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* MEASUREMENTS « = DIELECTRIC
.. ELECTROLYTIC ~ PROPERTES
+PYREX BRAND GLASS.

PLKIRBY. -
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The experimental work was carried out in.the Research
Laboratories of James A. Jobling & Co.Ltd., and the .
author is indebted to the Directors of this company

.for their permission to incorporate these experiments
in this thesis,:
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INTRODUCTION,

In spite of recent advances, the present state of our knowledge
of the physical neture of the structure of glass lags behind the parallel

investigations into the structure of other states of matter.

The measurements of the electrical properties of Pyrex'srand

- glass in&orporated in this thesis were'carried out in the belief that the
study of such properties will increasé Qtill'fdrther our knowledge of the
glagsy.state and the theoretical arguments expressed are bagsically in harmony

with the preyalent ideas of the structure of glass.

With more particuler reference to ‘'the latter paft of this work
where attention is given to the dielectric properties of the glass under
examination, it is felt thet glass represents an ideal medium for further
study of dielectric anomalies in matters A rigorous investigation of the
v#riation of dielegtric propertigs with composition, temperature and other
physical conditions is likely t6 lead to considerable advences in dielectric

theory and also to add to the data on which to build a theory of the structure

of glass.
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PHYSICAL PROPERTIESOF A TYPICAL BOROSILICATE GIASS.

The general tendeﬁcy towards a scientific outlook which wes
one of the causes of the industrial revolution had its infiuence on the
art of glassmaking, an industry which dates back to 2000 BC. In spite
of considersble expansion, howeve?, it was not until the twentieth
centu:y that progress was made in physigal and chemical studies of the
nature and constitution 6f glass, Today, theories of the glassy state
éie being developed by several groups of ressarch workers, most of whom

base their theories on the same simple atomic picturs.

As in the cese of the advances recently made in our knowledge A
of the solid and liquid states the use of X-rays in the study of £he
atomic arrangement in glass marked an important step forwards. Evidence
of X-ray difffaction patterns of a diffuse nature have been obtained
i; the case of many different glasses and in 1933 Warren'presented a

definite picture of the structure of silica glass based on X-ray evidence.

Beforelfhis time a ﬁumber of experimenters had suggested that
the component atoms in a glass were Joined together in molecular aggregates,
each such molecule being identified with a definite chemical compound,
This theory wes supported aﬁd attacked with considerable vigour by oﬁposing

schools but has had little lasting significance.

After the announcement of results of X;raj diffraction exper=
iments, Zachgriasen?published an interesting discussion of the atomic

arrangements in glass. He suggesﬁed that in view of the diffuse X-ray.
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patterns the atoms must form some continuous three dimensional network.
Whilst following no large scale periodicity as in the crystalline state
the structure is not entirely random in nature as the internuclear dis-
tances vary only over a finite range. It is convenient-at this point
'to confine our attention to a substance conteining only tWo kinds of
atbms and which exists as a glass and also in various crystelline mod-
ifications.. This substance is silica (silicon dioxide, Sioz) and is
the major component of the majority of modern glasses. =~ In the amorphous
state, fused silica is believed to consist of a network of silicon end
oxygen atoms arranged so that each silicon atom is surrounded tetra-
hedrally by oxygen atoms and each oxygen is attached to two silicons.
Silica also exists in three other msjor allotropic forms, cristobalite,
Itridymite and quartz. During ﬁ—ray investiga tioﬁs? it was found that the
first sharp pesk in the diffraction pattern for cristobalite corresponded
to about the centre of the diffuse peak af amorphous silica and at one
time. it was thought that silica gléss'may consist of a structure’ contain-
ing large numbers of crystallitesbf cristobalite. Further work however,
-had not supported this contention and it is now believed that the smallest
unit which consténtly repeats itself throughout the structure is the s=ilicon
plus four oxygens - this being too sm2ll to qualify the structure for the
title of a crystal, Fig. 7 shows the @ifference between the atomic arrange=-
————— .

. ments in cristobalite and silica. [o{f;_(:fé‘)

The essential poiﬁt in this argument is that the difference between
silica in the crystalline and amorphous states is that whilst both consist
of similar lattice structures of silicoh and okygen atoms the large scale

periodicity characteristic of the former is replaced by a random array in
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the amorphous state, Extending the'field to cover glasses containing other
oxides, still having silica ss the main constituent, the pictufe is now that
of a fandom network of silicon and oxygen atoms with the additionel types fitting.
into the interstitial vecencies. Or where the numﬁer of additional atoms
is considerable, they Will madiff, by their bresence, the original backroun
of the silica network and will, of course, considerzbly ;lter the physical

propergies of the structure.

