption isotherms led

to calculatéd surface free-ehergy changes and surface coverage
values.

(2) Fracture Studies

(a) Fracture of the solids in controlled

vapour and léquid environment,

| (b) Ekamination of the fracture surfaces by
opfical microscopy and transmission electron microscopy
using a replica technique.

The results of these experiments, together with
the various accepted fracture theories, were used to interpret
the fracture mechanism in the various systems. In particular, .
a mechani;m based on the bonding of the solid surface is
suggested as an explanation for the stress environmental

craéking in brittle materials.



l1:4 distorical Review

Preliminary investigations by Rehbinder et al(7)

in iguu, sho&ed fhat the addition of small amounts of surface
active agents to the surrounding liquid medium,‘resulting in
adsorption on the solid surfaces, is capable of reducing the
‘resistance of the solid to stress.:

| This phenomenon termed the "Rehbinder Effect" may
be used to facilitate the boring of hard rocks, disintegration
of solids in milling, ana in abrasion. Rehbinder added
“electrelytes, (.01-.1%), to the flushing water for rotary

drills and found an increase in drilling speed of as much as

[SCA

20-60%.
"The mechanism. is associated with the penetration
of the surface active species into the strained

solid along the surface of the microcracks,

"~ which develop in the course of deformation., Due
to the reciprocating nature of the bit the stress
imparted to the solid is periodic. When the
stress ceases to act; the 'embryo-microcracks'
tend to heal., The cohesive forces are however,
bound to the adsorbed layer, coating the surfaces
of the minute cracks and the crack is prevented
from 'healing'" '

These investigations on the change in mechanical
properties of a material, which accoﬁpanies the adsorptidn
of surface active agent, bpenéd the—doOr to a very obscure
and controversial field.

In 1949 Von Szanthocs) published the first detailed
investigation on the effect'ofvadditives in wet grinding.

His results showed that the addition of a flotation collector

considerably lowered the amount of energy required for grind-



ing oS quartz,
‘Using cement bricks in a dry grinding circuit

Gotte and Ziegler‘(9>

showed an increase of 20-100%, in grind-
ing capacity (i.e. reduction in energy), when_nén—polar sur-
face active zases and vapours were admitted to the system.

W. von Engelhardt(lO) (1943) found that certain
polar liquids had a softening effect on quartz being ground
with a widia tipped whecel. He showed that small additions
of surface active agents such as fatty acids, produce higher
hardness values for quartz, but with increased concentratioﬁs
the hardness fell appreciably. An 80% sulphife lye.increaées
the amount of quartz ground in standard time by 43 per cent,
as compared to‘values in water. Engelhardt's resulté inai—
cated that certain organic liquids such as hexane and benzol
increased quartz hardness; whilst others such as acetic
acid, pentanols and cetyl alcohol had a softening effect.

It appeared that non»polap;liquids produced an increase in
hardness, whilst polar/non~polar liquids reduced the hardness,
the effecf increasing with molecular chain length.,

Moorthy and Tooley(ll)

determined the effects of
certain organic liquids on the strength properties of glass.
In all cases, except nitrobenzéne, breaking strengths were
highér under the organics thaﬁlin water, ranging from a 36%
to 19% increase for alcohols to values of 90% for heptane,

benzene and toluene. The strength of all specimens was

lower in water than in air.
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In Japarn a theoretical treatment of the effect of
environment was carried out by M. Sato(lz). He developed an

equation for the surface tension of a solid Yo»

Yg = -Y@%gf/f)

where Yp= Surface Tension of the wetting liquid
f = Breaking Stress in the dry state

£

Af = Change in f due to adsorption,

HiS'experimeﬁts showed that the tensile'strength
decreases in a bending fest wifh the presence of wetting
liquid, regardless of the type of material. The decrease was
dependent on Yz. The greater the wettability (the difference
between yg and yy); the lower the decrease in strength, i.e.
a linear Yelationship éxists between Af/f and vyg. |

Frangiskos and Smith(l3)

y (1957), studied the
action of electrolytes, NaCl and Na2C03, and surface active
agents suéh as silicones, oﬁ quartz, using a laboratory stamp
mill to duplicéte the reciprocating nature of a ?ercussion
dfill. In all cases the efficienéy ofvthe grind, in the
presence of the-additive, increased. The efficiency 1is
measured by the surface area of the prcocduct as measured by.
air permeabiiity tests., The effect was concentration de-
éendent. | |
An attempt was made by Ghosh,; Harris and Jowett(lu),

at Leeds University in 1960, to repeat the work of Frangiskes

and Smith. The results, based on the new surface area pro-



duced, showed that whenever an additive is used,there is an
overall increase in the surface area on grinding.

In 1963 Hammond and Ra'itz(lS)

s measuring the
fracture stréngth_of»fused silica rods found the décrease in
thg fractufe'strength and the correvnonding decrease inlthe
surface free energy to be consistent with the Griffith theory
of brittle fracture.» The fracture strength decreases as the.
environmental vapours become more polar,

1(16) claimed the use

A patent by Siebel and Zeise
of various additives in grinding and gave some figures for
the grinding of a siliceous lead-zinc core in a laboratory rod
mill. Tor a feed size of 0-7 mm the grinding efficiency was
reported as the percentage material greater than a given size
from 1 mm to .l mm, for various grinding times. Calgén was
one of the additives used, the improvement in the fineness
of the grind being generally of the order of 30% at concen-
trationé of .01Q.ou%. _ |

VIn 1954 Alberti(l7),was granted a patent on the use
of dispersing agents as additives in grinding but no numerical
results were listed. | |

Gilbert and Hughes(ls)

experimentedvon the use of
addifives for improving the efficiency of Qet grinding.
Initially, tests on fhe gviﬁding of quartz in a three-inqh
diaﬁetef ring bail mill using a silicone, showed no substantial

improvement in the grinding performance. However for quart-

zite‘a lesser quantity of fines was produced.
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Using a five-inch diameter ball mill at two mill
speeds and a silicoﬁe additive, very slight-improvementé in
the grind were experienced, but these were well below those
quoted by previous Qorkers using similar additives in a stamp
. mill, On using a cationic wefting agant at varying conéeA-'
trations and pH's, slight decreases in the grinding efficiency
resulted. Addition of electrolytes, sodium carbonate, sodium
silicate and sodium hexamétaphosphate in a six-inch diameter
- rod -mill gave negative results. Only the latter had any
effect on the fineness of the grind, producing a coarser
pfoduct. The authors conclude that in conventional rod and
’ball mills, the use of inorganic additives results only in'a
decrease in grinding efficiency, or has no effect at all.

A number of references‘have been made as_to the in-
fluence of moisture on the compressive strength of rocks,
Ashowing in genéral that as the moisture content increases,
the compression strength decreases.

Price(192 and, - Colback. and Wiid(zo)

y in a series of
tests on focks,‘bonclude that the reduction in strength from |
the "dry" to the saturated condition is dependent on: the re-
duction ofithe surface free energy of the specimen by the
presence of a surface active liquid, The lafter also shou

a linear decrease of the.strengtﬁ with the surface tension
,of the.immersing liquid, as calculated by M. Sato(lZ).
In a study on the causes of rock deterioration

(21) - . .
Dr. T.R. Dunn at the Rensselaer Polytechnic Institute,
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concluded that breakdown of the rock could‘be caused by
"ordering" of polar molecules :n. adsorption surfaces, in a
warming and cooling environment,

Using the methéd of Hervz for the cone fracture of

glass, Roesler(22)

has shown that the presence of chemical
environment at the crack tip caused crack propagation at very
much smaller levels of load, than in air.

Rehbinder and Ashnkﬁa(23)-rép6rt that in the presénce
of waterivapour, or of surface active species adsor£ed from
aqueous solutions, glass fibres show an elastic effect, which
increases as the stress approaches the rupture stress.

Chemical etching of the surface layer to remove surface
fissures increased the fiber strength,

A similar effect, called liquostriction has been

2y)

reported by Benedicks s the phenomenon being the expansion

of solid dﬁe to adsorption. Benedicks and Hardeﬁ(QS) in a
‘paper on the "wetting effect", (the change in the solid
tensile strength resulfing from the wetting liquid), showed
both pdsitive and hegatiQe effects i.e. weakening and

strengthening of the solid., CGlass wetted with H,0 gave a

2
decrease of about HO%-whereas tar oil gave an increase of
30% for the same material, They conclude that the effect is
a function of the liquid surface tension, the magnitude of
the effect being very different for different solids, For

increasing solids hardness, the relative decrease in the

tensile‘strength diminishes.,



In metallic systems N.J. Petch(122> has explained

:the-fracture of steels contalnlng Hyd“ogen by the surface
diffusion of hydrogen to the crack apbx where it adsorbs,
reducing surface energonf metal atoms sub]ect to a tensile
fofée. Uﬁlig éoined the phrase ”stre@sésorptiOn»cracking"
- to apply to this failure mechanlsm(l23) It was proposed
that selective adsorptioﬁ along the»crack walls lowers the
surface free energy, operatinyg éonjoin%ly-with electro-
chemical action along paths where defects predominate and
where compositional gradients exist. The cracking of mild
. steel in boiling nitrate solutions(lzq) was discussed'in
terms of the stress-sorption mechanism by adsorption of
OH  and NO3— ions along cracking paths,hndef tensional
stresses,

, A series 6f experiments on the swelling of compact
of chalk kaolin and coal(26)(27), enhance the idea that ad-
sorption causes a reduction in strengtn only if accompanled
by appreciable swelllnc, but not otherw1se. A partlcular
HCOal(zs) showed marked_swelliﬁg on adéorptioﬁ df vapours of
benzene, acefone,and methahol, buf only slight swelling in
water vaﬁour. The stréhgth was correspondingly réduced in
the ofgénic_solQents buf not in-watér, whilst the reduction
in surface free energy as calculated by the GlbbS equatlon
waS'appreciable in all three cases,

. (28) : ‘ : .
Flood and his collaborators in a thermodynamic

treatment, have presented an expression which correlates the

S
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elastic properties and the adsorption properties. Their
theoretical treatment allows the reproduction of experimental
volume changes due to adsorption to be made with reasonable

accuracy.

Conclusion

There is ample evidence of a'strength\reducing_

~

mechanism of non-metallic materials in a variety of environ-
- ments. However, no satisfactory explanations have been given
for the éffects, whilst the théories of brittle fracture fail
to explain the selectivity of the phenomenon. There is also
a great deal of controversial data arising from experiménts
_on.silicious material, as to the direction and magnitude of .
the effect. A develoPment_of the theoretical fouhdations
_invblved in a fracfuré system may.serve to elucidate the

problem,



: CHAPTER TWO
EXPERIMENTAL

2:1 Materials

(i) Vycor CGlass

The Vycor glass was éupplied by Corning Glass in
the form of cylinders of height .5 iﬁches and diémeter .5
inches. Designated Corning No. 7930, this glass apprcxiﬁites'
fused silica in many of its pfoperties. It is prepared by
a process in which the relatively high fluxing oxide is.
melted and formed to the desired shape, but somewhat oversize,
- The fluxes are then removed by acid leaching. The léached
material is then fired at high.temperétures to consolidate
the remaining porous silica structure,which éauses it to

shrink to its final size.

Composition of Vycor No., 7930

Si02 | 969
B,0, | 3%
Na,0 - ‘ . 0.u%
A1,0, * 2r0, 1%

3



- .

(ii) Kimble Glass
Specimens of the bofosilicatevglass were prepared
from a .5 inch diémeter glass rod by cutting on a}diamondrsaw.
The ends wefé then polished oﬁ a grinding wheel using carso—
rundum paste. Although.cdtting andvpolishing do influence
the tensile fracture strength, specimens prepared in this
manner showed less scatter iﬁ'strength values than the Vycor

glass.

Composition of Kimble Glass

: o ' 102
$i0,  75% B0y 10%
Na2O 7% A1203 5%
Ba0 2% %

Ca0 1

(iii) Polymethyl Methacrylate
The plastic was obtained in the form of .5 inch
diameter caste rods. Specimens were prepared by machining on

a lathe,

(iv) Chemicals

A1l gases were purified by paSsing through a drying
train consisting of silicajgel, ascarite (CO2 removal), a
heated copper foil in a glass tubé for oxygen removal, and
anhydrous calciQm sulphate, (Drierite); The .water was double
distilled with an équivalent conductance of 0.9x10'—6 mhos.,
Technical grade mercury was used-in_ail manomefers and cut-off
valves, The organic sclvents wefe reagent grade. Solvents

were double distilled in an all glasé still, the head and
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tail fractions being rejected., Further drying was'effected |
by storage over a suitable drying agent. To eliminate the |

H2O contamination of thé‘hygroscopic solvents, adsorption was

carried out by evaporating the solvent. from the frozen liquid;

(v) Roék Specimens
Any rock specimens were used in the "as is" condition,
To eliminate the moisture and grease contaminants‘the specimens
were waéhed with carbon tetrachloride, then methanol, oven

dried at 60°C and stored in a dessicator.

2:2 Specimen’ Preparation

(i) Vycor Glass

Activation of the Vycor specimens was achieved by
careful drying. The glass was oven dried at 60°C for one
hour to prevent breakage from thermal shock. The specimens
were then baked in a vacuum of 8x10™ mm Hg in the specially
designed vacuum cell, Fig. 6, for a ﬁeriod of 48 hours at
approximately lOQ°C. The initial pump~down must be extremely
slow, since:rapid évaporétion of the water causes cracking
due to thermal changes, |

Fig. 1 shows the effect of baking temperature on
the ébsorptive capacity at a given vapour pressure. Thus for
devices to be used at room temperature, 180°C is the most ef-
fective activating temberature._ Due to the size of the cell

a temperature of only 100°C could be obtained with external

heating.
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(ii) Other Specimens
Specimens of borosilicate glass and rock were

evacuatea at 8xlO"7

mm Hg for 48 hours at 100°C prior to the
experiment, whilst with polymathyl methacrylate no external
heating was used due to changes in physical properties at

low temperatures.

2:3 Fracture Measuring Techniques

Alvariety of fechniques have been employed in the
study bf fracture of brittle solid;. Impact tests on a
nctched bar ﬁtilize the conventional Charpy and Izod testing
machines. In both systems the specimen is struck by a swing-
ing pendulum and the energy required to cause fracture is
‘measured by the loés in energy of the pendulum(zg).
Most comminution studies determine grindability by

measuring the surface area produced in a particular grinding

test. The energy input to the mill is then compared to the
A013)

~

. : : . (18) .
surface area produce Other techniques, involve free
crushing conditions, yielding a similar result of load versus
particle size distribution produced; or the propagating of-

(30)

existing cracks or notches in cleavage tests .
. (31) (32)
Compression tests on rocks sy glass and more
generally concrete(33) have been carried out to yield compres-
sive strength, but since environmental effects occur only in

tension this type of test was not applicable.  Tensile tests

as applied to metals are frequently utilized, but the problem



of marufacturing SPécimens from brittle non-metallic
materials precludes this simple technique. Experiments have
been attempted by pulling machined specimens, but specimen
variations, especially surfaéé Qariations, make the results
susPeét. |

Fracture velocities may be measured with ultra-

sonic technigues or by high speed~photography(3u). Roesler

(35)
applied the technique of Hertz for controlled crack propa-
gation experiments. The technique involves the use of a
cylindrical indenter to which a load is applied. The spheric-
al cfack propagates in a conical fashion so that the crack
area is increasing continuously. Thus the crack will stop
propagating until the load is increased further. The

technique affords a useful means of studying environmental
‘effects since the chemical can be applied at the indenter

tip. However, for opaque solids the method 1is limifed.

(36)

Bending tests have been applied by many
workers and prove to be simple and easily adaptable to vacuum
systems. With glass specimens however the scatter is fairly

high (+ 29%) making results difficult to analyse.

The Brazilian Test

(37)

-As early as 1883, Hertz proposed a theory for

the state of stress developed when a cylinder is compressed
across its diameter, The thesoretical basis has been dealt

with by Timoshenko(38), Frocht(39) and others. A Brazilian,
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. 40 ' . '
;Canlero( ), proposed a methocd whereby the tensile strength
of cylindrical specimens could pe determined., During recent
years the method, which is both rapid and sihple, has been

used to establish a cdmparative tensile strength for rocks.
Theory

The Brazilian-test is based upon the state of
stress developed when a cylindrical speciﬁen is compressed
diametrically between piatens as 1llustrated in Fig. 2.
Assuming piane étreés and considering thé disk,
with concentrated load in the diameter fhe following three
general equations can be used to expreés the stress conditions

at all points within the disk,

~

o , , A
s = 2P [(R—yix + (R+y3x _ l_]
ry ' Ty D

2P [(R-y)3  (Rey)3 1 ]
g, = =— + - =

_ 2P [(R=y)Zx _ (Rty)2x ] 

g = e

Xy Tt L rlu qu
where B

flz = x2+(R-y)?

r22 = x2+(R+y)2

Of primary interest is the maximum tensile stress



FIGURE 2. THE BRAZILIAN TEST



which occurs normal to the loaded diameter AB, This, in

general, has a constant magnitude.

o+ . 2P
‘ nDt
where,

,Aol = Maximgm tensile stress
P = Applied load -
D = Specimeﬁ diameter
R = D/2
t = Specimén thickness

In addition to this tensile stress with point
loading, compressive stresé écts along the loaded diameter
from a minimum of m%% at the centre, to an infinitely high

= :
value immedfately under the loading points.

In practice it is required that fracture be initi-
éted‘by these evéﬁly distributed tensile stresses if fhe test
is to yield useful results.

Henée the ﬁigh compressive stress at the loading

Kul,HZ)

points should be dissipated. It has bheen shown that

the maximum stress 0y near the ends can be reduced by distri-

buting the load with pads. However this padding will change
the o, from tension to compression in the vicinity of the

(43) that the stress distribution

padding. It can be shown
near the centre is unaffected by the stress redistribution

due to the pads.



FIGURE 3 TENSILE FRACTURE OF CYLINDRICAL SPECIMENS
(a) Vycor Glass
(b) Kimble Glass
(c) Polymethyl Methacrylate.



It has also been shown(h3)bthat the ténsile'sfrength
of a specimen décreases slightly with an increasing t/D ratio.

The selection of the'Bfazilian test for this re-
~search project resulted frém tﬁe fact that corrosion cracking
occurs in tension and the above test offers a simple,'rapid
method of obtaining results. - Since comparativé resulté are
desired for the tensile strength undér Qarying environmental
- conditions, a fixed t/D ratic of 1 was selected and padding
was not employed.

Figs., 3a, b, and c, illustrate the tensile fracture
' occurring on the three types of specimens. In all cases
the crack propagates along the specimen diameter in the
direction of the maximum compressive force, i.e. at right

angles to the maximum tensile load.