It is thus seen that a comparison has been drawn between the rendom.
network of a2 glass and the completely regular network of a crystal and it
remains to be stated what type of crystal is visualised in this comparison.
Unfortunately the classification of crystel types hes been rigidly performed
by chemists who have becn anxious (Wiﬁh considergble Justification) to simpiify
the picture and i% is usuel to clessify a crystal into thrse main categories,
ionic crystalé, valence crystals and molecular crystals. It was originally
thought that the crystalline silica allotropes were of the valence crystél
type in which the silicon and oxygen atoms were held together by "co-valent
bonds". This it undoubtedly an over simplified picturs and the strong rpolar
characteristics of the silicon étom with four electrons in its outer shell
and very small atomic radius suggest that thé atomic structurs of silica is
permeated by strong electrie fields, In this case one canﬁot consider that
a silicon atom will exert forces only on the four neighbouring oxygen atoms

but rather will there be a field of attractive and repulsive forces permeaéing

the entire structure with the individual atoms lying at points of minimum

potential.
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When another oxide (sey sodium monoxide, Naj0) is added to the
network there will, as hae been =sug;ested, be considerable'modification.
There is little doubt that the sodium atoms will be present in-an idnised
state presumabif due to the ease with which the removal of a single electron
from such a large atom can be accompllshed. Thus it is believed that in
general the sodium atoms will be present in a trulv ionised condition to-
gether with silicon and oxygen atoms which are much more closely bound. As
wiil be shown later, the oxygen atoms cen take part in an ionic onduction
process and belief is growing that the essential nature of a glassy structure

is that of an ionic array.

Turnlng now to the materials ava:.lable for examlnat-l on' it is fund’
that amorphous silica, whlle very'repreeentatlve of the glasnv state, is
particularly difficult to use, The amornhous allotrope is only stable at’
temperatures above 1700°C and if held at a,lower temperature will tend to
‘revert fo a crysteiline foxﬁh --Thie'is perticuiarly true in the temperatu;e

range which is of greateet theoretlcal significance, thus endowing silica

R --

with properties wh;qh_meke lp an-unsat1sfactory material for our purpose.

—_—- —-——--~.._. T ——

The rate of transformat1on 1s, of ‘course, greatL deereased at low tem-
peratures due to its increased viscosity and although thermo-dynamically
uustable at room temeerature, fused ,silica will not .appreciably alter its
-form even though_left for a very long period. Below 1700°C and dowm to
1,70°% cristobalite is the stable allotrope, giving way to tridymite in the
1,70 - 870% range. Below 870°% quartz is the stable form and'is the only

completely stable silica allotrope at room temperature,

By adding a relatively small amount of other oxides to silica it

is p0ssib1e to decrease the v1=c031ty at hlgh temperatures so that the glass
-_———5"—

———— e e = - = ——— 4\_’.

——

will rcmaln 1n a stable amornhoua form and the temperature below whlch the

R
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glass will devitrify will be greatly d:zcreaseds

s

The chémical resistant properties of pure silica are étill retained
in tﬁe borosilicate type of glass where the silica content is still high.
The structure #f such a glass presumably difiers only in degfee(E?;the structure
of emorphous silica thus making 2 borosilicate glass ideally suited to our
purpose. A4 well khown glass, a typical borosilicate type, is manufactursd in
this country under thé name of "Pyrex". The composition of Pyrex brand glass

is as follows:

Oxide '% weighte

Si0, , 80.76
BO3 12,5k
Na 0 '  La 5hs
Al Py 192
A5203 ' . I 2l|-

It will be seen that the main constituents are silica and boric 6xide,
together with a smaller- percentzge of sodium monoxides. Due to the relatively
loose binding of the sodium ions it will hé found that the soda content is-of
ma jor importance in a discussion of the glectrical properties.

The density of this glass is 2.2 gms/cc at room temperature and i
im chsracterised by_a rélatively iow linear coefficient of expansion, 3.2 x 10-6
per°C over the range 0 - 500°C.  The liguidus temperature has been found to be
1064?0. Below this temperature cristobalite is found to separate from the
giass at 2 rate which increases with lowering temperature to a maximum at 900°C.
On lowering the temperature still further the increasing viscosity of the glass
appears to retard the rate of devitrification and at 700°C the rate of separation
of the crystalline phase is ver:s SEall.' The subject has been fully investigated
and is reported in Ngture by'Cox and Kifby:* |



i
Until recently it was believed that. there existed a transition

temperature connected with the variation of certaein physical properties of a
glass with temperature, There was indeed 2 definite inflexion point on the
graph relating temperature to specific physicai pfoperties. . Littletoﬂfshpwed_
however, that if before measurements at any gilven temperature were made, the
glass was held for a sufficien£ period at that temperature, then the finel results

gave.nb suggestion of any transition point. 'The previous results were due to
the fact that this necessery "stebilisation perioé" is much greater at low
temperatures, and if a_serieé-of measurements are carried out at various tem-
peratures then an apparent transition will occur at a temperature where the

stabilisation pericd is of the order of the time of measurement in the experiment.