2:4 Preliminary. Exzperiments

(a) Hydrauiic Loading Tests

Cylindrical core samples of rock with a height/
diameter ratio of 1 were compressed diametricelly using an
hydraulic jack and press. - Loading»to failure was applied at
- as constant a rate as possible., With the specimens immersed
“in a variety of aqueous solutions and organic solvents no
‘positive results were obtained in indiéating sorption weaken-
ing systems. Two factors became_apparent however. Firstly,
the need for an accurately confrolléd loading device;

Secondly the effects of surfactant environment would be a
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function of the state of the original surface. Clean,buncdnm
taminated, reproducible surfaces are essential.

(b) Triple-point Bending Tests

A series of triple point bending tests were carried
out on borosilicate glass rods in aif to give a direct com-
parison with the Brazilian tést.

| | Table 1 shows that.fhe BraziiianAtest gives results
with very much less scatter than_the bénding'test. (A coef-
‘ficient of variation of 15;6% as opposed to 2é.7% fdr the bende'
Aning test.) This could be due to the effects of flaw geometry.
In the bending test the tension is over a smaller area and“
hence more critiéally affected -by differing flaw éize.
The statistical distribution of the flaws évef the smaller
ared also accounts for the ratio of the tensile streﬁgth to
be greater for the bending test than for the Brazilian test, by

a factor of 1.8..

2:5 Fracture Apparatus

The experimental épparatus consisted of the follow-.
ing major combonents; | |
| (a) Constant Strain rate loading device.
(b) Vaéuum pumping éystem;
(¢) Load cell and strain indicator.
(d) Vacuum ée;l.

(e) Gas train.



TABLE 1

‘Bending Test versus Brazilian Test

Tensile Strength

Rongiam.' No. in Test P.S.I. ._Coeff. of Variance.
'Bending"rest 5 S 12 o 10,3;5.4_ : - 28.7%
Brazilian Tés_,t Rt 1 - 5,730.8 o ‘-15.5_%'
Bend

Ratio of Tensile Strengths. = l;8Q'

Braz

2
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(a) The Press
.4Since tensile stfength is a functioﬁ of strainvrate
it is esvential that the strain rate be known. For compara-
tive results employing a Qariety of chemical ehyironments it
is'alsd necessary to ﬁse a reproducible constant strain rate
fdr each series of tests.
| A Wykeham Farrance Compressioﬁ Testing Machine,
Model T.57, with a load capacity of § tons, was selected fér
these experiments, The}machine has a motorised feed and é
gear box, which eliminates any hydraulic system; The.gear
box has six 5-1 feductions and additional change wheels,
giving a total of.thirty different rates of feed, ranging
from 0.3 inches/minute down to 0.000024 inches/minute.
The ram has a 4 inch distance of travel and is

driven by a 1 H,P, electric motor. Manual adjustment of the

ram is possible in both the coarse and fine ranges prior to
activating the motor. A reversible switch allows loading and

unloading of the specimen at constant strain rate.

(b) Vacuum’System
A schematic diagram of the vacuum system is shown
in Fig. 4, Details of the compénents are giQen in Appendix A,
The pumping system consists of a_forepump A, a
fofeline valve V;, a 6 inch 0il diffusion pump B, and a liquid
nitrogen trap C, coupled directly to the vacuum cell D.. The
ceil may be isolated frdm the diffusion pump by the butterfly

valve Vu,



-A roughing line E via val?e VQ allows the cell to be
"roughed out™ pfior to opening the butterfly valve to the
high vacuum line, |

A'separate by-péss lihe F is érovided, to enable
the low‘vacuum chamber to be maintained at roughing line
:pressures during a run, |

1 A hot filament ionizatién gauge G, is used to
measure high vacua (> 107" mm Hg), whilst thermocouple gauges
at G, and G; give low vacuum readings.

.Valve Vg allows the §essel to be flushed with N
whilst also supplyiqg an inlef port for the intrcduction of
vapours, A mercury manoﬁeter, with one'leg evacﬁated, allows
vapour pressure diffefences within the cell to be measured
tﬁrough valvé Vg A separate pump is used for lowering the

mercury in the manometer,

(c¢) Vacuum Cell

A schematic diagram of the high vacuum cell is
shbwn in Fig, 6. Due to the lengthy pump—down times with ad-
- sorbants bf’high surface area,band.the sfatistical nature of
the exﬁériment, thé cell was designed to enable a sequenée
of twelve specimens to 5e'fractﬁred in either high vacuum, or
a.controlled atmosphere, |

The specimens are mounted on stainless steel buttons
and held in place Sy light tension clips (Fig. 7). A rotating

specimen table holds twelve buttons-and can be turned by



means of handle H through a triple O-ring séal;

| Té avoid leakage around a piston moving in a reci-
procating manner into the cell, a Bellofram rolling diaphragm
was inserted., A split piston allowed the high'vacuum chamber
to be separated from a low vacuum chamber by the diaphragm.
The low vécuum chamber (10"3 mms Hg.), on the ﬁnderside of
the diaphragm, served a double purpose. Firstly it eliminat-
ed leakage into the>high vacuum chamber and secondly if re-
duced the pressure différentiai across tﬁe diaphfagm. A
device of this naturé proved successful in maintaining a
vacuum down to 8:«:10-7 mm{.Hg., whilst allowing a piston.
motion of approximately 1 inch. Many ex%sting problems in
high vacuum expériments could be eliminated by this technique
since extremely caréfui machiﬁingvis not required. Detaills
of the diaphragm are given in Appendix A,

Unfortunately, as a result of the fracture experi-
ﬁents, fine glasé chips caused_the diaphfagm to tear between
the piston and cylinder walls. Repeated attempts to prevent
this tearing provedfﬁnéuccessful and the design was abandoned.

A split piston push rod was substituted, opeﬁating.
through a triple O~ring seal, Due to the slow operation of
the push rod, (.03 inches/min), no leakage occurred. The low
vacuum chamber was still incorporated to reduce possibleA
leakage and to act as a vertical guide for the piston,

The cell was constfucted of heavy brasé tubing of

twelve inches diameter with 1/4% inch brass end plates. A six



HIGH VACUUM FRACTURE APPARATUS.

FIGURE 5.
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inch window allowed visual obuervation of tﬁe fracture
procédure. The upper fixed anvil, specimen buttons and the
pistoﬁ were made of one inch stainless steel rod. A six
inch diameter manifold provided connection to the high vacuum
gate valve. The hot filament iénizgtioh gauge was mounted on -
a one inch poftbon top of the cell by silver soldering the
Kovar seal}to the connectihg flange.

The piston was coupled to the ram of the constant
strain rate macﬁine by two light springs to counteract the
effect of atmospheric‘pressure'forcing the piston into the

cell.,
Vacuum Seals .

All elastomer seals used in the apparatus were
standard O-rings of buna-rubber or neoprene. Brass to brass

connections were made by soft soldering the pickled components.

(d) Load Measurements
All applied lcads were measured using a strain
‘gauge indiéator and load cell.
The load cell utilizes the principle that the
electrical resistance of very thin wires variesiwith,change
in length (strain) as imposéd by an applied load. The read-
out measures the.changes in fesistance in terms of microstrains,
i.e. micro inches per inch. |
Détails of the componenté and their calibration

are given in Appendix A and B,
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2:6 Experimental Procedure

The specihens were prepared as.previously describ-
ed. To avoid contamination when loading the cell, specimens
and buttons were handléd'with rubber gloves or adsorbent
tissue. | |

The cell was roughed out to backing pump pressures
by openingvvalve V,, then flushed with dry nitrogen. During
loading_a poéitive preséufe 6f nitrogen was maiﬁtéined in the
cell to prevent édsorption of moisture on the specimené and
walls of the system, Loading 6f'thé cell was most easily
accomplished with the cell.fully assembled and loading through
the 6 inch window'port, | .

s With the window in position the cell was pumped
down to ~20 ﬁicfons Hg through the roughing line E. The cell
was then flushgd once with dry nitrogen, by opening valve .Vg.
- The pump down pfocess was repeated to 20u Hg, when the
bufterfly valve to the high vacuum line was opened, after
closing VQ and opening backing valve Vl‘ The external heat-
ing coils were aétivated and the systen allowed to puhp for
u8»hours, resglting in-a vacuum.of the orderlof 8216_7 mm Hg.

The piston was raised manually until a reading
registered on the strain indicator. With the clufch of the
constant strain rate machine engaged, the load was applied
until ffacturo océurred. Thé teﬁsile fracture strength could

be calculated from the observed strain reading recorded on



FIGURE 7., SPECIMEN IN PRACTURE POSITION.

FIGURE 8, CONTAINERS FOR FRACTURE IN LIQUID
PHASE.
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the sitrain indicator at failure.

(a) Adsorption from the vapour phase

For vapour phase adsorption experiments tﬁé ad-
sorbate was pléced in a vessel énd subjected to vacuum through
valve Vs, before the cell was loaded. After pumping for a
short while to remove entrained gases from the liquid ad-
sorbates, the liquid was frozen in avliquid nitrogen dewar,
The vessel and line were pumped down during the evacuation
of the specimens by opening valve Vg with the adsorbate in
the frozen condition. The vapdur could be introduced into
the vessel by removing the dewar and warming with:the heat of

the hand. Aftér the appropriate dosage, valve V5 was closed.

(b) Adsorption from solutionj or experiments in the liquid

phase, | |

(i) Treatment pricr to introduction to the cell,

Specimens were evacuated as before. The cell was then
filled with dry-nitrogen and the specimens'reméved from the
cell and placed in the test solution as quickly as possible.
Fracture experiments were then carried out in air by removing
the specimens one at a time from the solutions and fracfuring
in the cell,

(ii) Ligquid treatmenf within the cell.

Small polythene cups were placed around each button,
Fig. 8. Affer specimen vacuuﬁ treatment asAin previous runs,

the cups were filled with solution whilst a positive nitrogen .
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pressure was maintained within the cell, The solution vas
admitted through the window port from a polythene contairner
~via a length of polythene tubing. Fracture experiments co.uld

then be carried out with the specimens immersed.

2:7 The Adsorption Apparatus'

An allmglass'B.B.T.'pressuré—volume adsorption
apparatus was constructed for the purpose of determining the
adsorption properties. The use of a high surface area solid
(Vycor glass), and gases and vapodrsiof sufficiently high
saturated vapour pressures (Po),‘at the temperature of the
experiment, make a method of this type quite satisfactory.

. The details of the appératus are shown in Fig. 9.

The main features are,

(aj Vacﬁﬁm System
The pumping system consists of -two parts:
(i) High vacuum which is maintained by a mechanical
pump in series with a six-inch oil diffusion pump.i
(ii)'Léw vacuum line, maintained by é_mechanical pump.
| This liné is used fo lower the levels of the
mercury in the gas buretfes and mercury cut-off

valves,

(b) Vacuum Measuring Device
High vacuum measurements are made on a hot filament

‘ionization gauge in the main manifold. Checking of vacuum at



"roughing pressure was carried out using thermocouple gauges.

(c¢) Gas Reservoirs
Four 3-litre reservoirs made up the gas storage
line. One bulb was kept full of He for calibration purposes.
All gases were passed through a purificaticen train before
being admitted to the reservoir,
| To eliminate leakage the gases weré stored at

pressures close to atmospheric pressure.

(d) Gas Buretteé and Manometers

The>gas burettes are é series Qf bulbs connected'
by lengths of capillary fubing. Etch marks are made between
the bulbs,whose volumes are calibrated prior to mounting in
the apparatus. The size of the individual bulbs is of no
consequence, but a large number of combination volumes are
useful for a complete adsorption isotherm. Mercury cut-off
:manometers are used wheﬁever possibie to eliminate stop-cock
grease., To maintain a constant internal volume the mercury
in fhe manometers could be adjusted to fixed referance points

after each gas dose and again before each pressure reading.

(e) Sample Vessels
To avoid lengthy pump down times before each de-
termination, three sample vessels were used (Fig. 10). These

could be isolated during an adsorption run,



FIGURE 9, THE ADSORPTION APPARATUS

FIGURE 10, THE SAMPLE VESSELS
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(f) Furnace
A two inch diameter tube furnace was used to outgas

.the specimens at an elevated temperature of i80°C.

(g) Thermostating System
The gas burettes were thernostated by cifculatiﬁg_
water from a constant femperature bath through the water

jackets in series. A temperature drop of .5° was experienced

across the line.

(h) Pressure Measurements
Pressure differences were read on a 50 cms cathe-

tometer using a vernier scale to three decimal places. in cms.

2:8 Adsdrption Procedure

A'pfecleaned weighed sample is evaéuated in a
sample vessel, A known vélume of vapour'is then admitted to
the sample vessei and the volume-not'adsorbed is determined
from fhe‘pressure feadiﬁgs. Knowing the saturated vapour
pressure of the vapour at the ekperimental temperature,
allows the adsorption isotherm to'be‘plotted éccdrding to the
B.E.T. equation in the form, o

P .1 " c-1 . P

V(Po-P) = VmC VmC = Po

P Corresponding pressure

Po Sat. Vap. Pressure



Vm = Monolayer Vbl.
cC = Cbnst. which 1s a function of the

heats of adsorption.

p

By plotting ~———— as a function of P/Po a straight line of
V{Po~P) . :
C-1 ) 1. .
slope — and intercept --—— is obtained,
VmC VinC -

The B.E.T. isotherm holds over the pressure range
.05 < P]p@ < .35.- Deviations from linearity are usually
found outside this range.
The parameters of infereét from a determination of
this type would be,
(1) The vblume'of gas adsbrbed at any equilibrium
pressunre P,

(2} The monoléyer volume (Vm), being the volume of ad-
sorbate to form a mono-molecular layer over the
surface of adsorbent.

(3) The surface area (S) obtained by convérting Vm to
the corresponding number of molecules and multiply-

ing by the cross-sectional area,.
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CHAPTER THREE
THE THEORY OF BRITTLE FRACTURE

3:1 The Properties of the Solid

(a) Glass
The glass-like or vitreous state is believed to be
that of a solid with the molecular disdrder of a liquid frozen

into its structure,
Random Network Theory

1ass appears to have many of the features of a
normal solid, viz., strength, hardness, elasticity efc.,
but further examination shows 1t to have an extended melting
range, whilst x-ray structural analysis indicates a molecular
structure akin té that of a liquid at low temperatures.

2 .
(q*),.grOposed that the atomic

Zacharidson, (1932)
or molecular arrangement in the gldss.like state is an ex-
tended network which lacks symmetry and periodicity. He laid
down a nﬁmber of simple rules relating the way in which ox gén
anions_énd the cations must link.together_for an oxide to
exist in the glassy state. Briéfly, the glass forming

++ ++4+4+ L+t
1

cationsm(B+ , P y S ) aré surrounded by polyhedra



of oxygen ions in the form of tetrahedra. Tﬁe oxXygen 1lons
are of two types viz,, bridging ions, each of which link tQQ
'bolyhedra and non bridging oxygen ilons each of which belong
to only one'pélyhedron. Such a system woﬁld produce a poly-"
mer structure with long chains cross-linked at interwvals,

In the structﬁre would be regions of unbdlanced negative
charge where the oxygen ions are-non~ﬁridging. Cationé of

+,Ca++) may exist

~low positive charge and large size a*, X
in holes in theAnetwork, where they compensate the excess
negative charge.

Oxides forming the basis of the glass are knowﬁ as
network formers and those soluble in the network as network
modifiers,

: 45
In 1947 Sun( )

_advanced a theory that'glasseé are
only formed from.those oxides 1in which the bond strengtﬁ
between the oxygen and the cationvreaches a certain minimum
value.

Oxides lowering the bond.strength may act as'net-
work modifiers, or ihtermediates; buf not as network formers,
‘The bond gtrength M* - 07 of all glass formers is greater than
80‘Kgals per Avogadfo nuhber of bonds, whilst that of the .
modifiers belo& 60 Kcals. The classification is arbitrafy.

(u6)

Using x-~ray analysis Warren has confirmed the

Zachariason model on the structure of glass.



Screening Power

ﬁhen a group of atoms interacf chemically, single

molecules will be formed only if :he cation is a proton (NH3),
or if the number of anions required to neutralize the charge
of the cation, at the particular'temperature, is sufficiently
great to provide proper shielding of fhe cation forcé field
(SiFs). Unless both conditioﬁs, electroneutrality and
‘adequate.screenihg are met, the interaction of the atoms
doesvnot lead to the formation of molecules, but to an
indefinite array of ions, i.e. a solid.

| SilicabglaSS is therefore befter describad by the
formula si**t? (02_/2)u. This expression indicates that the
éation is screened 5y four 02" ioné. Since the»comﬁosition

. . S B . ' L4+ .
1s 8102, each 0 ion is shared by two Si1 , and 1s there-

fore depicted as 02=/2 for each sit*** ion. This formulation
~indicates the screening of the co-ordinate requirements of
the cations and the nature of the builaing units.
'The.freshly fractured surface will be a region of
incompleté screening, resulting in ﬁigheb reactivity and a
greater electron redistribution in lateral-sﬁrface bonds. A
contraction of these bonds recsults, the surface remaining in
tension. Certain spontanecus surface reactions will serve to
withdraw electrons from these lateral bonds, a relaxation and
<swe¥ling of the solid results. Obviously the stfbﬁgerithe

surface interaction, (the screening power), the greater the
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electron withdrawal.
The effects of the screening of the force field
: PR . .
of the si* cores on the mecharical strength properties of

the material, will be dealt with in the section on adsorption.
Surface Structure

A freshly‘formed surface of silica contains two
kinds of structural units called E-centres and D-centres
(Fig. 11).

The E-centre, (excéss oxygen centre),KCOnsists of
an si***" ion that is screened.by four 027 ions. The si***"
ion shares only three of its four 02- ions with neighbouring

tetrahedra, its fourth 02" ion is not shared with another

cation. The structural unit may be written

AEE oL -
FSl 02.5)

The D-~centre (deficient oxygen unit) has a positive
. X T .. .
excess charge. The S1i ion is incompletely screened,
hence these units are responsible for the high surface
energy of silica surfaces. The structural unit has the

formula

In the absence of reactive molecules the surface of
freshly broken silica consists of an array of E-units and

D-units having excess positive and negative charges.
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The possibility of an electron transfer from an E
'to a D unit-is not likely, since this would result in the

. A . o
formation of Si ions having 8+l outer electrons.
Chemical Reactivity of the Glass Surface

An E-centre contains three bridging 0%~ ions

s AEEE : < s .
stabilized by two Si - ions. In addition, the unit con-

2- ++4

tains one 0 exﬁosed to only one Si ion. This 02 ion
has greater polarizability and screening power than the other
two aﬁd is termed a 'basic' active centre, with a negative
excess charge.

"Thus the D-centre, or 'acidic' active centre is

N -
10n. The

. s : . .+
positive, due to the .incompletely screened Si
simultaneous occurrence of basic and acidic sites in the same

surface leads to many interesting chemical reactions.