The suggestion that on altering the temperature of a glass a finite
period of time must elapse before the glass takes on the physical properties
appropriate to .the ﬁew temperature, is now finding general acceétance. This
stebilisation period, which must be-intimately connected with the internsal
viscosity of the atomic structufe is an'inverée funcEion of temperature. -Thus
on cooling a sampie of glass, even though the rate of cooling through the
annealing range is very slow thus preventing the setting up of mechanical strain,
because of tﬁe absence of temperature gradients, some of the high temperature
properties will be "frozen in", and-it would require an immense period of time
to Stabi}ise glass at normal éemperatures. According to the temperature at
which samplesof glass have been stabi;ised it is possible to obtain otherWi;e
similar samples at room temperature having widely different physical propetties.
The hypothesis of stabilisation is equivalent to supposing that the structure of
glass can, after e suitable period, attain a metastable state characteristic of

a particular temperature and & still truly amorphous.
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THE _CONDUCTION PROCESSES IN GIASS.

LY

Early expériments on electrical .conduct:i.ori in glass enable us to 'buil‘d
‘up a picture of the actual nature of the processes fccurring, Experimenterg'
during the last century discovered that it was relatively easy to pass an eléctric
current through giass provided thé_ teinperature of the latter is raised to sew;eral
'hundred degrees centigrades It was found that the mature of the electrodes had
considerable effect on the results obtained, and. there ié ample evidence of v.ar'ious
types of polaxl'isation oqcurriﬁg when the applied field is uni&irectional. T_he
classical work of Warburg and Tegetmeier‘ at the end of the last century con-
sisted of the paséing-.of an electric current through the walls of a glas; tube
filled with mer;rury and I;Ja'i'ntained_ at a temp‘eraturé of two or three hundred '
degrees centigré.de, The observed currént very soon decreased to a fraction of
its original value, When sodium a‘ma-lgam was used however, no such decrease
occurred. Le Blanc and Kerschbaum7fpund that when a poorly 'conduc'ting layer..
of. glass which appeared at the anode -surface was ground off, the glass conducted .
as well .as before, until aggin this bédly conducting layer was formed. From
these experiments the assumption is_mde.that the conduction in these cases is due
meinly to the migration of the sodium ioms in the direction of the applied field,
resulting in a decrease 1n sodium ion conecentration in the region of the anode,

unless there is a replacement effec;f from the anode itself.
| _ N e\t |
The sodium ecan be reglaced 'byx‘a large number of other metals if these
are contained inthe anode either es an a@algam or in the fused states We the:ri
find the metellic ion diffusing through the glass in the wake of the sodium ions, -
the phenomenon varying according to the size of the metallic ion., Lithium, for

example, with small atomic volume replaces sodium with no apparent effect on

the mechsnical structure of the glass., Larger iohs, however, are found to cause
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cracking and the appearance of gas bubbles'along the linesbf the craciks if
the glass is subsequently heated, Other metals permeating the gléss from
the anode cause a coloration cheracteristic of tﬁe colour of the metal when

in a colloidal state.

Tﬁe qualitative picture of the conduction process occuring in
agy glass of which sodium is a constituent, is that the silicon and oxygen
ions form & random lattibe'background against which tbe sodium ions move from
one interstitial vecancy to another in the diredtion of the appiied'field. It

is generally believed that forces acting upon an ion, tending to hold it to

a given point in the lattice structure,

are much weaker in the case of a sodium
OXYGEN .

* . ion than for the silicon, boron or 0x=- Silicon

ygen ions. This is ascribed to the

larger ionic radius of sodium which,

if the centre of the ion is regerded

as being the point at which 211 the ' ' F'_j L

-

chzrge is concentrated, will csuse a greater separation between the centres of, say,

, .

a2 sodium + an oxygen ion than between a silicon and an oxygen ion.

\
There are several experimental facts, however, which suzgest that the
above gﬁiﬁure is over-simplified. .'For example, if o D,C. potential is applied
acrosg electrodes of platinug and a current is passed through the.intervening
glass then, this current will be observed to decreases over & short period of
time and et the fina} value so0 obtained will remain appreciably c0nstant'
o&er a mucﬁ longer period., This finsl value represents an ap;recisble current
and is not consistent with the view that the gnodic layer of zlass is being
continually stripped of sodium ions . In view of the passive nature of the

electrodes we micht assume that sodium ions are drifting back into the region




. ' . .

of the anode by a process of -thermal diffusion, but éhe current is a meaéuré

of the net movement of charge from anode to cathode. Then if we decide that
the part played by electronic conduction is small (and this is most probable

as there is complete absende of any Hell effect), we are bound to conclude that
there is a thermal movement of both positive and negative ions into the anode
regionss Thet i; to say, sodium and oxygen atoms diffusg towards the anode

in electrically neutral aggregates whilst positive sodium ions travel away from
the anode in.the direction of the field.v This is equivalent to supposing that
.while sodium ions move towafds the cathode, negative (oxygen) ions move towards

the anode during the passing of a current through the glass.

This has been investigeted in the case of Pyrex glass and it is found
that.liberation of oxygen at the anode does occur and a large amount of gasging
will take place at the enode if a unidirectional current is psssed through the
glass. In this case both sodium and bxygen lons are important agents in the
conduction processs Where the anode is capsble of replscing sodium ions into
the glass the.oxygen ions are nofrequired to givé up their charge and revert
to gaseous molecules, but will remain invthe glassy state in combination with the

new sodium ions from the anode.

It was hoped to in#estigate the change in physical properties in the
anode layers, with diminished sodium ion content, with particuler reference to
devitrification. The gsssng, however, completely masks any other effect

and makes exsmiration of this area rather difficult.

A second experiment was carried out using "replaceable" electrodes
of a form of silver paint such that the silver migrated into the glass from
the anode thus preventing, to a large extent, the formation of & high resistance

layer.
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ELECTRICAL CONDUCTION IN PYREX USING "SILVER" ELFECTRODES.

Apparatuss 4 small cube of fireclay was made with two nichrome
wires embedded in the clay.' The block was dried at 150°C and then fired at

1000°C in sn electric fumace. - The

wires are arranged so as to support

a short length of glass rod sbout

1l cm. in diameter gnd/gms. long.

13.2.

After cutting the rod to the required length the two end faces were liberally.

coated with liquid burnish silver. This material consists of a suspension of.'
fine p;rtidles of si}ver'in a volatile liquid, If the coated rod is now held
in a bunsen flame the volatile component évaporates leaving a layer of good
conducting siiver covering the ends of the rod, The glass can now be placed

in between the nichrome wires as shown in Fig., 2

Method: This electrode assembly was placed in an electric furnace
and the temperature raised to 600°C at which temperature a controller m2intained

the furnace throughout the experimént; A power=pack giving 450 volts D.C. was

connected to the electrodes by way of a milliammeters On switching on, a current

- - ~en

of the order of .0l15 amps was obtained and it was anticipated that polarisation
would soon occur causing a gradual decrease in this current. There was no such.

decrease, only a slight fluctuation due to variation in the temperature of the

‘furnacey causing variation in the resistance of the glass. It should be noted

that it was not'possible to run the furnace at a higher temperature as the
lowered resistivity of the glasé would ha&e allowed a larger current to flow,.
which in itself would increase the glass temperature resulting in still greater
current flow. At 600°C it wes possible to obtain equilibrium between the rate

of heat input to the glass and the loss of heat to the surroundings in the furnace.
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After running for sbout 20 mimites 2 slight decrease in 'the. mean -~

. value of the current was noticed and this decreése continuéd mtii!. after a period
of 3 hoxl‘trs the apparatus was removed from the furnace. It was found that the _
silver at the anode ha’t'd' almost en.ti;rely diffused into the glass. (the ‘decrease '
in effective electrode area accounting for the observed decrease in conductivity),
and there was & band of glass which was of & very dark red colour (almost opaq‘_.ﬁe)
‘extending to a dep'th' of 2 or 3 mms. frém the anode. This area of glass, the |
boundary of ;which. is very sharply defined, is coloured with colloidal silver
which has migrated into the glass in place of the sodium ions movi.ng towards

the ;:athode. This accounts for the lacx of any polarisation in the experiment.
By taking into.account the quantitatiﬁle.- measurements made in this experiment some

interesting results can‘r_e' obtained.

Determination of Ionic Mobility of Sodium ions in Pyrex glass.
A theoretical value for the ionic mobility of the sodium jon can
be calculated as follows:

Let.n = number of soda ions pér unit 'voiu;ne in the glass.

€ = charge on each ion.
M = mobility of the ions.
& = conductivity of the glass.