(i) Water Vapour
It is a well established fact that the surface of
glass is covered with a layer of hydroxyl groups which affect

many of the solid's properties, This layer may be depicted as

~and is generally termed the "bound water", Many of the
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reactions occurring at thé glass surface involQe the siianol
surface. The work of'DziskoiEG{shdéVskaya and ChésalOva(u72
sﬁows, | _ |

(1) Physically adsorbed water is reﬁoved Ey
drying to constant weight:at4115°C. N |

'(2) The bound water is proportional to the surface
area, | |

(3) Between 115°C and 600°C the hydroxyl gréups
'_aré evolvéd,without serious loss of éurface area.

(4) Above 500°C surface area is destroyed.

(ii) Adsorption Reactions

Many of the adsorption reactions with glass may be
regérdéd_as secondary reactions since the surface must first
adsorb a hydroxyl ion, or ldse a preton, in order to~providé'
a site for cationic adsorpfion. Tﬁe ffacfured surface is
'usually.distorted in éuch-a way as to bring the . more pdlariz—
able 02~ ions to the surfaée in order to screen the smaller

LAt
i

S ions., Thus the surface is’esséntially negativély

charged. Non-iénic organic compounds are attracted to the
silandl.SUPface, usually‘in the more étable miceliar form(us).
The adsorptionrof‘long—chain substituted ammonium ions has
been employed for the flotation of silica from ores for mény
years, the adsorption taking place from aqueous solution.
Adsorption from solution involves a competition‘fér

the surface site between the solvent and solute molecules.



Thus in géneral, the less polar the solvent the greater the.
adsorption of the active solute species. Amines are, hou-
ever, strongly adsorbed from the gas phase, a monolayer being

. . 1
formed at very low partial pressures(*g).

Yates(so) has demonstrated the importance of
hydrogen bonding in explaining volume cﬁanges accompanying
adsorption on Vycor glass rods.

The difficulties encountered in studying inter-
actions on glass surfaces arise from the presenée of water

vapour and the extremely high reactivity of the surface.
Stress Corrosion of Glass

Mechanical forces aecting on the solid change the
interatomic distances, causing the solid to change its
optical and electrical properties, as well as its chemical

.. .o ' . BPNPE T
reactivity. TFTor silicas under a tenslle stress the Si
ions are screened to a lesser degree and are thercfore more
likely tc increase their co-ordination by adding (OH) ions.:
S eq s . 2- . . '
The polarizability of the O ions 1s increased due to the

irection of the force. A

oL

increase Si1-0-Si distance in the
protdn will now-preférentially enter the electron cloud of

the more polarizable 02_ ions. Therefore the mechanical
forces aid chemical corrosivity byvincfeasing.the internuclear
distances. One would thus expect.any>environment with an
affinity for the glass surface fo decrease the tensile

strength by screening ths effects of attractive cohesive
g y P24
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forces: the greater the screening, the greater the decrease.’

c.J. culft®D)

has measured the effect of several liquidsAand
' driéd £ases upon the'mechanical strength of plate glass;
Molsture gavé the major decrease in mechanical strength (a
fracture eneicy of 2900 dynes/cms), with dry ammonia gas,
(an effective screener), having a lesser effect, but similar
to many liquids, (4200 dynes/cms).

The static fatigue phenomenon, to be discussed
subsequently, is a diréct consequence of the mechanochemical

reaction of the glass surface with the ambient moist

atmosphere.

(b) Plasties - Polymethyl Methacrylate

This acrylic thermoplastic [«CHBfC(CH3)COOCH3)—]n
possesses many remarkable properties and is chosen for this
study for its brittleness at room temperature., Polymethyl
methacrylate has a molecular shape of long continuous éarbon
éhains to which the methyl and ester groupings are attached.
Fig. 12 shows the structure, which is large in the transvarse
direction. There is evidence that the polymer exists largely
in a coiled configuration. Every second carbon of the chain
is asymmetric, with resulting isomeric d and 1 arrahgements
randomly located down the chain, '~ This randomness makes an
ordered arrangement of the molecular chains difficult.
Steric effects associaféd with the ester grouping are also

non-conducive to crystallization. Thus polymethyl metha-
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crylate is completely non-érystalline.
General Considerations in Polymer Failure

The forces of attraction vetween the polymer
molecules are of two types; hydrogen bonds and Van der Waal's
forces. The Van der Waal's, or secondaryvforces, are dué to-
~avqombination of several forces, namely,the orientation
effeét (attraction bctﬁeen dipoles), the induction effect
(attracticn between a dipole and an induced dipole), and the
London dispersion effect (attraction between non-polar
molecules because of electron induced fluctuafing dipole
moments). The presenée of polar groups in macro-molecules
:greatly inéreases their net atfraction.

The point 6f initiation of the fracture process may
be quite arbitrary, usually commencing from structural
imperfectiﬁns. These impérfectiohs are frequehtly at the
surface and rupture is usually a surface initiated effect.

The tensile strength refers to the ultimate_property
of the material, norméily expressed in termé of the tensile
load at fracture divided by the initial undeformed area of
cross-section, —

Factors.influencing the tensile strength of plastics
are, polymer_constitution, crystallinity, degree of cross-

- linking, molecular weight, temperaﬁure, ratevof test, geométry

of the test piece and the type of surrounding environment.



Fracture in the Glassy Region

When the rate of the strain becomes high, or the
test temperature sufficiently low, afmaterial that was for-
merly rubbery, begins to behave as a glass, Dﬁe to the
restricting effect of internal yiscosity; fhe chains of the.
network are unable to uncoil and stretch in a rubbery fashion.
Under such conditions fraéture is of a brittle nature and the
network chains are far from fully extended at the moment of

&

fracture.
(52) . . :
Beuche has derived a theoretical treatment for
the brittle failure of polymers using a statistical mechanic-

al approach very similar to that of Poncelet for glass.
Environmental Stress-cracking of Plastics

The term environmental stress cracking applies to
accelerated surface initiated brittle failure, whicﬁ occurs
when the material is subjected to a tensilé stress in an
'active environment', The effect of this environment is to
induce'cfagking which would not cccur in.its absence, or to
caﬁse failuré at lower stfess, or in shorter times, than
would normally be experienced in én inactive environment.

The molecular mechanisms involved in crack initin
ation and propagafion would be expected to be similar teo the
non-environmental éase, the distinction lying in the cata-
strophic reduction in crack resistance in the presence of

an active environment.
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FIGURE 13 CRAZING OF POLYMETHYL METMACRYLATE
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Richardé(53) in 1946 was the first to note the

failure of polyethenes of low molecular wéight in soép solu-
tions,, A review by Howafd(5”)£1959) covers the‘studies to
date, whicn mostly invdlve polyethylene.

At the present time, theéretical understanding ofv
environmental stress cracking is very sketchy. Hittmair and

c
Ullman(se)

report on the effect oflcrystallinity and molecular
weight on stress cracking of polyethylene. The theoretiéal
reasons for thé effects are discussed in terms of the
Griffith theory of fracture, suggesting the role of the
active species to be that of reducing the surface energy sd
‘that the stress at‘which brittle failure occurs is reduced,
As discussed elsewhere, this may be partly correct but is
obviocusly an insufficient reason for cracking.

Polymethyl methacrylate exhibits the effect of
" crazing, i.e. the appearance of fine cracks on the surface

in either random or patterned formation, Fig. 13. The effect

is similar to stress cracking since it is environment sensitive.

(1) Structuréi Effects

Average Molecular Weight is known to be one of the
major factors in determining stress cracking resistance.
Howard(su), Spohn and Frey(ss);.and Lander(57) have all shown
the deleterious‘effecfs’of low molecular weight fractions on
crack resistance of polyethylene.

Long chain networks with high degrees of cross-

linking serve to reduce the stress cracking effects.
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(ii) Temperature Cffects

| Fig. 14 shows the effect of temperature on the
stress-strain curve of polymethyl methacrylate. In a group
of specimens broken between>23°C and 80°C, WOlcoék-et al(58)
havé shown tﬁe nature of thevfracture to go through a
transition stage between 40°C and 50°C, Below 40°C the
‘fracture surface is flét and.perpendi¢ular to the faces of
the Specimen,'iﬁdicating essentially brittle failure. Above
40°C tnere is an indication of shear with ths material
becoming tougher and the critical crack size greater, so that
.theimirror area is increased in size. The ductility also
increases thereby reducing stress concentration at the tip
of the crack by flow. |

It is obvious frém Fig. 14 that the elongation at

failure rises sharply in the region 40°C-50°C, There would
appear to be a.changeAin the mechanism of failure . in this

region, as yet unexplained.

3:2 Brittle Fracture

(1) Introduction

Metals, plastics, concrete, ceramics, glass, wood,
rocks etc.,, are all solids whose utilization is governed by
thé presence of cracks or flaws within them. Some cracks are
_initiafed by the concentration of strésses around flaws, that
are either naturai to the material or built into it inad-

vertently during manufacture or fabrication. Others are
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initiated by plastic deformation of the material caused by
the stiesses themselves. Under stress once a crack is ini-
tiated, it grows slowly until the strain energy at the tip
reaches a limiting value, at which point the crack becomes
unstable and propagates at high velocity of its own accord.‘
 The nature of this process differs from material to material
but depends upon tﬁe manner in which the load is applied, as
well as the teﬁperatﬁre and chemical environment. The latter
two factors are leésvwell understood and it 1s the object of
this work to-investiga;e further the role of chemical |
ehvironmente

To avoid confusion occufring from the use of
fracture terminology,idefiﬁitions of the terms used in the

thesis are given below,

(ii) Definitions

Fracture is defined as the separation or fragmenta-
tion of a solid body into two or more parts under the action
of a stress. The different tyves of fraéture arise from
differences in the modes of crack nucleation and crack pro-

pagation; these processes depend on the nature of the applied

~—

stress, strain rate, temperature and speciﬁen environmenty”
Fracture may be eithervductile, where the separation

o¢curs.after extensive plastic deformation; or Brittle,

with little, or ideally né plastic deformation accompanying

the break.

Various conditions and stages of fracture may be
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visualized,
 (a) Crack Initiation. A failure process by which one
or more cracks are forwed in a material free from
‘any cracks. (Poncelet)(sg).
(b)f'Ffactufe Initiation. A failgre'process by which
| one or more existing cfacks in the material begin
to extend. '(Griffith)(3)f
(c) TFracture Propagation. A failure process subsequent
to fracture initiation in which the cracks‘arc
ektendihg in the material., A distinéfién may be
made between two types of fracture propagatipn:

(1) Stable'fracture propagatibn is the failure
process in which crack extension is a function
of the applied load and can be controlled ac-

- cordingly:
(ii) Unstable fracture propagation is the failure
process in which crack extensionuis governed
'by‘factdrs other fhan loading and thus becomes

uncontrollable.

(iii) Fracture Initiation

Brittle -failure often occurs af unpredictable levels
- of stress, by the sﬁden prdpagation’of a craék;v It is believed
that in crysfailine materials some-disloéation procéS§,sefs up
stresses that are felieved by atomoc sépafafion instead df étomic
siip. A crack forms. .The question is then whether thé crack

can spread catastrophically across the crystai as a cleavage
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crack, If it can, brittle fraanture ensues,
Amorphous.méterials; cuch as glass, are'complétely
brittle, whilst crystalline materialé usually exhibit some
plastic deformation prior to fracture.
An approximate calcﬁlation of fhe theoretical-
cohesive strength of a perfect material results in values
- several orders of magnitudé larger than the measured values,
The first explanation given for the discrepancy was derived

(3

by Griffith from the assumption that all brittle materials

contain a host of fine ellipticél cracks. .
The Griffith Criterion

Microcracks pre-existing on the surface, or in the .
bulk of a material, act to concentrate_applied.stresses‘at
the flaw apex(IOI). The Griffith criterion for fracture
initiation predicts that at a particular level of applied
load, a critical muxgyf value will causeAthe crack to pro-
ﬁagate. It should be noted that a fracture initiation
criterion is not-necessarily a strength failure criteribn.

As a result of the stresé concentration the c¢ohesive strength
of the material may be exceeded at this localized area at low
applied loads. The critical stress value, as shoﬁn by

(60)

Orowan , represents the molecular cohesive strength of the

material.



The Energy Approach

The concept of the ériginal Griffith hypothesis
is based on the condition that the energy VW applied by load-
ing a structure, is balanced. by the elastic strain energy
we stored in the structure ana the surface energy ws in the

free faces of the existing cracks.

If the load is increased the qorresponding increase
dW in the applied energy W may be balanced either (i) by an
increase dwe in the 'strain energy V¥, only or, (ii) by an in-
crease dWg in the crack surface enefgy Wy or, (iii) partly by
an increase dwe and partly by an increase dvg.

In case (1) dW = dW,, dWg = U and the craék does
not extend. In the other two cases dwe can equal 0 and the crack
surface energy can'only_inérease by extending the crack, i.e.
if the crack half-length ¢ increases to (¢ + do). |

~Balancing the energies we have

dw = dW, + d¥

e s
ay _ ¥, g
dc dc dc

: ay g

It can-be shown that - = 2=

dc de
i aw



For a thin plate Griffith gave(3)

'We

nczoz/E>

ws = hye

vhere © Applied uniaxial tensile stress,
E = Modulus of Elasticity.
Y = Surface Energy per unit length of crack surface.

¢ = Crack half length,

Solving by substitution we have,

; 2Y]Y? - 0
- me J T Oin ¢
0. = Stress necessary for fracture initiation

in

We then have the Griffith criterion fqr fracture
initiation,

For o <0in the crack does not extend (dws=0)_i.e.(ii)

For o >0in we have fracture proﬁag;tion.

Then thé'stresé necessary to propagate a crack is
inversely proportional to the crackAlength. The tensile
strength of a completely brittle material will thus be de-
termined by the length of thé largest'crack existing prior to
loading. | |

Griffith's experiments on glass fibres showed that
when surfaée cracks are absent, an inérease in strength

results to values approaching the theoretical cohesive
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strength.,

Since the Griffith equation only applies to comple-
tely brittle materials, é new treatment must be used for
crystalline.materials, which aépear to fail in a brittlé
fashion, but which usually have an amount of plastic defor-
mation next to the fracture surface. The theoby must there—
fecre take into account not only the energy necéssary to create
new surface (2y), but also to produce plastic deformation in
the vicinity of the érack ().

(60)

Orowan modified the Griffith equation to,

3 [&E.,S,xi&l] L
me -

(2)

where p is the work of plastic deformétion at the tip of the
(>2) ' ‘

growing crack. Roesler has shown that the energy dissipated
in plastic deformation is much larger than the surfacé energy
changes unless the material is very brittle.

Therefore, the function of an embrittling species
is not only té reduce ¥, bhut also to decrease p toe a value
close to zero. 1In a fractura of this nature fhe stress con-~
centration at‘theitip of the microcrack is inifially accommo-
dafed by plastic deformation. When equation (2) is satisfied,
the crack will propagate spoﬁtaneously. The speed at which
this spontaneous propagation occurs increases rapidly from
zero to a 1imitiné‘value, about one-third of the speed of
longitudinal soundeaves in the medium. Since yield .stress

is strongly dependent on strain rate, the velocity of the



O~
o)

crack increases to the extent that plastic deformation cannot
accommodate the stress concentration at the head of the

crack, and the crack spreads in ¢ brittle manner,

(iv5 Fracture Propagation
'Subsequent to fracture initiation is fractufe pro-
pagation, which consists of.stable and unstable crack growth.
As long>as the condition ¢ > oy, is maintained by
a definite relationship existing between ¢ and the appliéd
stress ¢ the propagation is controllable and stable.

(61)

Irwin proposed the relationship,

GE

TC . (3)
where G is the energy released per unit crack area.
Thus an amount of energy G is released from the

stored elastic strain energy W, and used to form new surface,.

e

The similarity between the Griffith and Irwin
formulae is obvious; but whilst equation (1) is a formula
specifying a criterion, equation (3) constitutes a relation-
ship between ¢ and a

When the unique relationship (3) between c and ©
ceases to exlst unstable propagation ensues;

Stable propagation is usually a slow process whilst
~unstable propagation is fapid(§5).

Irwin postulated that when G attains a critical

Qalue Gegr,the transition from stable to unstable propagation
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ensues.,

- 2 ' .
Gcr * M9 R CCR/E (H)

Velocity of Crack Propagation

Unstable fracture propagation occurs when other
quantities, e.g. cfack growth velocity, play-é contributing
role; and the fracture can hdAlongef be controlled by the
apﬁlied load. , |

When a bond in.the material breaks under the action
of a tensile stress, the two freed atoms accelerate away
from one another. Since they are parf of the sane body
they cannot travel very far, each movement causing a distur-
bance to propagate through the body situated on either side
of the broken bond, This diturbance may be described by the
theories of elasticity. |

Perpendicular to the free boundary the disturbance
propagates as a longitudinal wave, fhe front of which carries
a displacement of the same orientation as the displacement of
the freed particie‘ Along the free bdundary the disturbance
propagates as a transverse wave whose front carries a dis-
placement that also has the orientation of the freed particles.
The longitudinal waves.superimpose a compression on the bonds
of the body previcusly extended by thé imposed tensile stress.,
They act thereférevas a stress relieving mechanism liberating
the strain energy of the body as a‘consequence of the creation

of new surface. As the reflected transverse waves on each



side of the crack reach the crack tip simultaneously, each
carrying displacemeﬁts in opposite directions, they7supér—
impose on the unBroken bonds at %“he edge bf the crack,
(already extended by the tensile stress),thus fufthering the
break. The irreversibility §f the ‘racture process results
from the effecté'of these emanating transverse waves that
prevent the 5ond from reforming.

By relating the kinetic energy to the velocity of
movement of the material on either side of the propagating

crack Mott(62) Jerived the equati@n

e/ ]

where V = Crack propagation velocity
Vl = Velécity of sound in material
O, = Critiéal stress level
o = GStress on pre-existing flaw.
(63)

Roberts and Wells

- . . E .
.38f/f%?(l-co/§).

Thus the terminal velocity will be -

’ E
VTf.38/p

The terminal velocity is thus a characteristic

gave// = ,38 and ex-
k

pressed V

property of the material, being a fraction of the velocity of
the longitudinal wave in a rod of this material.
The value of .38 for B compares well with Schardin

51 ) - N eq s ..
and Struth?s(c’) value of ,4 for vitreous silica. A similar



o

75 mbsec

5

:

[ _Jerminal veloclty w2l

Crack velocity, m/sec
'm\ e iritiation |
)

;?

~ —-——;?o]
5§r.o’ £
ROl & é:‘ .
B8/ N !
4y 5 g
i E T
Stable frocture propogation ” Unstoble frocture | Forking ond crogl
Al . propogation | | codescernco | |
® -
o /| | ]
To T y
R 1 |
5 10 15 20 25 30 ]

o)

FIGURE 1l5a.

. Crock holf-length
Ratio el Grack Tolt -Tergth

CRACK VELOCITY RELATED TO

CRACK~LENGTIH RATIO (65).