These quantities are related by the expression:

]

d:-.ﬂe l. g\- = o
N Y

At the temperature at which the experiment was carried out (600°C)’the

resistivity of Pyrex is 10'1"‘ 1r ohm cms, Thus the Eonductivity will be 10"“# 17_'
-5 - * ' '

or.6,76 x 10 om™1 em™1,
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The charge "e" on each ion will be assumed to be 4.8 x 10-10 esu or

19

1.6 x 10. 7 coulombss

" The value of "n" is obtained from the density of the glass (2.24 !

gms/cc) and the percentage weight of, soiium oxide present (4a5%). Then the

weight of sodium present in 1 cc is

46 L5
2.21[- X 62 x WO. = 0079 gms,.

and if Avogedro's number, the munmber of -atoms per gm-molecule is 6 x -1025,

then the nurber of sodium ions per ui_iit volume is given by~

n = .079x6x10° = L.949 x 071 ;\
5 | A\
Thus from (1) the calculated mobility is. given by
= 6,76 x 1072 i .
1.949 x 02 x 1.6 x 1075

= 2,165 x 10-7 cxﬁ/sec/unit voltage gradient. .

From the observed depth to which the silver had penetrsted (viz. 3

mm in 3 hours) the observed mobility can be calculated. The voltage gradient
. e e

e e —

in the experiment was 150 volts/cm, although during.the course of ‘the exper-

-~

iment the vpltage will have varied -slightly and this must be takén as a

maximum valuee

therefore = speed of vmigratj__on = &.].' x 1
= potential gradient 3600 150

185 x 10"7 om/sec/unit voltage gradient.

-
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Conclusion.

The difference between the observed and calculated values is not
excessive :'Ln view of the possible voltage fluctuation. The experiment
can then be said to give evidence in favour of an ionie conduction procéss

as has been suggested.

The glass rod into pert of which the silver had diffused was
examined to note any chenge in physical condition. Under the microscope
no change was visible apart f.rom. the deep red colour imparted to the glass.
In the polariscope the glass at the boundery was in a state of cémpression.
This will have been caused by the differential exp&llnsion of the Pyrex end ‘

e .

"silvered" Pyrex on cooling from 600°C. In this case the presence of the
L s S

silver must have increased.the coefficient of expension.of the glass,

e
L fnen on

Fiy. 3.

mm——"




EXPERTMENTAL VERIFICATION OF THE ELECTROLYTIC CONDUCTION
OF SODIUM IONS THROUGH GLASS.

Introduction.

The following experiment has been described-. in several text-books as
a standard illustration of the condicting properties of a soft sod:a-lime glass,
Usually, however, the experimental details are omitted and the experiment r.emai.ns
on a quelitative basise It will be shown that with apparatus of a simple nature
sodium ions can be transported through the walls of an electric lamp bulb and that
the weight of metailic sodium deposited during this process of electrolytic cone

duction accurately conforms to Faraday's Law.

Apparatus and Method.

The apparatus consists of an iron bath containing a f‘ﬁsed salt (in this
case a mixture of sodium nitrate and sodium nitz"ite) into whic1'1 is placed the lower
end of the glass envelope of an ordinary electric lamp, The lamp is connected to
the A,C, mains, one of the leads to the filament also being joined to the negative
terminal of a; high vc;ltage D,C., source, the positive terminal of which is connected
to the iron bath. Thus, provided the necessary carrying agents are present, a
o;.rcuit is completed from the iron bath (anode) through the electrolyte, the glass
envelope and the enclosed gaé to the filament (catho@e). The theory which this
experiment is designed to éupport suggests that in both the electrolyte and the
glass the'current is due entirelyAto the migration of sodium ions, whilst w:.th:.n

the glass envelope the current flows due to the outward movement of electrons,

emitted from the heated filament, under the influence of the electric field.

A smll burner of the Meker typée is mounted below the iron bath to
maintain the mixture of the two salts at about 250°C (this temperature is not

oritical, and may vary from 150°C to over 300°C the resistance decreasing slightly

“~
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with inc_rease in température). A eutectic mixture of the nitrate and nitrite of
sodium is used in order to keep the melting point low (:.n this case, 140°C).

it is obviously necessary to ensure that the D.C. source is isolated from
the mains supply, and for this experiment a simple power pack was usged, _utilisi'.ng
a centre~tapped transformer, double wave rectifier and smoothing circuif. The
voltage was approximetely 450 volts on open circuit, decreasing by about 20 Wolts
at 30 iﬁilliampé. The mé-ter used to measure the current was an Avo (model 7)

operating on the 100 milliamps range.