4
o

4

(.L"l‘.) / Poncelet

e .
. .

e
N

|

/ Mott

o
=)

=4
o

o.
L2

* " Dimensionless crack velocity

(=4
‘W

/

0.2

A

g

08

10 .12 14

... ... Dimensionless stress (¢/q,)

16 18

20 22

FIGURE 15b. MAXIMUM CRACK VELOCITY
VERSUS STRESS. (62).



O~
N
.

' . . . (65)
resulv was obtained by Blenlawskl( for rocks.,.

Fig. 15a%%>)

shows that fracture propagation starts
with low velocity which later increaseé rapidly to a constant
value. Th2 turning point in the curve‘marks the transition
from stable to unstable propagation, i.e. when c/co = CCR/C§
and G = GCRf | |
Therefore, whilst the influence of crack velocity

is small during stable propagation it will be a governing
_factor in the unstable fracture ﬁropagation process,

| Once the crack approaches its términal,velocity the
kinetic energy of crack extension must also approach a
limiting value. Since the released.energy increases with
crack length the crack tends to increase its surface area

in order to dissipate the additional energy. Branching or

forking occurs.

(v) Alternatives to the Griffith Theory

(66)(67) have arisen to

Various other theories
explain brittle failures, many of which involve slight vari-
~ations of the basic Griffith hypqthesis. The theory of
Ponc;let(sg); however, does not utilize the concept of pre-
existing cracks and warrants more detailed attention. This
statistical mechanies approach étates that nonequilibrium
processes are determined by the differeﬁcé between‘the for-
ward and backward reacticn rates, in this case the difference

between the rate at which bonds are broken and the rate at

which these bonds are reformed. With no stress these rates



would be equal, but with stress the rates are biased; a

process which is stress and temperature sensitive,

(vi) The Pohcelét Flaw Genesis Theory

An ideal brittle solid may be regardéd as being
composed of a collection of idgntical particles held together
at definite spacings by bonds of an electrostatic nature.
These bonds may be pictured in the usual way on a Morse
diagram.- Fig. 16. Electrostatic repulsions exist between
the nuclei of both particles and also between the electrons
of both particles, whilst electrostatic attractions occur
between the electrons of one parficle and the nucleus of the
other. = The equilibrium disfance between the particies is
stable, since the Morse resultant of the bond urges the
particles back toward their equilibrium spacing, no matter
where their actual spacing may momentarily be.

Under the influence of these restoring boﬁds the
particles vibrate. The energy involved in these oscillations
is represented by'the area subtended by arc AB or arc_AC and
is usualiy referred to as the thermal energy level of the
particles. According to statistical mechanics the probability
‘that a given bond has a thermal vibrationai energy in excess

of an arbitrary value E(n) is given by
P o= e B(r)/KT

where T is the temperature in degrees Kelvin and K is

-16

Boltzmann's constant (1.372x10 ergs/degree).
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FIGURE 17 PRINCIPAL BOND DIAGRAM



While the energy levels of the various particles
are char ging continuously'and independently as the particles
interfere ﬁith one. another, the distribution of thé various
levels follows a well determined pattern referred to as the
Maxwell-Boltzmann Law, |

\ The.computations-of the energy levei of a particle
is a vefy Eomplicated matter, buf may be simplified 5y,cal—
culating the energy levels of the bonds rather than those of
the particles, a bond joining two particles. The energy of
a particle is thus half the sum of the energy levels of the
bonds Jjoining it to other particles.

The vibrational energy levels of fhe various bonds
of a particle do not depend solely on the vibration and
enérgy levels of tﬁe particle being considered, but also on
the vibrations and energy levelé of the other particles to
which the one in question is bound.

It follows that the vibration and energy levels of
any one bond varies independently of any other bond, and the
bonds may thus be considered one at a time.

The principal bonds of a particle may be regarded as
the 6 mutually'perpendicular bonds lying along the co;ordinate
aiis.' The principai stresses hay be regarded as the vector-
pairs of forces acting along the principal bonds (Fig. 17).

Since solids fail, the pfincipal bonds must become
~unstable when subljected to spécific'stress tensors. Due to

the increasingly steep nature of the negative Morse resultant the ™
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cqntinued centraction of bonds is precluded. Unstable bonds
must therefore keep on expanding.

There may be nothing tc prevent the bond frbm-
‘reaching & third equilibrium spacing whilst expanding, which
equilibrium would again be a stable 2quilibrium., ©On reaching
such an equilibrium the bond starts to oscillate about it
and then becomes a "long" bond. It consequently ceases to
be a principal bond, some otﬁer bond becoming the principal
bond. Such boﬁds are termed "swapped" bonds.

The failure of solids resulting in broken bonds we
call fracture; and the failure giving swapped bonds, flow.
Since brittle solids do show other phenomena than fracture
when submitted to stress-tensors, we accept the possibility
of flow, although not necessarily of a viscous or plastic
nature,

In the case of simple tension the stress acting
along one axis is positive, with both the other a%ial
stresses being zero. As the vibrating bond reaches spacings
greater than the primary equilibrium spacing, its Morse re-
sultant, urging a contraction, at first increases from its
value at B until a méximum-spacing at point 0 is reached,

For greater bond expansions the Morse resultant de—
creases asymptotically to zero, As the spacing of the primary
bond increases under the influerice of its thermal energy |
tﬁepe is only one pcsition greater. than the priﬁary equilibrium

for which the resultants and the stress are again in equilibrium,



as shown by D on thé Morse curve. This is an unstable equi-
libriun and when the bond exceeds fhis length it becomesia
broken bohd,

The unstable equilibrium is reacﬁed when the thermal
enérgy levei .is sufficient, as given by the areca under the
Morse curve. This required energy level varies with the,
tensile stress applied, and can therefore be expressed as a
function of stress.

The Maxwell~Boltzmann Law gives the time dufing
which a bond possesses sufficient energy to overcome the
energy barrier in proportion to the total duration of the
tensile load.

It is found that the duration varies steeply with
thevsfress. Theoretically the smallest tensile stress is
sufficient to break a bond but the required duration might
be millions of years. -

At the surface where we have an absent bond the
' redﬁired energy would be appreciably less than if all the
principal bonds were present., Thus the first bonds to break
will normally be surface bonds,

At the tip of an existing crack where the bond is
perpendicular to the crack plane, the principal bond in the
crack plane cannot remain perpendicular to the vibrating |
bond subject to the tensile stress, since the link.has been
severed by the crack., As a vresult this bond become s obliqu¢

and contributes to the applied stress. Thus bonds perpen-



dicular to a crack tip will break even more readily then

surface bonds.

Physical Nature of Strength in Brittle Solids

A}

In brittie sdlidé where the elastic flow in failure
islvery slight, the limiting stress which may be applied to
the solid refers to the fracture stress.

The fact that identical brittle solids in identical
tests will not‘give identical strengths follows from the
variatioﬁ in the energy levels of the various particles. An
average strength may however be computed on a statistical
basis. Sinc¢e the first bond to break sets the fracture
phenomenon in motion the duration of a specific streés re-
quired to fracture identical solids may vary greétly;

The condition of the outer surface obviouély
affects the strength considerabiy, as will the surrounding
‘atmosphere; It is well established that thg strength 6f
solids is greater in vacuo or an atmosphere with no affinity
for the solid. This aspect will be discussed in furthe

-detail later,

(vii) A Comparison.
Poncelet objected to the Griffith existing flaw
hypothesis on the grounds that the initiation of a crack is

an atomistic approach and not trzatable by the macroscopic

equations of thermodynamics.
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Orowan'approacﬁed:thé prébleh from an atomistic
point of view aﬁd demonstrated that when the stress reaches
a value~predicted by'thé Griffifh'formula the material wiil
breuk. | | |

In the Poncelet approach, although the crack
' geohetry'assumption'is removed, others are addéd in the form
of activatién energy and the manner in which intrinsié energy
is biased by theimacroscopic load.:

The interesting feature of the flaw genesis theory
is that it'léads to Qirtually»the same conclusion as the pre-
existing flaw theory. Any disagreement is a reflection in
the differeﬁces in the point of wview between statistical

mechanics and classical thermodynamics.

(a) Existence of Microcracks
(69)

Gofdon, Mafsh and Parratt have presented ex-
perimental evidence that stréss creates flaws. They also
showed, using a sodium vapour'decoration technique, that
long (50u), narrow (200A°) and-sﬁallow (1600A°), cracks do
exist in glassbprior to the application of the stress; A
further conclusioﬁ'suppdrtiﬁg'the.existing flaw hypothesis
shows that low crack denéity results in fhe-glass bréaking

(70)

at high stresses, Elliott showed that flaws no more

than several atomic diameters would account for loss in

(71)

strength. The results of Shand » leave no doubt that the
presence of minor surface flaws has a drastic effect on the

strength of glass. No direct evidence for the existence of
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surface flaws has resulted from electron microscopic.exami— '
nation, but the decqfatién techniques of Andrade and Tsién(72)
showed ovientated cracks on the inside of glass tubes when
abrasion was absent.

Ti.rs it would appeaf thét in glass specimens cracks
do exist and opgréte to reduce the strength.

Bieniaskwi(73) shows the existence of microcracks
in rocks, the cracks lying on grain boundaries between the
constituent miﬁerals, and concludes that their presence re-

sults in the modulus of elasticity of the material being

lower than that of a solid continuum.

(b) Crack Propagation Velocity

In comparing the equation of‘Mott(Gz)

(based on the
initial flaw concept of Griffith) with the Poncelet equation
using the flaw genesis hypothesis, the differences are found
"to be very small, Fig, 15Db.

Poncelet assumes that there is no flaw until it is
created by a stress, at about .70c whereupon it spreads
catastrophically to a limiting value of .5 of the transverse
wave-veiocity,

Thus the 1imiting values of .38V and .5Vt in the

case of Mott and Poncelet respectively, are rcasonably close

(in view of the theoretical assumptions made),
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{e¢)  Static Fatigue

| Static~Fatigue is that pﬁpnomenon’particular to
inqrganib gla ss where the average breaklng strength at
constant load as opposed to alternatlng load in cyclic fatlgue,
depends upon the tlme,v From the prg—eXLStlng flaw point of
view, the phenomenon can be related to_sloﬁ fracture gfowth;
i.e, the. size of ¢, depends on time.” The magnifude of ¢,
depends on the stress and’atmosphere; such that a lower stress
-will cause ffacture after a longer time interval. Thus the
stress-time equation results from the gradual penétration,into
fhe cracks of‘suﬁstancés that will be adsorbed on the crack
walls. At a stréss level of about 1/3 the breaking stress at
rapid loading the glass appears to withstand fracture indefif
“nitely. OroWan(GO) showed that the factor 1/3 was equal to the
square root of the fatio of y in moist atmosphere to y in
‘vacuum. Thus it seemed that the chang ? in y was responsible
‘fpr stafic fatigue. Experiments of Gurney.and Pear’son”u con-
firmea Orowan's(75) predlctlon that utatlc fatigue will not
occur in.vacuuﬁ. They were able to show that the fatlgue effect
could not be asc;lbed entirely to gaseous attack on the crack,
and is-pOSSibly due to the atmospheric constituents in the
surface layers{ | |

Elliott(SG) proposed that the crack depth may be.déepened
by thé-diffusion of corrosion préducts at fhe EPack tips. |

Thus the loss of étﬁength with time may be dﬁé,to the

growth of the crack size or the decrease in the surface



energy, or both. In any event, the Griffith hypothesis of
pre-existing flaws seems to explain adequately the phenomenon

of static fatigue,



CHAPTER TFOUR

ADSORPTION

el Ijtroduction

The study of environmeﬁtal effects on fracture in-
volves the contact of solid surfaces with a gas or liquid
phase, resulting in adsorption at the interface. The ad-
sorption_characteristics constitute important parameters in
deducing the mechanism by which the fracture takés place,

Adsorption in the solid/vapour system may be defined
as the concentration of vapour at the solid surface resulting
from the residual attractive forces in the solid surface. The
phenomenon 1is customarily divided into two broad categories of
physical adsorption and chemisorption} Physical adsorption,
barring hysteresis in porous solids; is reversible and involves
essentially nonnspecific forces. Chemical adsorption involves
electron transfer in the formation of a chemical bond and is
.oftén referréd to as loéalised orAfixed site adsorption,

The thermodynamic terminology of surfaces is
normally applied to liquid intérfaces.' When dealing with
solids misuse of terms has led to a great deal of confusion
(773{92)

in. the literature The terminology to be used in this



thesis is defined as follows.

4:2 Definitions

ii) Surface free energy. The work nacessary to form
unit area of surface by a process of division, in vacuo. The
specific surface free energy is the free energy per Zcms?(F).

| (ii) Surface Tension. (Y) The work necessary to form
unit area of surface in a multi-component system,

(iii) Surface Stress. (f)' Lateral forces operating in
the solid surfaée, which must be balanced by external forces,
or by velume stresses iﬁ the body.

Therefore, in a one component system (vacuo), the
specific surface free enzrgy and surface tension are identic-~

al. In an environment we have,

F = v + Uy Fs

where pg is the chemical potential and Tg is the concentration

excess of the adsorbed species, i1.e. Y decrzases due to the

adsorption term W_ T_.
O

4:3 The Surface Tension, Surface Tree Energy Concept

Contrary to the situation with liquids the surface
tension (v) and surface free energy (F) values for solids

(76)

are not necessarily equal. Gibbs gave the relationship

between the quantities,

v = F + A dF/dA



where A is the surface area.

The difference may be seen-by imagining the prdcess
for creating fresh surface to be comprised of two steps.
Firstly the solid or liquid is cleaved, keeping the atoms in
fixed positions as they appeared in the bulk and'secondly‘

he atoms are allowed to rearrange themselves to their final
equilibrium'positidns. For liquids, due fo the high mobility
of the atoms,; eqguilibrium is established immediatély and the
two steps pccuf as one, In the case of solids, the second
step may occur only sldwly and in this instance the surfacg
free energy and surface tension will not be equal. Therefore
for liquids dF/dA is Z8r0, and vy = F, whilst for solidé

. : 7 ' ‘ .
Shuttleworth has shown( R that F and dF/dA are of the same

78) ce
( has calculated the quantities

order of magnitude, ‘Niéolson
for NéCi and showed its surface tension to be about three
times as large as its surface free energy. |

| Typical studies of solid surfaces are frustrated by
the lack of a suitable absolute technique for measuring solid
surface tensions. Zero creep experiments conducted near the
melting point would yield very differenf results from the non-
equilibriumn conditions with incomplete relief of surface

stresses,

»

4:4 The Surface Stress, Surface Tension Concept

The surface stresses (f{) are forces acting within

the surface of a material and arsc not to be confused with
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surface tension (Y).

"Consider a unit cube with edges parallel to the

X, ¥, 2z axes of the Cartesian co-ordinate systen.
Fig. 18a. The cube 1is reversibly stretched along
the x axls by an amount dx under the constraint
that the y edge (but not the z edge) maintains
constant length, with the corresponding work done
being Wo. With the cube in 1ts original position
let it be separated into two halves along the x-y
plane, and let these halves be stretched by an
amount (dx) under the same constraint as before.
In general the work required, W,, will differ from
Wo. This difference 1is attributed to a force
component fxx within the newly formed surface
acting in the x direction across a unit length
normal to the x axis. We have,

(77)

W = Wy -
_ uyi .?70 . \]l o
XX e
2dx 2€xX
where ¢ is the linear strain.

Similarly the work required to perform a
pure shear sxyzdy on the same faces of the original
cube W! in the y direction of the xy plans and ths
work W' required to effect the samne shear on
the separated halves results in a stress component,

W' W

Since the f's may be regarded as the com-
ponents of a tensor it may be concluded that
surface stress and surface tension are not in
general even the same type of physical quantity;
the former is a tensor whilst the latter is a
scalar. Shuttleworth(?7) expressed the relation-
ship between f and Y by equating the work required
to go from the original unstrained cube to the final
state of two separated halves stretched along the
x-direction by two different paths,

I  The cube is first stretched and then
separated '



Wy = wo + 2(1+exx)(Y+4Y)
wo+2Y¥2Ayf2chx

II The cube is first separated and then stretched

W

47
11 2Y ]l

‘Equating Wi and Wyt we-get

dy
Fo. = Yy + —=le
XX Y dexx

Considering the shear €., and since the area
of the xy plane remains’~ unchanged the
equation for shear is :

£ dy

S e

Xy . dEXy

The general relationship,

..‘: . '_,.é.l...,
fi5 = Ovi; c: -
13
where 6ij = 1 if 1 = J and zero otherwise, and where all

" strains except €..

i3 are held constant in the partial differen-

tiation.

For the liquid case dY/deij w1ill be. zero since new
atoms are readily supplied tQ'the'surface and. a chahge in
area will not result in a change in surface tension. For

solids having long range order the state of the surface will

' R dy ' )
be altered by an extension and g;ﬂ# 0 and the surface stress



'will be different from the surface tension.
Thus the surface ténsion_does not‘necessabily l=ad
to su#face_stress._ Since fij and dY/dsij

sign, compressive as well as tensile stresses are possible

may have either

in the surface., In glass, both solid-like behaviour
. (dy/de # 0). and liquid-like‘behavioub'(dY/dE = 0) may be

achieved by varying the temperature and the rate of strain.

[

4:5 The Effect of Adsorption

"In theAcreation of fresh sblid surface the coheéive’
forces are'digrupted, resulting in the surface itself con-
stituting a reactive or excited state. Vapour molecules
reacting with the.sugface can againlloﬁer the surface
. tension. Obviously, the stronger the reaction the greatér
‘the decrease in surface tension, since adsorption is a
spontaneous exothermic évenf. Thus chemisorption would be
more likely to influence the physical propefties'involving
the solid surface, (e.g.ifracture). |

Fig.30a shows the relative change in surface enthalpy
for the.events discuséed. In general thetefore, physical
‘adsdrption will not greatly éfféct the surfaée configuratiohv
and influence surface:sensitivé properties.(

Oncé the surfaCe is éovered'with an adsorbed mono-
layer the stronger interactions must cease, unless}new sur-
facé is“created. The decrease in-the‘surface tension will,

however, continue until a steady state is reached at which
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the chemical’potentiai of the adsorbate is that of the con-

densed liquid,

" The Gibbs adsorption isotherm(78) relates the de-

crease in the surface tension to the concentration excess
.of the adsoibed species, T, over the bulk, in equilibrium

- - \

at any pressure p, by,

- dy’'= RTTdlnp

A
Physical
Adsorption
Chemisorptioh Surface
) Formation
= a
<
]
“0j— _ —— e Solid
Cbmpoﬁnd Formation

FIGURE 30a. ENTHALPY CHANGES IN SURFACE
» . FORMATION, ADSORPTION AND
COMPOUND FORMATION.
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The change in surféce tension on aaéorption is
indicatved in Fié. 30b where p' is the half-coverage value
and v, is thé surface tension of the clean solid'sufface.
For a cpntinuous curve of this natubevit'is aséumed thaf

the heats of adsorption are the same for all surface sites. .

. "*..\\

Yo -

-FIGURE 30b, SURFACE TENSION CHANGES
ON ADSORPTION.
The change in surface tension accompanying ad- '’
sorption may or may not bring about a chahge in surface
stress. The change in the surface stress will occur when the

absolute value of él is different from v in the equation
Ae . .

. AY
= 4 —
£ Y Ae -

Variations in su;face stress w;ll beAﬁanifested in bulk
volume changés,-especially in isotropic'materials. Bangﬁam
and Razouk<79) fqund the ffactional change in length, of a
charcoai rod, to be proportional to the reduétion in the

surface free energy with adsorption
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41/1 = A
e

‘ﬁhére he‘= surface pressure aﬁq A is a'constant de?énding on
the'elastic pfpperties of the solid._'It should be mentioned
that their ~alculations involved the Gibbs adsorpfion |

equatidn and hence the cohélusioanhould invéiye'the surfaée

tension reduction and not surface free energy.

<

(80) ’

Maggs ~concluded that if length.changes be con-
~fined to directions paraiiel to the-axis of the rod then A
is simply related to Young's modulus (Y). . This would be
reasonable 1f Young'svmodulus did not change with adsorption.
:As'y varies, the surface stress may vary, and since Young's
modulus is a relationship involving stréss and strain one
might expect Y to vary. M, Sato(sl) has shown varying moduli
with adsorption. | |

(82)

Yates confirmed Bangham's equation, but by re-
garding the glass as an isotropic solid; found the bulk
modulus to be a more realistic value, since Young's modulus

only takes into account a linear increase in length.



CHAPTER FIVE
RESULTS AND DISCUSSION

5:1 Interpretation of Results

The theory of the strength of solids in relation.to
structure has always been unsatisfactory. Large diffgren es
result between computed values of the mechanical strength
from atemic and structural data, and experimental observations.

Glass, which does not have a simple ionic crystal
structure, yields still greater discrepancies in experimental
results. Although the ideal material for studies of brittle
fracture, glass would not appear to be suitable for studies
inrmechanical strength,

19) . . . '
(1 ,) in an excéllent revicew on the inter-

G.0, Jdnes
pretation of data on the strength of glass, has demonstrated
‘the difficulties of analysis of results. on strength measure-
ments under prolonged loading conditions, i.e. loading of the
specimen. to some fraction of the ultimate breaking load and
measuring the_time to failure. The variation in times will
be large due to inherent variations in the strength properties.
(Times vary from a fraction of a second to thousands of hours

for the same test). Fatigusz types of experiments should be



avoided in the case of glass.
Glass differs in strength properties from most
materials, partiéularly polycrystalline metals, since,
(1) Sdrface condition is of major importance.
(2) The strength is reduced 3 to 4 times under conditioi.s
of prolonged loading.
(3) The strength is'not-strongly temperature dependént
in the solid state. |
(4) Heat treatment resﬁltiﬁg in surface compression

increases the strength.

¢

(5) Strength‘depequ on sp~cimeh size. Thé~larger the
size the smaller the’strengtl.‘ |

(6) Their fibres show stréngths of 509 to lbD'times those
of "massive" glass.

Due to the wide variation in the effectiveness of
'flaws'—\npt always surface - strength values for glass ex-
hibit considerable scatter. Experimenté must be performed
on a statistical 5asis.

.Table 2 gives the results of the statistical evalu-
ation of tensile fracture data. All subsequent values quoted =
in tﬁe text will bé the numerical mean of three determinations
_with the standard deviation occurring in Table 2 being applied.

Since the strength of glass is strain rate dependent,
the effect of strain rate variation was determined, Table 3
lists the effect of strain rate onvthe statistical scatter.

At high and low loading rates the scatter is largest, due



TABLE 2

Statistical Analysis

Strain Rate .03"/min.

15

' . Coeff,of
No. of Mean Strain Std, Varian-e
- Solid Environment Measuremants ut/n Dev, g
Vycor Vacuum _
Glass  8x10~7mm Hg 15 268 I 8 18
' Air 15 193 51 24
HQO : 15 161 27 15
cCly 15 216 37 1.7
Kimble Vacuum
Glass  8x10~’mm Hg 15 294 yy 15
Alr 15 165 28 1
Hy0 15 138 15 11
Plexi- Vacuum ,
glass 10-° mm Hg 10 128 9 7
L Air 10 132 12 9
TABLE 3
The Effect of Strain Rate on
the Tensile Fracture Strength of Kimble'Glass
(In Air) -
Strain Mean Coeff. of
Rate No. of Strain Std. Variance
"/Min. Measurements TRAVALE Dev, %
0.15 15 176 42 24
0.03 15 165 28 17
0.006 1472 47 33
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to the critical dependence on flaw geometry. An intermediate
rate of 0.03"/min was selected for all further measurements,

unless otherwise stated,.

5:2 Vycor Glass

The porous glass, vacuum treated and not heated
above 200°C, will have a surface almost completely covered

with hydroxyl groups, The hydrogen in these hydroxyls are
- . L. (85)
partly protonized and are electron acceptor centres .
This results in an increased adsorption of substances
having electron donor properties, such as water;.alcohols,

amines, and aromatic hydrocarbons.. Removal of the silanol

surface sharply decreases the adsorption of the above

. (86)
mentioned substances .

' . ' ( (8
Infra and spactral studies on porous glass‘87)(“8)

-indicate - that a large percentage of the surface OH groups
interact with others resulting in two types of surface hydroxyl

groups, the free groups and the hydrogen bonded groups.

. ‘ 9
Fig. 18Lshows a suggssted model for the surface(8 ).

H

.
0---H—0 0
\ n RN
, S; Si Si . Si
AN \0/» \O/

0 0

FIGURE 18.h, MODEL OF SILANOL SURFACE _ .



If we repraseht a hycdrogen bonded system as X-H...Y
wheré‘H...Y is the hydrogen bon:d and X—H the normai bond, then
the strength of the hydrogen boncing will be given by a shift
to lower frequencies of the X~k bond stretching frequency.

Table Y4 giQeé the results ¢f various workers in
order of inereasing hydrogen bond strength for the systems
studies. A value for n=butylamine is not_évailable but might
be expected to be of the same ofder as the ammonia‘group;

The importance of theée-results will lie in thé effective
screening power of the adsorbea species. The strongér the
ihteraction‘with th@ surfadé, the greater the scréeﬁing
power. However-the bond Sfreﬁgtﬁ refers to individual bonds
formed and does not take into account the adsorbate size

or orientatioﬁ on the surface. Hence a more effective
screener might be a group of lesser hydrogen bond strength
but capable of.adsorbing on more activc sites due to the
proper steric factors, e.g. water will beié-befter screener
than acetene.

The nature of the adsorption process is best studied
through the adsorption isotherm, This plot of Qolume adsorbed
at eguilibrium pressure p and constant temperature, may be
comprised of three phenomzna;  the increasing adsorption to
the monolayer, é multilayer build up, and a condensation

ffect in capillaries or pores. |
o (94)

Brunauer et al ~ .classified the isotherms in five

main types. Typical isotherms on porous glass exhibit the
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TABLE 4

Shifts in Frequency of Surface OH Groups on the
Adsorption of Gases at Room Temperatures

on. Porous Glass

éhift
Adsorbate cms—d Reference
N2 24 (=170°C) ' 90
Benzene 110 | 91
Vater 290 93 .
Acetone 330 : 89
Ammonia 4 820 ' 89

sigmoid or S-shaped, type II isotherms, with thé excepfion of

benzene, which appears to be more of a type V, auevto the

small monomolecular forces of adsorption (Figs. 19, 20, 21).
All isotherms were measured at thermostated ambient

temperature. In the case of the gases N, and COz,pressufes

2
were increased up to one atmosphere, Since the saturated
. vapour pressure of these gases at 25°C is greater than 50

atmospheres, very little adsorption could be detected.
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TABLE §

Equilibrium Adsorption Rates on

Vycor Glass

: Time to
Adsorbate Equilibrium
N, o Immediate
COZ‘ ‘Immediate
HZQ 20 minutes
Benzene Immediate
Acetone ‘ 10 minutes
Ethanol 10 minutes
n-Butylamine 180 minutes

quuilibrium was dchieved when three consecutive
. pressure readings over a period of 15 minutes were identical,
having allowed a 15 minute period for thermal equilibrium to
be achieved, Table 5 iists the varying eqﬁilibrium times,
Physical adsorption is normaliy rapid whilst chemisorption
may be rapid or slow., The rate behaviour is indicative of
~the présenca of an activation energy.

Table 6 gives the various parameters of interest
calculated ffom these isotherms. Details of the calculations
are given in Appendix D.

The decrease in surface tension on adsorption may



TABLE 6

Relative Vapour Pressures

at Monolayer Volumes (Vm)

Vapour - Monolayer Vol P/PO.

Vm cecs S.T.P,

H,0 30.9 .180

2
n-Butylamine ' 22,5 . 005
Ace tone 36.4 <130

Benzene 17.0 «225
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be computed from a plot of Vads versus log P/Po.by app)ying

the Gibbs equaticn in the form(9%)
| P/P,
RT
Ay = == Vdin P/P
Y MS ©

(See Appéndix D for details of the computationj.

Typical plots are shown in Figs. éu and 25, Some
uncertainty in estimating the area undér the curve is evident
since on a log scale zero pressure corresponds to minus
infinity. However extrapolation to zero amount adsérbed is
sufficiently accurate for the purpose éf this work., .

Maxiﬁum decrease of surface tension (y) 1s not
reached until well into the condensation region.A At low
ICOVePage the lowering of y is very small. In the light of
fhe Griffith equation it might be expected that maximum weaken-
ing would occur at multilayer adsopptién.vélues.

Fig. 26 illusfrates the shapes of the predicted
fracture isotherms calculated from the Griffith equation, by

assuming a constant critical crack size and using the surface

free ener changes computed above, The fracture isotherm 1is
gy g 1 !

the variation in tensile fracture strength with increasing

concentration of environment,

The fracture data were measured for the systems
studied in the adsorption experiments, The various results

will be discussed by corfelating the data from (a) Adsorption



TABLE 7

(a) The Effect of Dry N2 on the Tensile

N Fracture Strength of Vycor Glass

(b)

Strain Rate 0.03"/Mih.

‘Tensile Strength

Environment (p.s.i.)
Vacuum | 8692
15 cms Hg 8627
25 cms Hg 7968
8755

70 cms lg

The Effect of Dry CO, on the Tensile

Fracture Strength of Vycor Glass

Strain Rate 0.03"/Min.

Tensile Strength

Environment (pes.i.)

Vacuum 8692

25 cms Hg 7822

40 cms Hg 8055
‘70 cms Hg

7991
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i

‘Studies; (b) Surface free ehergyléhanges and, (c¢) Fracture

isotherms.

(1) Dry Niffogen and Carbon Dioxide
At 25°C very little adsorption occurs on the glass

/ . _
show no effect on. the

‘surface (Fig. 19). The dry gases
fracture strength to a pressure of 1 étmosphere. [Table 7 (&a)

" and (b)]l

(ii) Benzene
Benzene reacts with the silanol surface by

forming w-bonded complexes with the acid hydroxyls of the

Si —-« 6 — H._HO

The interaction is relatively weak as evidenced

surface,

by the small rédpctibns in surface tension of-the solid .

surface, (Fig, 25).  The relative decrease in the fracture

energy accompanying adébrption (Fig. 28), shows a slight
 gradual decrease to a minimum cbrrespondiﬁg to a relative

pressure of ? - «8, Fig. 26 demonstrates the deyiation

] .PQ' ) ' ' . _ ;
) from the experimental curve.
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(iii) Acetone

Strong hydrogen bonding; (Table 4), results in a
largér surfacé tension reduction tﬁan with benzene. (Fig. ZSJY
The maximum reduction of tensile fracfure strength occurred at
approximately P/P, = .05,-which corresponds to a value of only

2

6 erg/cas® in the surface tension reduction. The strength of

the hydrbgen bond formed (a shift of Av= 350 cms—l) is élightly

greater than that formed with water (290 cms ™t

). The strength
- reduction however is only 40% of that caused by water. This
is possibly due to the larger acetone molecule adsorbing on.

fewer OH sites and hence screening the surface to a lesser

(iv) n-Butylamine

The amine adsorbs strongly from the vapour phase,
forming a monolayer at a vefy low relative pressure (2.905)
(Fig. 20 and Tabie 6). Traces of the amine cause a re@uction
iﬁ tensile fracture strength to a value of 75% of the vacuum
fracture strength. Subsequent increases in vapour concentra-
tion appear to cause a slight strengthening effect. Lateral
interaction of the adsorbed species could explain this in- |
crease, which is not large enough to lie outside of the
standard deviation for the measurements, and hence may be due

to scatter in fracture measurements,
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(v) WVater

Water reacts strongly with the silaﬁol surface. At
a reiativé préssure of 0.05, the strengtﬁ reduction has
reached 70% of its maximum decrease (Fig. 27). A minimum
tensile strength value is reached at P/P, = .8. The surface
tension reduction at the point P/P, = 0.05 is only a fraction
of the maximum reductioh close to‘saturated'vapcur pressuré
(Fig. 2W).

A compafispn between the fracture isotherms for
water and n-butylamine; would lead one to predict, in the
light of the Griffith équation, a far greater stfength decrease
at low éoverages for the amine vapour. Resﬁlts show water to
giQe_the greater strength decfeaée. Thus a mechanism in
terms of surface energy reduction alone would not be.valid.
‘This conclusion might be drawn by considering the fracture
isotherm for water and comparing the strength values with the
surface tension re@uction at various relative pressures. Ob-
viously the largest decrease would be expected in the vapodr
phase at values_closé to saturation pressurém It must be
emphasized, however, that great care should be exercised in
applying bulk measurements to fracture theories.

Since the fracture process in'éctive environment in-
volves a mechano-chemical mechanism, the processes 6ccurring
in the stressed zoﬁe might be very different from those' occurring
in the bulk of thé solid. Thé concentration of adsorbing species

in the stressed zone will be higher than indicated from an ad-
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sorption isothefm at theisame relative pressure; Hence the
surface tension‘deCreases in the stressed region will be very
.much greater than those iﬁaicated, since fhé relative pressure
in a surface flaw may be close to satﬁration or even that of
the condensed liquid phase. Hence a substitution,of the
_surface free energy values into thelériffith equation and
assuming a constant critical crack size, will not be-a valid
test for the Griffith approach. Firstly, the assumption of
a constant critical crack_size is erroneous, since the en-
vironment influences the .crack growth phenomenon as well as
the specimen's limiting strength, Secondly, for the réasons
‘stated above, a comparison of the calculated sfrength value
with the measured strength, could not be explained in terms
of plastic flow at the crack tip. |

For water, the valge of the tensile_fractﬁre
strength at the saturated vapour pressure is the same as for
soaking in the liquid, whilst for all otﬁer adsorbates
measured, the vapoﬁr phase gave higher strengfh values than.
the liquid. Such differences are attributed to the presence
of water in thebvariqqs solvents, In all experiments in the
" vapour phase the effect of the environment Qas very much less
than that reported by various other workers; It is felt that
the differences are caused by.differenf levels of moisture

contamination, since moisture is the dominant adsorbate, for

glass systems,
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Volume Changes on Adsorption

. : (gt
The work of Yates,

‘gn stud§ing voluﬁe changes on
poréus glass accompanying adsofption, demonstrates fhe
~important aspeéts of the depth action of chemical binding
in physical adsorption., Even ndbie'gases were capable of
adsorption on the high energy surface and screening thé
Si++++ cores, | |

Figs. 29a,b,¢ show the léngth changes of porous
fyéor glass after tﬁe adsorption of the éorresponding vapours
used in this study, as obtained by various workers(83)(8u).
The adsorption of Nos COZ’ and water result in expapsions
which are a linear function of the free energy lowering.
Acetone gave large contractions in the iow covarage rezgions,
followed by an expansion as adsofpfion increased, One might
therefore expect very different strength propefties in the
" expansion and contraction regions of the’isotherm. Ad-
vsorpfioh results in a decrease in thé surface tension bringing
about a change in the surface stress and ﬁhe éolid expands.
An expansion will result in an incréaée in the tensile
stresses at an existing surface crack'tip,'thereby resulting
in a weakening effect, Conversely a.contractioh, élthoﬁgh
“arising fromvan increase in surface tension, causes a com-
pressive action.acfoss surfaces flaws and should bring about
a strength increase; As shown in Figs. 28,‘no‘such stréngth

-~

increase was experienced with acetone. , The following course
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of events is suggeé{ed.

‘The volume changes measured afe bulk effecfs‘re—
sulting from an overall interacfion of the vapour with the
solid. - At very low coverages (<< Vm), molecules will be ad-
sorbed at preferential high energy sites, Surface flaws
vould constitute such sites., If a tensile load is applied
to the solid, a concentratioﬁ of adsorbate will occur in the
stressed region, due to the increased interatomic distances.
The greater the load the greater the reactivity of this
stressed zone. The,conCentrafion of adsdrﬁafe in this zone
will then be very much larger than in the bulk specimen,

. thereby excluding any contractions frém éccurring in the
‘stressed‘region, since chtraétions were experiencéd at very
1§w coverages. Thus working from an ideal vacuuﬁ cleaned
specimen, all adsorbates will result in a strength réduc%ion

.mechanism.

5:3 Fracture Isotherms on Kimble Glass

The results experienced with Kimble glass are
shown in Figs. 32 and 33. Ih ail cases the effects are
similar to those obtainéd with Vycof glasé, with the exception
of n-butylamine, Water, acetone and benzene resulted in
larger decreases in,streﬁgth than with the porous glass. The
difference may be'éttributed to two factors. Firstly, due
to the high surface area of the porous speciﬁens, the_removal

. . 2 .
of surface moisture was incomplete. The vacuum.strength
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TABLE 8

Effect of Adsorption from

Aqueous Solutions

. Vycor Glass , Kimble Glass
: Tensile Strength : Tensile Strength
Environment p.S.i. Environment P.S.1,
qQ
HQQ | 5096 HZO | . 4368
=l -4, '
107 M ClZTAB 5262 10 M ClZTAB . 4ule6

1073 ¢p,TAB 5216 1073M Cy,TAB u3u3



value of the Kimble glass was greater than'that of the Jycor
cylindérs.T The latter's strength could be’increased with'
prolonged pumping (8,800 psi after lGB_hfé.). Secoﬁdly, the
high surface area glass wouldAcontain‘éAgreater number of
surface flaws and the probability of being weaker would be
High, whilst changes in surface stress would be cushibned by
the porous nature of the matefial.

n-Butylamine resulted in 6nly small reductions in
strehgth of "the Kimble glass. The presencé.of the network
~modifiers Na,0 and Al,04, might reduce the adsorptiyity of"
the solid for the amine.