The resistance of the circuit depended on the size of ‘the electric
lamp and the depth to which it ﬁas impersed in the electrolyte.. It was eventually
found advisable to use & small lamp (rated at l..o‘wgatts) and s-ubmerge the tip of
‘ the bulb. no more than one inch below the surface of the molten saltss The sodium
Balts 2Te fii-st melted and the bulb is then slowiy lowered to the sbove depth,
care being taken to keep the thermal stresses on the glass envelope as low as
possible. If assembled in this manner the total anode-cathode resistance is found
to be of the order of 15,000 ohms, varying according to the temperature and size

- of the bath, and the type of lamp useds

Verification of Faraday's Law.

'As the ‘experiment consists of a process of electrolytic conduction
involving a deposition of a metal not, in this case, on the cathode, but on the
inner walls of the elec’cria.lamp envelope, it was c-iec.ide'd to investigate whether
Faraday's Laws of electrolysis were upheld. This involved careful weighing of the
electric lamp both before and after the electrolysis, end caréful measurement of -
the quantitj of eleci:ricity flowing. Frc;m ’ch_e ehemical equivalent waight of

sodium it is estimated that the electrochemical equivalent is approximately




=16-
«0002 grms/coulomb, Thus if a current of 30mA. flows for 3600 seconds the

weight of sodium deposited will be:

30 x 1077 x 3600 x 40002 = 0.0226 gms.

This amount can be weighed accurately to .0001l gm. on an analytical
balance, but allowing for the handling of the bulb during the experiment, the

estimated error in weighing is teken as .0005 gm. (half a milligremme).

On placing the weighed bulb into position in the electrolyte and
switching on the A.C. and D.C. supplies the current flowing was found to be
31.5 mA. This figure was found to vary throughout the experiment (due to
veriation in temperature of the electrolyte and the glass) and readings were
taken every five mint;.tes. The maximm current recorded was 34.2 miA., and the
average 33.0 mA, i The estimated maximum error is 0.5 mAs. This current was
passed for 1 hour allowing a possible error of 10 seconds in measuring this

period.

Calculation of Results,

3894826 gms.

Original v'reight of bulb =
Final n " n = 38. 2108 £InS,
. . Increase = 0.0282 gms,
Average current = 330 milliamps.

Time 3600 seconds,

0282
3600 x 33,0 x 10~

E.Cs €8s of sodium

20002373 gms/coulomb,

The celoulated maximum error for this quentity is + 0.000008 gms/coulomb,
and thus the result of the experiment can be stated to be:-

E.C.E. of Sodium . = ,000237 & »000008 gms/c_:oulomb.
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Conclusion.

The accompany:.ng photograph shows a 40 watt bulb after the above
treatment. It will be noticed that the deposit of metalllc sodium is only
to be found on the upper parts of the bulb, Evidently the _sadium atoms evaporate
oh reaching the inner surface and are deposited on the cooler perts of the bulb,
In spite of this phenomenon there was no pronounced sodium glow in the bulb either

during or following the experiment,

The Handbook of Chemistry and Dhyslcs gives a value of 0.0002383 gms/
coulomb for the e,c.es of sodium, a value Whlch lies well within the range of the

' error in the a'bove experiments

Tt is thus seen that Faraday's Lew applies -to the conduction of electrici
through glass, setting forward further evidence in surport of the theory that

electrical conduction puocesses in glass are meinly ionic.
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ELECTRICAL CONDUCTION TN REIATION TO THE STRUCTURE OF GLASS.

It is now desirable to try and obtain an explanation of the mechanism
of the electrolytic conduction occurring in glass, based on modern hypothéses
of the atomic structure of glasses. Recent investigations of certain physical
properties o.f glasses (viscosity, devitrification) and the use of X-r;y analysis
has greatly increased our knowledge of the atomic arrapgement characteristic
of the glassy states . Although no unified theory exists most' physicists intqr-
ested in the sibJject base their ideas on the same simple picture which will be
outlined briefly. I‘t is oﬁr intention t;o take this admitte-dly g.impl:'l.f’ied picture
and to apply certein equations obtained from Maxwell-Boltzman statistics and to
show that theoreticel equations concerning electrical conductivity so obtained,

are very closely supported by experimental results.

If we regerd silica as the main constituent of the glass (as it is
in the case of Pyrex glass) then the mejority of atoms in a given volume of
glass will be mainly silicon atoms and oxygen atoms. In any of the .crystalline
forms of silica these atoms are arranged in a symmetrical pattern characteristic
of the crystalline states, In the case of amorphous silica it is assumed that
although the silicpﬁ-o:ﬁygen bonds are arranged so that there are four such bonds
associated with a silicon atom and two with an oxygen, there is no large-scale
repetition or symmetry. This difference between, say, éuartz and amorphous'
silica is shown in Fig. 7.. It will be noticed that in a two—dimensiqnal

representation the silicon atoms are shown with only three bonds.