Adsorption from aqueous solution failed to provide
any additional weakening of either the kimble of the Vycor
glass (Table 8). Since the solveﬁt, water, would-be pre;
ferentially attracted to the surface any additional éurface
-free energy decrease would be small., These results have been

substantiated on a quartzitic rock specimen,

5:4 Polymethyl Methacrylate

Fracture iéotherms were measured on polymethyl
methacrylate as described elsewhere, Dﬁe to tha low energy
surface it was found the high vacuum pretreatment wds not
necéssary.

Table S%gives the'effects 2f four vapours on the
tensile fracturs strength, 'Increasipg vapour concentration

showed no measurable strength reduction compared with the



the Tensile Strength of Polymethyl Methacrylate

Effect of Vapour Environment on

TABLE 23

4361

Relative Tensile Fracture Strength
Environment Pressure (p.s.i.)
Vapoﬁr Load
before load before vapour
Benzene W15 4375
' 42 4288 4326
56 4294 .
.84 4316 4239y
Acetone .08 4321
. 36 4311 4305
»79 4282 4301
Carbon
Tetrachloride 17 4314 o
.4 33 4318 4296
65 4297 .
77 4292 4287
‘Water .15 4366
W46 4305 429y
.68 4291
.88 4311

o~

11%.



TABLE 10

The Effect of Immersion on Tensile Sfrength

of Polymethyl Methacrylate

(Strain Rate 0,03"/Min.)

Tensile Fracturse

Immeréion Strength

Liquid PeS.1.
‘Vacuum . L 5y
HZO &362
Acetone : 1562
Benzene . : i63u
Carbon
Tetrachloride . 1518
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FIGURE 31 STATIC.FATIGUE .CURVE FOR. POLYMETHYL METHACRYLATE




122,

:clean specimen (10'3 mm Hg vacuum)., In each.case the load

- was applied subsequent to the introduction of.the.vader.
Since polymethyl methacryiate‘ié known té craze undef stress,
a series of measurements wefe made by applying the load be fore
_introducing the wvapour. Again failﬁre did not occur in the
vapour phase at redﬁced loads. With the noted exception of
water, immersion in the liquia resulted in failure at approxi-
‘mately a 60% reducfion in Load (Table 10). ‘Water had no
influence on the strength properties, illustrating wetting to
be an important aspect of stress environmental cracking.

Water does not wet polymethyl methacrylate.

Fig. 31, shows the results of two typical fatigue
cuf&es. The specimens were loaded to a fraction of the break-
ing load in Qacuum, and the time to failure measured on_intro—
ducing acetone and benzene.' Failure times of greatef than 10.
minutes were not recorded. Acetone with_a strong affinify

for the plastic, (beihg a solvent for polymethyl methacrylate),

. . . . . 3
causes failure with explosive vioclence at higher loads(F =,8),
: vac _

and in sho?tér times than immersion in benzene. At a relative
load of .38 the cﬁrves'intersect and benzene gives failure in
shorter times than acetone,

~LDue to the sﬁlvation proces§iin acetone, longer

) ”
immersion times lead to a crack healing mechanism, the Joffe
F =

Fvac
seen to form on introducing the liquid but the specimen did

ieffect. At low relative loads ( LU4) the crack could be

not fail within the 10 minute period. It would appear under



(a) Specimen Untreated

(b) Specimen Soaked in 2N NaOH for THR

FIGURE 34 ELECTRON MICROGRAPH OF END FACE OF VYCOR GLASS CYLINDER (X2,000)

12
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these coﬁditions that the érack propagation rate was slower
than the rate pf_dissolution of the plastic; in the stressed
region, in acetone, 'Results presanted in the éection on the
Joffé effect reinforce the above conclusion.

Thé-crack propagating sta,a 1s therefore the
critical factor in determining the strength characteristics.
'Berry(gs) has shown that polymethyl methacrylate undergoés
plastic flow at the crack tip in the process of fracture.

A layer of material with altered-structure_is clearly visible
and the apparent surface energy is extremely high. The crack
prbpagates from the surface'into the bulk with very low
velocity compared Qith the unstable fracture velocity. The

(97)

low rate of propagation is a functionAof the applied load

5:5 The Effect of Immersion

The Joffé Effect

.Joffé, in 1928(98), demonstrated the inérease in
fracture strength of NaCl crystals broken under water or in
~saturated NaCl solution. The effecf is attributed to thé de -~
crease'in étress cdncentration at the crack tip, by blunting
of the tip, in one of two wayé.v Firstly, a dissolution
process in the stressed region and secondly, deposition of
precipitate from solution within the crack, both effects re-
sulting in a reduction in stress concentration and increase

in strength. ‘Both porods glass and polymethyl methacrylate

exhibit the Joffd effect.
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FIGURE 35 EFFECT OF SOAKING TIME ON TENSILE FRACTURE STRENGTH
' (YYCOR GLASS) .
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(i) Vycor Glas;

Fig. 35 shows the effect on the tensile‘strength“
propertiés of the glass on soaking in various liquids, All
specimens were soaked in the solution and broken in air.
The immediatu effect of immersion in water is~a‘decréase
in stfenoth from fhe vacuu@ strenéth value. Héxaﬁe, having no

' afflnlty for the glass,.shozs no strength changes with time.

DlStllled water shows an increase of apnrox1matuly 459 after
a soaking period of 1 hour. Dilute (0,2N) NaOH causes a rapid
initial iﬁcreése from the distilled water valﬁe, with no
further increase with time occurring.

2N NaOH, which causes the glass to fuse, adeqﬁately
demonstrates the imporfance of surface defects. fig. 3%a is:
an electron micrograph of the end face of the pordus glaéé
prior to soékfng in Zﬁ NaOH, Fig. 34b illustrates the dis-
solution process reéulting in Aiblunting of sharp edges. " The
overall increase in strength resﬁlts from rapid dissolution
in the highly alkaline. medium.

Dilute Naﬂz.O'. »S'io'z' |

strength with time. Since a more concentrated solution (more

gave a slight decrease in

alkaline} resulted in a strengthening effect, Fig. 35c, a wet-
ting mechanism suggests itself in the case of the dilute.
silicate. Wetting and spreading will be dealt with sub-.

sequently,
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‘The Mechanism of Dissolution

The dissolution of solid silica involves a

simultaneous hydration and depolymerization.

(8102)n *+ 2nH,0 = nSi(0H),

AN

A’chemical reaction of the surface of the solid
‘phase with water results ih the hydrﬁ%ion of the surface layer
of SiOé and as eaéh silicén atom is removéd, together with
its surrounding oxygen atoms, further reaction leads to the
_formation of monosiliéié acid. Dienert and Wandenbulcke(gg)
report the diésolutién to be catalysed by bases and alkali
~ salts, especially carbonates. Alekander, Heston and Iler(lOO)
report a slightly increased solubilify in the acid (bH < 4,2)
and high solubility in the alkaline'regions'(pH > é).

Théfinérease of_fensile fracture strength of Vycor
glass, with time, in various solutibns; is therefore asso-
ciatéd with the dissolution effects ﬁesulting'in a decrease
in sfress concentbation at opgrafive flaws. Very slight in-
creéses in the fadius of curvature at the flaw apex will

(101) 14

- greatly reducé its effect as a stress concentrator
should be emphasized that bulk dissolution rates may not be
applied, since the strength is flaw sensitive,.  Reactions

within the flaw may be very different from reactions of the

bulk solid,



Environment

0.2N"NaoOH
2N NaO}N

Na,.0.S1i0

2

Time of soaking:

Strain rate:

Acetone

TABLE

Load

2250.0
2125,0

11

Effects of Alkali Solutions

Tensile Strength

3700.0 .

- 1737.5

2625.,0

.03

TABLE 12

5730.8
5412.4
9423,9
B425.5

6685.9

60 mins.

inches/min,

Effect of Strain Rate on Fracture of-

" Polymethyl Methacrylate

Benzene

"Strain Rate Tensile Strength

"/Min
.03
.015

006
0012

psi

1562
1615
3774
L4154

Strain Rate Tensile Strength

"/Min

,03

. 015
. 006
. 0012

psi

1634
1752
1761

~ 2019



(ii) Polymethyl Methacrylate

The acrylic plastic fractured in liquid acetone
shows an interesting feature of the Joffé effect. Using rapid
strain rates (> ,015 inchés/minj, catastrophic faiiure.of the
solid occurs at very low loads (approximately 50%.of the
load required to fracture in aij) At slow strain rates
(< ;006 inches/min),.strengthening occurs to.a value equivaient
to the vacuum breaking sﬁrength. (Table 12). Using benzene
no strengthening occurs, since'ﬁolymethyl methacrylate is not
solvated, |

These results add further support té the flaw
theory mechanism of the Joffé effect; since the.rate of dis-
solution is the controlling step ahd_must be ailowed to
proceed faster than the crack propagating rate for the

effect to be evident.

5:6 The Spreading or VWetting Effect

A liquid will'wet a solid when fhe work of adhesion
between the solid and the liquid is greater than the work of
cohesion in the liquid, Since it 1is essential for the
effects of the énvironment to be felt at the crack tip for a
reduction in strength to occur, for liquid adsorbates spread-
ing of thé liquid oh the solid is a necessary aspect of stress-
sorption failure. It may readily be shown that non-spreading

liquids do not cause failure at lower loads, e.g. water and



polymethyl methacrylate.

102
g( ) and

- The thermodynamic trz=atment of Youn

Dupré(103)

in deriving their clagsical wetting equation from
surface tension concepts alone, (YLcosO =ryS—YSL), does not

take into account the nature of surfices forces. Weyl et a1(10#)
were able to demoﬁstrate.that it is not possible to relate

wettability of high energy surfaces to the surface tension
(105)

properties of the liquid., The modern approach concludes
that chemical bonds befween the golid and liquid phases are
responsible for adequate wetting,

Recently Fowkes(lOS) has shown the importance’of
the London dispersion forcss in adhesion. Regardless of the
nature of the solid and of the liquid, the two phases will
always attract one another through fheir dispersion. forces.
Supefimposed on these forces will be the stronger mechanisns
supplying coheéion.- Thus the surface tension of all materials
is the sum of the dispersion forces (Yd) and other attractive
forces (y%). .

Fig..37a illustrates the model used by Fowkes for
?redicting wetting, spreading and adsorption behaviour of many

fluids,.

The surface tensions of the phases are given by,
d a
.oz oy: o+ S
LETIRER ST )

Thus the interfacial tension betweésn phases 1 and

2 will be given by, ' -



o : aa
Yig = Y1t Y ‘2/;1 Yy

The reduction in surface tension on adsorption Tes
allows an evaluation of the polar interactions at the solid/

liquid interface

_ L, Joad |
LI 2. Yo ¥y, - 2YL

a 4. . . . . | -
where 2 YS YL is the dispersion force interaction and "e+2YL‘

- 1s a measure of the polar interactions in ergs per square cms.

Types of Attractive Forces

(a) Van der Waal's forces, which operate between all atoms,
.iéns, or molecules, and are due to attractions between
oscillating dipoles in adjacent atoms. They are relatively
weak forces,

(b)'*Hydrogén‘bonds. Siﬁce the silanol surface qontains
hydroxyl>ions many of the surface'properties will be determin-
ed by the abi;ity to forﬁ hydrégen bonds. These are relatively
weak attraﬁtive forces (2-7.Kcals/méle),»but their formation
is a process requiring low activation energies. ‘Hydrogen-
bonds form rapidly at foom temperature, |

(c¢) Dipole-dipole and Electrostatic Attrac%&ons; A solution
process. involves a penetration of excﬁaﬁged cationé (protons)
into_fhe lattice, followed by an expuision ofbcations into

the liquid. As opposed to the previously mentioned types of
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FIGURE 37a, ATTRACTIVE FORCES AT THE INTERFACE,

TABLE 1u

Polar Interfacial Interactions at Solid/Liquid

Interfaces.

a"‘“’"‘)
. . . . . . d : .
S : + 5¢
olid qugld 2 YS YL LR ZYL Excess
- Silica n-Heptane . 100 100 0
" Benzene ' 118 : 138 20
Acetone 98 ~ 156 58
n-Propanol 98 182 84

Water © 9y 462 - 368
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bonding, which are strictly surface effects,'thé electro-
chemical attack is a depth process,

Any one of these reactions,.or’COmbinatidns of Ehem,'
with the soIid.surface, may result in a change .in strength
propertieé by qhanging the state of stress of the .surface..
‘This strength change may be positive>or negative,

Many researchefs(12)(2u)<20) have shown that a
linear relationship exists between the décrease in tensile
fracture strength and the surface tension of the wetting
liquid. C.J,. Culf(sl) has poinfed out the diffiqulties-in
removing water from the hygroscopic»solvents used, e.g.
acefone, benzene and ethanol. To eliminéte this'uncertainty,
values of the tensile fracture strength of Kimble glass were
measured by adsorbing from the vapour phase, at the saturated
vapour pressure of the liquid. Fig. 3§?§¥zillustratés the
non linearity of theAresults obtained. For liquids involving
essentially the same type of bonding, vii. ethanol, n—propanofi
and water, the curve does'appear linear. Liquids of differing
: polér propertiesland similar surface tensions yield different
‘strength decreases, -although each liquid may be classed as
" "wetting" the glass surféce from surface ténsion considerat-
ions. Curve (b) and (c) in Fig. 36 show the effect of drying
the solvents on the relative_strength éhanges. Bénedicks(zu)
showed a large increase in the strength~of glass using
kerosene. In the present study I héve founa light oils to

 cause only slight effects,'always.decreasing the tensile .
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 TABLE 13

The Effect of Paraffin 0il on Tensile Strength

- of Kimble Glass

(Strain Rate ,03"/Min.)

Tensile Fracture

Solid . Strength
Treatment Environment (pes.i.)
Vacuum

-7 ' .

8x10. mas Hg N1l 9329
Paraffin 0il 7354
(Untreated)
" Paraffin 0il 8785
(Na metal).
Vacuun then
adsorbed with :
H,0 vapour Nil 4836
Paraffin 0il 4986
(Untreated) o
Paraffin 0il 5963

(Na metal)
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fracture strength of spécimens which were vacuum treated
(Table 13). For speciﬁens preadsorbed with water vapouf'and'
using paraffin oil dried with Na metal, streﬁgth increaées
donccur, although only a fraction of the value reported by
Benedicks. The undried oil had little eff;ct. The increasé
is therefore associated with some dehydration of the Silqnol
surface due to the slight solubility of water in oil.

It appears that thevstrengthAreddction'on'Kimble
glass is ndt a linear function of the wetting liquid, but a
more complex relationship, involving the size factor and
strengfh of attraction of the adsorbing species.

2 of new

The energy required to‘prodﬁce 1 cms
surface must be greatest 1f the glass is broken in vacuo,
and will decrease with increasing ability of the environment
to screen the field of the sit*** jons as previously described,
Therefore depending oﬁ-the screening power of the li@uid the
{ensile fracture strangfh of the glass'will vary. The
screening effect is difficult to interpret in terms of steric
factors and strengths of adhesion, since the complexity of
the mechanism 1s enhéncgd by fhevdistribution and varying
size'of operative flaws wifhin the specimen.‘

The high dipole and small size of the water
molecule cause the greatést'strength reduction of glass(107)(lp8).
Due to the rapid contamination of a freshly formed surface
by hydroxyl ions the effects’of other species may not'be

detected unless complete elimination of all moisture is
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maintained. Culf(sl) showed a 50% decrease in fracture energy
of glacs in dry gaseous NHg, wﬁereas only small differenbes
‘were found with other gases (CO,, Né and 802). The high

) screening power and small steric factor for NHj éatisfy the
requirements: for an effective strength reducer.

(106), Fig. 3iq

Following the treatment of F§wkes
in which the éurface tensions of the vafious phases are
divided into two parts, Table lu,rshows the polar interfacial
interactions between silica and various liquids. The Londoﬁ
dispersion contribution for each of the liquids shown,

(2 / Yg YE& is approximately the séme, whilst the polar
attractions vafy vastly, Water is by far the most active
species. Figr,37bsh§ws the correlation between thése values
and‘the decrease in ‘tensile fracture strength. Although hot
linear, brobably due to a steric effgét, the curve does
e#hibit a correlation for all points. Miss Culf obtained a
correlation between the'hgats of'wetting, a bulk eéuilibrium
effect, and the décrease in fracture energy, a dynamic event
at the existing flaw, Aceténe was the'exéeption;

It is evideﬁt-thatvthé strength of attraction of
the adsorbent for the adsorbate is of primary importance in a
strength reducing mechanism. It may be concluded that
wettability based on surface tension differences»alone, is
not a criterion for strong interaction between.the solid and
liquid phases. Therefore wettébility is a neceésary but in-

sufficient criterion for stress-sorption cracking.
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5:7 gdartzitic Rock Specimens

.A brief series of experiments were carried but to
test the vaiidity of the fracture process on rocks. A grano-
. diorite core of 1" diameter was fractured in vacuum andvin
selected environments, after pre-treatment as‘descriﬁgd else-
where, | '

The results shown in Table 15, lead to the foliow—
_ ing.conclusions:

(l)‘ Moisture exhibité the largest reduction in
‘tensile fracture strength of any of the environments'tested;,

(2) All environments have a décreasing effect
Qith reference to a vacuum treated specimen,

(3) Adsorption from agqueous solution haé negli-
gible effect due to the mgjor reaction of.the water molecule
with the silica surface.

(4)  Strength decreases in various solQents are
often due to the presence of moistdre in the solvent, It is
my experience that the tensile fracture strength versus
surface tension plot is not linear, e.g. n-hexane, with a
surface tension of 18.4% dynes/cms. causes approximately the
same decrease as glycerol.(Y = 63.4 dynes/cms.) if fhe
liquids are carefully dried (Table 15).

| (5)  The confusion resulting in fhe literaturs
 from a wide variety of experiments is probably dues to the.

variation in surface conditions, both physical and chemical,
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of the starting,material. All results should contain details

of specimen history and pre-treatment.

TABLE 15
- THE EFFECT OF ENVIRONMENT ON THE TENSILE STRENGTH OF ROCK

Tensile Tracture

_ Strength Surface Tension
“Environment PeSJi, dynes/cns,
Vdcuum 1 ' 7290 , -
Vacuum 2 _ 7860 -
HQO 5540 72.8
n-Hexane 6974 , 18.4
Ly i , : :

10 M ClZTAD | 5592 --
Glycerol 6885 63.4
Ethanol 6255 - 22.8

C{,TAB = Dodecyl trimethylammonium bromide
Vacuum 1 = 24 hours at 8)(10"7 mms Hg
Vacuun 2 = 48 hours at 8x10-7 mms Hg.

5:8 The Appearance of Fracturs Surfaces - Fractography

The fracture surface of a crack opening under the
influehce of a steadily incraasing crack-tip stress shows
three distinct zonesCllc).

(1) A region iIn which the velocity of the crack

propagation is increasing rapidly resulting in a smooth mirror

on the fracture surface.
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FIGURE 38a FRACTURE SURFACE OF GLASS IN WATER VAPOUR ATMOSPHERE

FIGURE 38b FRACTURE SURFACE OF GLASS IN VACUO



FIGURE 39 FRACTURE SURFACE OF POLYMETHYL METHACRYLATE IN AIR

FIGURE 40 ELECTRON MICROGRAPH OF THE MIRROR REGION
(VYCOR GLASS X10,000)

143
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FIGURE 41 ELECTRON MICROGRAPH OF FINE HACKLE REGION
(VYCOR GLASS X10,000)

FIGURE 42 ELECTRON MICROGRAPH OF COARSE HACKLE ZONE
(VYCOR GLASS X10,000)
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(2) A fins hackle zone in which the velocity pises
imperceptibiy; usually ét the edge of the mirror zone,

(3) A coarse hackle zone in whiqh the crack is
travelling at maximum velocity tﬁrough the material. |

The brittle solids;studied exhibit these three
-zones, as illustrated in Figs. 38 and 39.

| For glass spgcimens broken in vacuum.the'mirror

zone is either non existent 6r very small. Thus thé extent
of crack growth at slow veiocity is limited in the absence
of environment., Therefore the function of thé environment
oﬁ the frgctﬁre process will be to control the initial crack
pfopagation phenomsnon, It seems logical to expect that a
crack running at maximum velocity will not be affected by
the presence of an active species,

Figs, 40 to 42 are electron micro-graphs of the
fracfure surfaée of the three reéions, In the mirror zone
the texture is extremely fine, (Fig., 41), becoming coarser as
the crack velocity increases to the fine haéﬁle zone; Fig. u42.
In the coarse hackle zone the cragk‘frdnf is smashing through
the glass ‘at about one third of the velocity of sound in the
material, tearihg pieces of glass from the surface and formiﬁg
large ripple steps, wﬁere the transverse pulses emanating from
the crack tip interfere with the propagating crack front.

With the glass specimens it is significant that
no differences could be detected betﬁeen the size of the

mirror formed in various environments. It might be expected
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that the greater fhe weakening effect the greatér the extenf
of the mirror zone. Tﬁis may indeed be so, but a cleavagé
technique would have to be adopted to establish the‘fact.
Avfracture technique does not empioy one specifié surface
crack, and f.racture may develop from a host of correctly
.oriéntated flaws, resultinglin the crack propagating from
more than one surface. Thus the size of the mirror zone
would not be indicative of tﬁe effect of the environment on
crack growth,

Polymethyl-methacrylate shows a large mirror sﬁrf
- face even whén broken in vacuum at temperatures below 40°C,
The extensive mirror region 1is associlated with a large
critical crack size. Thus the effects of environment might
be expected to be more drastic in the case of the semi—brittle
plastics than with the brittle glééseé. Since tﬁe crack
growth stage is very pronounced, any phenomenon resultingAin
' én increase in crack velocity during this growth, will be

manifested in a weakening and possible failure of the specimen.
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$:9 ‘Environmental Stress Cracking M=chanism

In many of the studies covered iﬁ the liferature
review the following explanation st given for the cause of
envirbnmentalvstress cracking._ "Specific adsorption leads to
‘a reduction in surface free energy of the solid, thereby de-
creasing the fqrce necessary for fracture." This mechanism
Hé§>been proposed for liquid metal embrittlement, weakening
of rocks and glasses, and stress cracking of piastics. The
explanation follows directly from the considerations of the
Griffith criteriocn, sincé-a»decrease in y must lead to a re-

duction in o} (o‘nyljz

) I

This hypothesis is incomplete in that,
(i) It fails to explain the peculiar selectivity of the
environment and the material.
(ii) Provides no account of the nature of the émbfittling
process on an atomic scale.

(iii) Experimental resglté show poor correlation when
fitted to thé equation. - This lack of fit is often
attributed to plastic flow in the vicinity of the
crack tip. ;

(iv) - Ductile metals fail spontanzously in a brittle

fashion, ‘The theory offers no explanation for the
‘reduction of the plastic energy coptribution (Pj.

(111) (112)

Gilman (1959) y Stoloff and Jchnston (1963)

u)’<113)

and later Westwood and Kamdar (195 , adopted an approach
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whereby the cchesion forces of the atoms at the crack tip are
considcred. They-conéluded that the rolerof the adsorping
sﬁecies is to reduce, in some way, the bond strength, thereby
causing the crack to propagéte. Westwood's theory was based
on theréontinued diffusion of the cracking speéies along thé.
crack walls, to maintain prépagation.. Sucﬁ a mechanism would
limit the use of autophobic cracking agents, i.e. those which
will not spfead on their own moﬁoiayer, thereby offering a
certain selectivity to fhe process.’ A constant supply of
embrittling atoms at the crack tip is also necessary and it
has indeed been shown that there must be a sufficieht suppiy

of liquid metal to maintain liquid metal embrittlément(llu).

(115) first demonstrated the deposition of

Nielsen
corrosion products within cracks in an 18Cr-8Ni stainless
‘steel. Hé suggested that these deposifs might exert lafge
hydrostatic pressures, thus introducing the wedging mechanism
of corrosion products, Pickering et al(lls) showed the
wedging force to be sufficiently large to propagate the
crack, but the effect is limited to only a féw atomic diameters
ahead of the crackvtip. Brittle systems involving fréely
runhiﬁg cracks are not likély to involve such a mechanism,

In all mechanisms a tensile stresé is es;ential to
facilitate cracking. The stress need not be apﬁlied external;
ly and may 1indeed bé an integral property of the sblid, caus-
ing spontaneous failure on introducing the environment, e.g.

(117)

MgSn and HQO
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FIGURE 44 MbDEL FOR.THE COVALENT SEMI-BRITTLE SOLID
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The existence of a 'threshold' stress below which
cracklng w111 not occur has been demonotrated for some metallic

systems(lls)

Theoretically for glass systems, ‘which exhlblt
static fatigue, no such threshold 2xists and the glass will
evenfUally fail, no matter how-smali the load.

The function of the tensile stress appears to be to

increase chemical reactivity of the surface by three possible
mechanisms,. - o ‘ : ) o ' -
(1) Increase of the spacial<atomic-arrangemeﬁt, allow-
| ing penetration of the cracking species.,
(ii) To contribute in some way to the surface reaction
by supply'in'"r energy necessary for reaction,

(iii) By exp051ng fresh surface througn a Sllp mechanism
or by rupturing ox1de films, the surface reaction
may ~be accelerated, ih the case of metallic systems.
Increase in the magnitude of the strass; above the

threshold value, results in é more rapid}failure, as does’
increase in tempefature. |
In comparing the resﬁlts presented on tﬁo types of

glass and on'aﬂbrittle.plaétic.a fairly complex mechanism
suggests itself for the stress-serption cracking of brittle
materials. It is likely that a singie mechanism will not
suffice for ail systems, Any adopted mechanism must explain,
in the light of the data presented the follewing-

(i) Glass 1s 1mﬂed1ately weakened in the vapour phase

whilst the plastlc is not.
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(ii) The reduction ofbstrength for the glass is the same
in concentrated vapour as in the liquid phase, whilét the
plastic is consideradbly weaker in the liquid phase.

(iii) Glass has a high energy surface (= 500 dynes/cmsz),
whilst the pléstic is a low energy surface (= 30'dynes/cmszj.
Thus from an adsorption point of view, the‘environment should
have a greafer effect bn glass than on plastics. Glass does
not fail catastrophically,twhereas the plastic does. |

(iv) The méchanism must,explain‘the selectivity of the
solid/environment system,

(v)“ The necessity for the liquid to wet the solid surface
and Spréad is anfinherent aspect of the pfocess.-

(vi) The proéess is tensile stress dependent.

(vii) The mechanism must includefan e#plahation for the
function of an embrittling species.

(viii) The variation of strength propertieé with surface
condition, in the presence or absence cf environmént, must be
explained. | |

(ix) The magnitudz of the effect, in vafying'from a
slight weakening in some systems,‘to catastrophic failure

in others, must be included in the mechanism.,

5:10 A Proposed Mechanism for Stress Sorption Cracking of

Brittle Solids.

As a result of experiments such as those indicated

in the section1on the Joffé Effect, it appears obvious that
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FIGURE 45 MORSE CURVE FOR THE IONIC SOLID



the existing surface cracks play the major role in determih—
ing the tensile fracture étrength of the brittle materials,
In the model of the sciid sufface, we therefore accept the
presence of surface cracks or flaws, and regard the failure
‘as a crack.extension phenomenon,vprcceeding from the tip of
flaws orientated in direcfions'at«right angies to the applied
tensile load.

| Therefore, we direct attention to the tip of an
existing crack.qnd adopt an atomic appro&ch for determining
a mechanism. For the crack to extend repeated breaking of
bonds cf the type 80"31"82"83 etc. as shown in Fig; 43 would
be necessary., | | ’
| Tﬁe cohesive or attractive strength of such bonds
can be represented on a Morse diagram (Fig, 45) in the usual
way. In the absence of environment the function of the
tensile load will be to increase the bond lengths BO—Ei;
B,-B,, or to move up the potential energy curve 1in thé direct-
ion of increaéing.separation distances., The slope of the Morse
curve in this regidn is thus of prime importance in strain-
ing the solid. For an extremely rigid ionic solid the rate df
change of potential with internuclear distance will be high,
that.is, deformation, or increase in bond length will only
be achieved by the application of high loads. There is a
point of secondary equilibrium P on the Morse curve to which
the bond can be stretched without resulting in failure. Ex-

 tension beyond this'point is éccompanied by parting of the



bond. (P is the point at thch a?y/ar? = 0).H:

Por‘thé rigid soiid, extension to fhis point can
only be aﬁhieved with the application of‘highlloéds; altﬁdugh
fhe'strdin necessary to éause rupture ﬁight be §ery smali,
The”cprve is very steep in.this region and small exfensions
will result in larger changes in atfractivé forces, and sinée
the probability of the solid failing is based on the achieve-.

ment of the potential barrier E any extension will

(a)?’ .
result in a higher probability of failure. This case for the
rigid ionic solid e.g. glass, 6ffers an adequate explanation
for the static fatigue phenomenon, i;e.‘the application of a
tensile streés will eVentually cause failure according to the
frobability factor, P « eAEa/lkT. The higher the load
. appiied, the smaller AE, and hence the solid will fail in
shorter times, |
The'bond is at all times oscillating about an equili-

brium-position, The greatef'the-diStorted interﬁuclear
distance the greater_wiil bé-the frequehcy of osciliafidh.
This frequency also contribﬁtés to the probability of achiev-
ing‘the potential barrier and of the solid failing.

| -In &he presence of an environment the course of
events would be as follows. Prior to the application of the
load, physical adsorpfion of the active species resulté in a
AéCPease in surface teﬁsion. 'This reductién in surface
~tension leads to a chaﬁge iﬁ the surface stress, aﬁd the-

strains induced in the solid in vacuo are relieved, The
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solid swells, The extent of the surface stress variation, .
on sgrface tensién redﬁction, will be a function of the slope
of‘the Morse curve in the region A-P, For glass, a rigid ibﬁic
solid of steep élope over AP, the term &Y will be large since
'AE must be small. Thus the ghange'in sﬁgface stress will be
very much different from the reflected change in the surface
tension.(Ay). The slope of the curve and the terms %l would
therefore be a measure of the ability of the solid toEwith—'
stand shear. -It is this variation in surface stress result-
ing from large vaiués of %% which causes significant volume
changes.in rigid solids.

The effect of the increase in solid volume will be
to increase the'tensile force across the bond BO—Bl, thereby
extended the bond further than the equilibrium position, a, in
the absence of adsorbate. On application of the load fhc
internuclear distances will be increased still further. The
adsorbate mdleéules, already atfracted to the surface in the
absence of the stfess, will now have a greater affinity for
the stressed region due to the lesser-screening of the ion
‘cores; resulting from the increased internucleaf distance,
The adsorbing.species then screen the attractive cores to a
larger degree and thé bond extends still further. The load
necessary.tb extend the bond beyond the breaking point is
then assisted by the contributing factors above and the solid
féils at a lower applied load,

However, since we are dealing with a rigid ionic
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body,-large amounts of enérgy are necesséry'to éffect & small
extension, Thevcontribution from the adsorbing effects may
 be small, with the end result that the solid may not be cen-
siderably weakened. If the adsorption effects. are capable
of increasing the internuclear distance beyond point P, the
- solid will fail spontaneouslylin thé absence of applied stress.

Since the effect of adsorption is a function of the
screening power of the adsorbate, the greater the screening
power, the greater the effect. The screening power may be
measured by bond frequency shifts and volume changes of the
solid, The strength of the adsorption bond will not necessa-
rily relate to the strength of.screeﬁing. If the.mqlecular
size of the adsorbate is large and blocks a large number of
sités, whilst only attaching at one or two points, effective
screening will not be achievgd. Thercfore a certain selecti-
vity governs the cracking system,
| Thus foririgid ionic solids the onset of catastréphic
failure would be achieved with great difficulty, since a high
tensile stress is necessary for increased internuclear distance
leading to stress accelerated adsorption. The more rigid the
solid fhe less susceptible it would be to stress sorption
failure,

For the semi-brittle COValenﬁ acryliecs the Morse
curve would be as shown in Fig. 46. Extension of the solid
can be achieved with relative ease, The ability of the solid

to shear is included in the slow rate increase over the region
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A'-P', Lack of figidity does not neceséérily imply ductility.;
Rigidity 1is a measure of the elasticity of thé solid whilst
ductilityAis the ability of the nateriai,to swap bonds and
flow, |

The less rigid solia of equivalent strength will
have a‘potential barrier of equal height to surmount, for
failure in vacuc.

However, considerable extension can be achieved with
only small changes in energy; viz, small applied loads would
pesult in extensive strain., Due to the increased elasticity
tﬁe slow crack growth stage of fracture will become more pro-
nounced than in thes former case for the rigid ionic‘solid.

An additional force would come into play iﬁ this case which
would not be effective in the former case.

Since low loads cause larger extension of the sclid,
the bonds of the type B'-D', D'-E' in Fig. 44, will become
oblique to the tensile stress direction. The greater the ex-
tension the'gfaatér the contribution of these bonds throﬁgh
their component in the direction of the tensile stress. The
end result is for the bond B-B' to extend still further, thus
increasing the additive component, and the crack can propégate
slowly under a very low load.

- In the presence of an active envifonment the same
situation will exist as for the rigid ionic s0lid except
that the effect should be more pronounéed if the adsorptive

reaction were identical, Howevér, the polymethyl metha-
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| Internuclear Distance

FIGURE 46 MORSE CURVE FOR THE pOVALENT.SOLID



crylate has a'lowieﬁérgybsurface and the Ay will notvbe
large. Any change in Y wi1l result in a change in the ex-
tension, but %%,will be small siace Ay is small, and AE is
large;.‘Extending the‘case to the semi-liquid state%l will
almost vanish, | |

Thus the surface stress variation will be mainly re-
"f;ected in ghangef in y, which will be small, as the system
couid not be very adsorption sensitive, due to the low éurféce
.energy.,

Also sinée the adsorbing forces on plastics with
organic environments are largely non-specific and the polymers
are non-ionic, effecfivciscreéning would not accompany an
adsorption reaction. -

As we extend the bond B-B' towards its breaking
point, the bond is oscillating at increasing frequencies.

If the frequency of oséillation can be made to interact with
.the frequency of thzrmal vibration of the environment,
strength reduction may be achieved By a sudden decrease in
free energy of the Surfaée. Catastrophic failure can ensue,
Thus the probability of a system failing under these condi-
tions would be greater,vthe closer the physical nature of the
thermal vibrations of the solid and the environment. The
liquid'phase wouid be more'conducive.to cracking than the
gas. The cracking of plastics in hydrocarbons and certain

cases of liquid metal embrittlement could be explained in

this manner, ;
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That such a mechanism is operative‘may Be dem>nstrat-
ed by the rate ét which‘a.gas ié released from a super-seturated
'solution as a tool for studying adhesive forces(llg). Experi-
ments with C02 from supersaturated équeous solutions re-
~vealed that in a clean glass vessel a high supersaturation
“could be retained, because of the stfong adhesive forces
~ between the glass and water. However, supersaturation was
répidly released in contact with liquid paraffin. The liquid
paraffin oil was not very effective unless it was smeared
ovér a solid surface such ;s'a-glaSs plate. Thus the van der
Waal's forces are modified if the adjacent phasés‘afe similar,
so that they can adjust their thermal vibrations at the inter- .
face. There should be little -difference between {ﬂe surface
energies of liquid and solid paraffin. During the thermal
vibrations,_the adhesive forces seem to fluctuate less at a
.water/liquid paraffin interface than at a water/solid
paraffin interface. Liquid paraffip smeared as a thin film

onto a glass surface has lost the ability to follow the

thermal vibrations of the aqueous system,
Role of Ductility

Plastic deformation results in a loss of brittleness
of the solid specimen, A certain émounf of work ﬁust be ex-
pended in the prod@ction of plastié flow in the vicinity of
the crack tip. The c¢critical crack iength in ductile materials

would be several orders of magnitude larger than for brittle
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solids, i.e, the stable crack propagating stagé is accentuat-
ed. Excess ductlllty results in flow and the specimen will
not crack since the workvexpended in plastlc deformatlonlls
'far.greatep than that needed to create fresh surface., How-
ever, a limiied amount of plastic'deformétién would be bene--
ficial to the brittle failure process.  Plastic flow résults
-in the creation of sﬁali.areas of ffeéh(surface, Qr.preferéﬁ-
tial adsorption sites. Adsorption lowers thevsurfaée energy
resulting in an imbalance of forces, and slip proceeds at a
faéter rafe than in thevabsence of adsorbate. Thus the
critical crack size is reached at>an acceleratedbrate and

the specimen fails. tIn an ideally brittle matgrial no such
movemenf occurs, with the resulting strength decrease being

" only the decrease of 1n1t1a1 surface free ehergy due to the
‘env1ronment.) The role of an embrlttllna species on a
 du¢ti1e,solid would be to create, through a new surface a
compound, or adsorptlon dlulocatlon loc :ing, a llmlted amount
- of ductlllty tHereby aiding brlttle fallure.

Therefore~the role of plastlc flow or slip disloca-
tlons in the stable crack pr0pagatlon stage of brittle ;racture
in cryotalllne semi br;ttle SOlldS should not be "underemphasized.