To obtain a similar picture in the case of Pyrex we must now add
boron atoms and sodium atoms. Both of .thése are regarded as fitting into the

above silicon-oxygen lattice at points where the spacing is sufficiently large,


http://will.be
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A two-dmens:.onal representat:.on of s:.l:.ca 1n the amorphous and
' crystall:me states. ' _
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and it is usual to regard the ‘sodium atoms as being held with relatively weak
interatomic forces, with the boron atoms next, while the silicon-oxygen bond

is the strongest. Not leastamong the reasons for making this assumption are

the facts concerning electrical con@uctivity mentioned previously. Even though
there is only 4% sodium oxide present in Pyrex there is ample evidence that the
sodium ions are almost entirely responsible for the transport of electric cherges

through the glass.

We do not, of course, suggest that any one atom of silica is held by
"bonds™ to two oxygen atoms, but rather that the whole structure of atoms is
permeated by a "field™ of attractive and repulsive forces- and that any one atom
will tend to lie at a point where the field due to all other atoms has minimum

potential energy.

Modern theories of molecular si‘:ructure suggest that the shap_e' of. the -
potential enelrgy function as we A
approach an atom is (—)f. the form
shown in fig. 8. The point cc.:rr- E
esponding to minimum potential

represerits the equilibrium position -

. — .

ol g

Fie 8 ' C A
will heve a certain vibrational energy and will oscillate about its equilibrium

of a neighbouring atom. This atom

position. When a mumber of ions are concerned the individual curves coubine as in 1

Fig- 10.

~

When we consider a case as in Fig. 9, where a sodium atom occupies
a position ind suiteble hole in the silica lattice it is held in this posi‘tion

by interatomic forces. In this case the atom will be in an ionised condition

o
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eand thms apart from the lack’ of
symetry the glass bears consid-

ersble similerity to that of an

ionic ecrystal. If we now consider Fie. 9
a large number of sodium ions oscillating gbout similar equilibrium positions .
. throughout the glass we.can.apply Maxwell=Boltzman statistics to a discussion

of the distribution of energy amongst these ionse Boltzman's theorem states

that the number of ions whose energy lies between E and E + d&E is

. A e..f;'f . o€
where A is a constent depending on _fhe total number of ions in the system, It
is then possible to calculate the probability of one ion jump‘ing from oﬁe equil=-
ibrium position to another neighbouring vacant site. The ion in Fig., 9., in
'suoﬁ a case, will move along apath AC and tﬁe distribution of potential 2long

the path will be as shown in Fig. 10.

So if an ion has sufficient

energy (E’) it will pass through the

¢ Rot*
saddle point at B. This energy, E, '
is the activation energy in the case
of a uniform (eg. crystal) structure, . 5

Ynd in the case of a glass we can say
S Fis. 10..
that the average height of the potential barriers in the silicon-oxygen lattice

is a measure of the activation energy for the diffusion of sodium ions.

In the case of an ionigc crystal it is necessary at this point to define

the direction of motion of these diffusing ions with respect to the axes of the
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crystals, Where the substance is in the glassy state, however, there is
equal liklihood of ionic diffusion in any direction. Thms the partition
. functions for the distribution of energy in the various directions of motion

will all be equals

We will now proceed to caloulate an expression for the electrical

conductivity in terms of atomic constants. -

Consider a Sodium ion situated at a point in the lat:tice vibrating
sbout its equilibrium position. The probability of it having energy between

E and E +dE is : P : A
' I:l,e-ﬁ. A€ _ _ _ __ _____ - - ()

Suppose that the activation energy for the diffusion of 1;hlls ion
is E’(on the average this is the same for all directions in the glass), then
the ion must have energy equal
to or éreater than E before it
can jump to another equilibrium
position. From equetion (1)

the muber of idns of energy

greater than E is :
®© £ .

Al e BT e

El ' F;j- l,.

and the fractional number of such ioms is

m -
[

A » 2 ®T 4¢ H.(_ﬁf)[e'%]"'
Ta _ ~,
F'/ S T | ﬁ'('ﬁf)[&’ﬁ]

"




The probability of one ion jumping to another equilibrium position in unit

-
time is thus g 4T,

If an electric field of intensity' F is applied to the lattice then
the distribution of potential is now of the florm shown in f‘ig. 12. In.the
direction of the field the barri.ers are reduced by '
an smount equal to Ee.ﬁz where @ is the

ionic charge and J/z the distance from the

equilibrium position to the saddle point.-
' ' . Fig. 12.
The probability of an ion Jumping in the direction of the field is

thu
° E'- Fodf

2 RT
and the probability of a jump in a direction ageinst the field
_E'« Fe_%
e AT
Therefore the total increased pobability of a Jump in the field

N

direction is

- Zad -Fad -E - R F
P ﬁ. a._z%? - 2 IW _—_eﬁ QM&;{?;.éQ)

For all normsl fields it is found that FgJ << ﬁT and equation .