Since in all cases 1t is nccosoary for the enV1ﬁon—
ment to have an affinity for the solid and. for the adsorbate
effects to be felt in the ex1st1ng flaws, wetting is a
necessary aspect in stress-sérption failure,

.,It should be emphasized that not all adsorbing ré;

»



actions will result in aeweakening'of the speeimen. If fhe
“change in surface stress oniadsorptien'is coﬁpressi&e,
strengthening effects will resulﬁ.> This change will be a
function of the solid suffa ce and of the adsorbvng ope01ee,
:'indicating a selectivity in the stge:s cracklng system,

The propqsed variatibn in the slope of the‘Mofee

~ curve in the expansicn regions of the rigid and semi-brittle

';,SOlldS can be empha51zed by conside l'g the enargy released

per unit area of crack Surface. mhe Irw1n(sl ) relationship.
for the critical energy feieased at the onset of unstable

fracture prooabatlon was glven as

‘2 : UC‘R Critical Stress for Failure
GCR - noCR, CC_R/E - Cor = Critical Crack Length
o Gckve Energy Released/Unit Crack Area

" The value of Gpgr has been found to be 3.08 in-lbs./sq.

. 20 ' - . ‘ < s . '
1m::h(1 ) for glass at 2% relative humidity, and 4.0 in-1bs./sq.

" inch for polymethyl nethacrylate(lzo). Sincevthe'breaking'

loads are of the same order of magnitude for the_{woisolids,

"~ the leferenﬁe arlses from dlfferonces in critieai crack size.
Therefore for vary PlFld sollds (éiass) uhder a

steadlly 1ncrea51nv load the crack has onl/ to extend vary.

slightly to reach the crltlcal eaze._ It may be assumed there-

fore that, undef these tensile'teSt condiﬁiehs, fracture ini- °

>tiatioh and strenéth failure occur almost simultaheously.

'vfof the semi;brittle material,.en-the other hand;.a period of

’stabie cpach pPOpagation eCCUPs duringrwhich‘stpength failure

imechaniéhs due to envirconment can become opefafive. |

“ -
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Thus for the rigid ionic solid the environment es-
sentially affects the fracture initiation process. TFor the
semi-brittle covalent solid the environment operates in both

the fracture initiation and stable crack propagation stages.,

»

L
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

A study of stress-environmental crackiﬁg of two
~types of silica glasses and an acrylic plastic has been con-
ducted in a unique high (lO—6 mm Hg) vacuum apparatus. Ad-
sofption isotherms for a number of gases and vapours consti-
tuting the environment of silica glasses were determined and
correlated with fracture data obtained under corras;onding'
conditiqns. The results have led to the following major
conclusions:
(a) Glass . o
(1) Glass does not fail catastrophiéally in contact
‘with an aqueous enviPOnhent‘that may give "corrosion"
-like reactions., Due to the rigid ionic structure,
failure and fracture initiation occur almost simul-
taneously, any adsorption effeacts primarily.affect
the initial stage of the failure,
(2) 1In comparison with the clean, vacuum fractured
specimens, all environments tested resulted in a
decrease in the tensile fracture strength, Water
vapouf is the critical adsorbate, evén at coverages
of approximately 1/3 of a condensed monolayer, the
strength theﬁ»falliﬁg gradually with ihcrease inv

vapour concentration,
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(3) Contrary to the findings.of dthefs, the tensile‘
'strength is not ‘a linear funcfion.of surfacé tension
of the wetting liquid, in fact, they aré.unrelated.
Again,.moisture contamination affects the results
drastically.

(4) Any dissolutién proééss at existing surface
flaws acts to increase the strength by blunting the
crack tip. The effect is most prevalsnt in the acid
and alkaline regions (pH < 5 and pH > 9),

(%) The-méasuféd "fracture isotherms" ao not
coincide with £hose calculated from adsorption data.
This does no{ invalidate the Griffith equatioﬁ, since
the adsorptidn data refer to bulk measurements and
Griffith equation to a localized stresé-sensitivé
site on the surface of the sample.

(6) The magnitude of the surface bond (between the
adsorbate and the site) is not.the decisive parameter,
but stefic effects also play an important role; Cega,
,'acefone is bonded more strongly than water

(Av Kcetone=360'gmé:; Av Water=280 cms.) but the effect
of water on fracture is greafer. |

(7) Dry gases, N2 and CO do not affect the tensile

2’

strength of Vyéor glass.

(b) - Polymethyl Methacrylate
| (L tress-environmental fracture does. not occur

in the vapour phase. . Stressing in a liquid organic
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solvent that is wétting the plastic surface causes
a drastic feductiqn in tensile strength |
(2) Those diésolution processes which occur faster
" than the crack propagation act éé a'healing mechanism
and increase the solid's strength..

(3) A.nqnuwetting'liquid, water, has no effect on
the tensile fracfure strengtﬁ oflthe'plastic.

(4) The existence of a large stable crack growth
region and a iarge.critical crack size of the co-
valently bonded semi-brittle maferial resﬁlts in a
catastrophic failure in organic solutions at very
low applied loads. | |

(c) Quartzitic Rock

(1) Fracture of siliceous material is not facilitat-
ed by adsorption ffom aquesous solution. Rock in its
normal weathered condition will élready be in a lowar
energy stateAcompared to the clean, adsorption-free
condition, This does not exclude the possibie
effects of adsbrption from a less active solution,
or the possibility of seéarafion of mineral particles
along their boundaries with silica.
The main outcome of the study was to extend the
praviously conceived ideas for the stress-sorption cracking
of brittle solids; a modified mechanism for stress-environ-
mental cracking isc proposed by taking into account the nature
of the solid surface and the specific action of active adsorb-

‘ing species on the surface (under the described testing conditione).



v167(a)

Changes in sdrfécs tension with adéofption may not
-be a sufficient condition for éracking to-océur.  Resulfing
surface stress variation can couateract the decrease in v,
-thereby cancelling the’weakening effect.  Increase in surface
tensional stress assists the surfac~ tension reductiqn ef fect
to cause failure at lowef applied tensile.loads. The sfrength
of the bonding of the sdlid substrate:éurface cén indicate

the extent of stress environmental weakening, in an adsorption

system,
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Appendix A

Description of Apparatus Components

(1) Load Naasufing System
(a) .Load Cell - Baldwin, Lima Hamilton Corp. (B.L.H.)
SR-4, Model CXX, Capacity 50,000 1bs.

(b) Strain Indicator - Budd, Model P-350.

(ii) High Vacuum Pumping System

(a) Rotary Vacuum Pump - Welch Duo Seal Moael 1397 B,
.2 stage 425 litres/min full air
displacement Qith vented exhaust,

(b) Rotary Pump Oil - Welch Duo Seal 0il.

(c) 0il Diffusion Pump - Consolidated Vacuum Corp. Model
PAS-61 C |
6 inch - 3 stage fractionatiﬁg type
300 litres/miﬁ pumping speed.

(d) Diffusion Pump 01l - Silicone DC-705 S.G.,, 1.095
Flash Pt., u?OPF,.B.P. 245°C at .5 torr,

" (e) Cooling coil safety switch - Ranco Pressure Control

Typé "OlQ",'iow and higﬁlpressure cut-in,

(f) Cold Trap - C.V.C. Multicoolant.Baffie, Type BCN
Coolant—Liquid Nitrogen.

(g) High Vacuum Valves - C.V.C. right angle vacuun

valves type VRA.
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Gate Valve - Type VCS 61B..
(1) Gaskets, 9 rings - Buna-N and Néoprene gaskets
and O-fings. |
(i) Vacuum Gauges - C.Y.C. Model GIC - 200 hot filamenf

-12

gauge. Ramge:lxlO"3 - 2x10 mm Hg;

C.V.C. Thermocouple gauge Model GTC -

004, Range 2.0 mm, lx10—3

mm Hg.
C‘V.Cl GIC - 017.2 ion tubec

.(3) Bellofram Rolling Diaphragm - 'Impervon' Elastomer.
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‘Appendix B

Calibration of Load Cell

Tﬁe B.L.,H., SR-u4 loéd cell was_calibrated against
a Baldwin Testing Machine by loading in increments of 2,000
1bs., then unloading in decrements of 5,000 1bs, A calibration
curve of load, in 1lbs,, versus strain, in p-strains, gave a

linear plot of slopée 12.5 1bs/u-strain. -
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Strain u /"

FIGURE 47 .LOAD CELL CALIBRATION

Slope = 125 1bs/u

1 1 (] 1 1 1 ]

15 20 25 30 35 40 45 50
Load 1bs x 10~ '
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Appendix C

B.E.T. Calibrations

(1) Gas Burrettes

The volume of each bulb was detérmined by weighing’
“amounts of water run from the inverted burrgtfes between the

"etch marks, TFTor water calibration the burrettes are inverted
to simulate the mercury meniscus. During the calibration the

bulbs were thermostated at 30°C, Results are given in Table 16.

(ii) Free Volume (Va)

The free volume of the apparatus is the volume
from the zero etch marks on the gas burfettes, including the
manometers with the mercury raised to the constaﬁt volume
. marks, to the sample vessel stopcocks; i.e. the internal
apparatus volume excluding the volumes of the sample vessels.
The free volume may be calculated by admitting a dose of He
to the apparatus with the sémplé vessels closed, and measuring
the pressure, with all meréury ievels adjusted to the constant
volume marks. By raising the mercury in the gas burrettes
one bulb at a time a series of preséure reaaings ars ébtained.
If V is the volume of the empty‘bulbs, and knowing fhe volumes-
of the bulbs, we have,

P(V+Va)

= K T is constant
PV+PVa = K
PV = K—PVa



Bulb Calibrations

Burfette No, 1

Bulb No.

TABLE 16 .

Temp. 30.2°C

180,

Dansity of H,0=,99561

Ave, YWt, H&g

Burrette No. 2

1
2

Bulb No,

Vol(ccs)

88,9319 98.49
29.5515 29,42
20,0473 19.96
10,3928 10.35
éve.»Wt. HpO0 Vol(ccs)
145,2499 144,60
98,8351 98.39
A3O.0H27 29,91
" 3,78u48

9. 74
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A plot of PV versuc P has slope-Va.

(iii) . Dead Space Vd

The dead spaée is the unoccupied volume Qf the
sample vessel., This includes the internal-volume of the
specimen and should therefore be detlermined before each run.
: The method is the saﬁe as fof the free volume calibration but
with the sample vessel open to the systeﬁ. . The difference
bethen the total volume obtained and the free volume yields
the dead space.

Typiéal results are‘given in Table 17 and plotted

in Fig. 48,



Volume Calibration

(a)_

(b)

Free Vol.

Dead Space

(1

(2)

(3)

P cms

7.823
10.813
14,548
22,376
26,764
33.217

7,573
10,284
13.655
20,220

23.667

13,666

7.313
3,949
13,194
19.641
22,933
13,220

7.104

9.652
12,7389
19,141

22,443

9.779

TABLE 17

V ccs

Lyo,. 841
296.2u45
187,756
99,368
69,949
40,041

S unp0, 841
296.245
197,758

99,368
69.949
197.758

Luy0, 841
296,245
197.758
99.368
69,949
197.758

uug, 84l
293.2u451]
197,758
99,368
69,9u9
296,245

Volume Calibration Calculations

(a)

Free Vol.

Slope of curve =

80

0
5

———— =

= Su.l écs

e . 0 T B i s

P xV

3448,.699
3203.297
2876.,983
2223.458
1872.115
1330,041

3338.488
3046,583
2700,385
2009.220
1655.,982
2702.560

3223.870
2947, 341
2609.219
1951.686
1604,140

2614,360

3131.293
2859,356
2512.239
1902.002
1569, 865
2896.279

Temp

182,

Vol of
empty bulbs

32.6°C
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FIGURE 48 ADSORPTION APPARATUS CALIBRATION
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TABLE 17 (Cont'd)

(b) Dead Space

Sample Vessel 1 Slope = 13+%3 ¥ 100 = 104.5 ces
| 10 e

Vol 1 = 20.4 ccs

Sample Vessel 2 Slope = ===f = 102.2 ccs

Vol 2 = 18.1 ccs

Sample Vessel 3 Slope = l%&ﬁ = 102,8 ccs
0

Vol 3 = 18.7 ccs
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Appendix D

B.E.T. Isotherm Calculations

(a) Isothern
A plot of Relative Pressure versus Volume adsorbed
in ccs/gﬁs at STP is called the adsorption isotherm.
If Py is the initial pressurs oécupying the free
volume Va and P, is the pressure after admission to the sample
vessel, then the amount of gas adsorbed is the initial volume

less the final volume at the temperature of the experiment T,

In cecs/gms at STP the volune adsorbed is,

PJxVa—PQ(Va+Vd) 273 1

V = oo e X — X -

760 (273+T) m

where m . is the specimen weight. For each additional dose
"~ since an amount at P, and Vd was already enclosed in the

sample vessel the amount adsorbed will be given by,

PyxVa+tP,Vd - P,(Va+Vd)

760

273
273x=T

X

X bcs/gm‘S.T.P.

=3

The volume of gas adsorbed at the equilibrium
pressure Pq is ‘then the sum of the amounts adsorbed for the

first and second doses.
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The example for H,0 is given in Table 18.

(b) B._.T..Linear Plot

The B.E.T. equation is written in the form

P, L, el L,
V(P,-0) vmC VmC

O

A plot of 3 versus P[Po'will give a straight
c-1 V(PO-P) 1
line of slope <= and inter t .
: 7 VmC ° : nrercep VmC

Vm is given by,

1
Slope + Intercerpt

m =

Table 18 and 19 give details of the data from which
Fig, 22 is constructed. Table 20 lists the monolayer volumes

for the four systems measured.

(c) Specific Surface Area Calculations

In order to determine the surface area of the ad-
sorbant it i1s necessary to know the cross-section of the gas

molecule, This area is given by

M 2/3

4 / 2ND

A = 4(0,866)

where M is the‘Molecular welght of the gas, d its density and
N'Avogadro's No., For nitrogenlat liquid N, temperatures A is
equal to 16.2 A°,

| Knowing Vm per gms. the spécific surface areq-may

be calculated as follows
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TABLE 18

Adsorption Isotherm Data on Vycor Glass

Vycor Glass Area = 225 m2/gnms

Temperature Constant at 25,2°C

Water Vapour

Vads
P/P (ccs/gn STP)
0.021 17.9 |
0.033 35.0
0,088 . 62.4
0.10 70,4
0.19 95,0
0.24 104.8
0,31 116.7
0,43 130.2
0.625 155.0

0.69 - 199,0



188,

TABLE 19

" B.,E,T. Linear Plots

P mms P/Po Vads ccs/gm PQ-P Y(PO~P) VTK;:VT
H,0 2,11 .088 62,4 21.89  1365.9 00154

2,40 o1 4 70.4 21.60 1520.6 '_ , 00158

5,76  ,2u 104.8 18,24  1911.5 ~ ,00301

7.,u4b 31 116.7 16,56 1832.5 " .,00385%

TABLE 20
Monolayer Volumnes from B,E,T. Linear Plots -
Slope Intercept Slope+Intercept Vm=§:f

H20 2010 ' .001 011 90.9
n-Butylamine .06 ~.0015 JO4L S 22.5
Acetone . 026 .0015 .0275 36.4

Benzene .05 .005 .059 ‘ 17.0
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Vm x 6.023 x 1023 x 16.2

22.4 x 103 x 1020

Surface Area =
square metres/gran,

The surface coverage 0 at a volume of gas V, is

given by 0 =V
Vm

(d) Surface Free Energy Changes on Adsorption

If Yo is the free energy required to create 1 cms 2

of new surface in vacuo, and this is reduced to Yy in the
presence of an adsorbable gas; then the deérease.in surface
free energy is =AYO~Y .

T, F YooY is also called the spreading pressure.

The :Gibb's adsorption equation gives,

- dY = RT N dlnP where N is the number of moles ad-

sorbed per cms? at pressure D,

Integrating

Y - ¥ = RT"-{N dlnP

= RT f x.dlnP

MS

DS 73 y

= 2:303 RT x d log P/P_.
MS

X is the number of gms., adsorbad per gm. of solid

.and S i1s the surface area.
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Thus by plotting X versus loé P/Po'and integrating
graphically the.decrease in surface free energy an adsorption
may be determined.

The method is.normally applicable to”révérsible
processes, i.e. where adsorption and désofption are equal,’

- However in this application we are only interested in the
surface free energy decrease on adsorption and the hysteresis

on desorption is not taken into account,



M

Units

| P/Pé
2,308 RT '
x d log P/PO

JO

gmé/gms adsorbed
Mol. Wt,

Surface Area

.2.303 % 1.98 x 2,98 '19_3 Area
225 x 10% * M
2 6.03 x 10'7 cals/cms?

=

x 6,03 x 4,184 ergs/cmé2

M
Area 2
. x 25.2 ergs/cms
1
cals  mole degrees L BMS 1
degree” moles gms cms ¢
_ cals. ergs.
cms cms 2

-> C

191,



TABLE 21

Surface Energy Plots

- - P/Po
T o= = Vads dln P/P

MS o . gn/gn .

: Vads

P/PO - lpg‘P/Po mgms/ gms
021 + 1.6778 14,4
.033 + 1,4815 28.3-
.088 1.0555 50.5
.10 1.0000 57.0
.19 07212 76.9
24 .56198 84 .8
.31 .5086 94,5
U3 » 3665 105.4
625 2041 125.5
59 «1612 161.1

19

2
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Appendix E

Tensile Fracture Strength Calculations-

1 microstrain = 12.5 1lbs load.

From Brazilian Test the tensile strength is given as

(S N —.gf_

X 1Dt

where P is the load in 1lbs
D is the specimen diameter = 5"
t is the specimen thickness = ,5"

6 = "’2.55 P
X . .

>

An example for HZOKBﬁ‘Kimble glass 1s given in

Table 23, - , \

1



0]

TABLE 22

Surface Tension Reductions on Adsorption.

(Vycor Glass)

Area  Area/M  -log P/P_ P/P_ AY Ayl/2
8 Sy 1,5 0,032 11,08 3,33
29 1.61 1.0 0.100 40,57 6.37
ug9 2.72 0.7 0,200 68.54 8.28
66 3.66 0.5 0.316 92,23 9.60
99 5,50 0,2 0.631 138,60 11,77
144 8,00 0 1.0 1

TABLE 23

201.50

Fracture Isotherms - H.O on Kimble Glass

u"/"

292
205
151
141
145
157
156
163
1t0
146
151
luy
148
141
151
135

Load

3650
2563
1890
1758
1810
1962
195y
2039
1869
1820 .
1890
1800
1847
1856
1890
1685

2

Tensile Strength

P.S,I.

9297
6527
4822
Yl 8y
4616
5003
4382
"5200
4,765
464 ]
4822
458Y
4711
4222
4822
4298

Po =

VAC

Y
(op}
N

[
HO QU whNN P~
4 8 = » & @ o »
WHEOO-YDHUowoN

14,2
18,2
20,4

-21'“

22.8

24 mms Hg

P/P

0
.02
04
.07
.10
Clo

w15

24
.29
«38
u7
.59
+ 76
+ 85
.89
.95

4.20

O

6
8
1
6
8
3

l9h.'