(2) reduces to
o —E'; F { . /
e ﬁ . ?% . < . . . ol a ¢ e e s (3)

When a2 sodium ion with charge € does move through a distance é. an




electric polarisation of 6{ is ohtained., If "n" is the number of sodium

jons per unit volume then the current density

—E n,J'
&l

L= ‘“z; .e;

&'r
and the conductivity is given by

.‘“_fé't. c—%-.-

g = __‘_'__.-.
-E £T

e =2 ()
If ge are to regerd this expression as a prediction of the variation
of electrical conductivity with temperature it is necessary to ascertain the

constancy of other terms as the temperature is varied.

Hes@bly nfn the distance between 'adjacen.t'- so.d‘-i_um ion sites will
vary in & menner similar to thermal expension, i.e. = J,(I + J-T) e This
increase will be reldtively small aithough there is considerable evidence that
the thermal expa;1sion of glasé increases consi_dérably at temperatures above the

usual range of measurement ( i.e. above the softening point).

As was shown in an earlier section, there is reason for supposing that
only a proportion of the sodium ions take part in conduction at lower temperatures.

It has been sugrested that W may vary according to

'
N e ff . where N is the total number of ions.

In this cese our expression (4) will still te ‘of the form

a-,-_ﬁ'e$" ' .
s Aee T L)

: \
with an alteration to the va_lue of the constants.
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It has also been suggested by Jost (in the case of ionic orystals)

that the activation energy E’ is not constant but contains a linear term aT,

If such a term is added to the power of the exponential '
[ —E’*L—T
C= ?" e AT the expression also reduces to the

form of equation (5) with & new constant.

' a - E!
o = ﬂ..a.’l' .' e r 43
. T ) '

Then we conclude that equation (5) should give a reasonably accurate
picture of conductivity-temperature relationship and go on' to compare this

theoretical equation with practical results.
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EXPERTMENTAL VALUES FOR THE SPECIFIC RESISTANCE OF
PYREX CHEMICAL RESTSTANT GLASS,

Introduction.

We will interest ourselves in the not inconsiderable temperature
range from 0°C to 120600. The accepted vaelue for the volume-resistivity
of Pyrex at room temperature is 1014 om=-cms and this value will be assumed
in thHis work as the necessary high-voltage equipment was not available to
_check this figures It will be noted, however, that this is the true volume"
resistivity not the surface resistivity, as this latter may be of much lower

value at normal temperatures, and is greatly dependent on relative humidity.

The specific resistance of Pyrex has also been measured in the
temperature range from 500°C to 800°C (by J.F. Stirling, of these laboratories)

and it thus remains to measure the resistivity from 800°C to 1200°C.

An empirical law known by the names of its proposers Rasch and
Hinrichsen predicts a straight-line graph between the log. of the resistivity
anéi the reciprocal of the absolute temperature ( Pd:’ Lc{), but several writers
have shown that this usually holds for only sm2ll temperature ranges. 4s an
example, figures wi_ll be given for a borosilicate glass (measu..rement.s made by
J.T. Littleton) where it will be seen that there is considersble deviation '
from this linear relationship at higher tempe-r;a tures, P_yrex glas.s also does
not accurately follow the law of -3asch and Hinrichsen and it will be shown that
the équation (5) -deduced from theoretical considerations in the previous scction

gives much closer agreement with the observed results.
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MEASU'RHIIE\IT OF THE SPECIFIC RESISTANCE OF PYREX CHEMICAL
RESISTANT GLASS IN THE REGION 800 = 1200°C.

Apparatus and Method.

Considerable modification of the‘a‘pparaltu's used at lower temperaturés
is required, due mainly"to the great reduction in the viscqsity of the glass as.
the temperature risess The sample of glass' must be completely contained in an
insulalting‘mouid such ‘that its shape does ndt alter throughout the experiment,
It was decided to build a small éhick wall'ed.firecla.y crucible with a thermo-
couple embedded in the wall and the glass held in a cyiindrical shape in the
centre. The lower electrode is a sheet of- platinum lying through the walls

of the crucible and the upper electrode is a heavy block of heat-resisting steel.

The glass sample is placed in the crucible in the form of a short
-length of glass rod of slightly greater length than the depth of the cruciblé.
The upper electrode is placed in position and the assembly put into the furnace
- and brought up to lOOOOC. At this tempezatuz:e the weight of the upper electrode
fc_:rces the glass to teke up the,eicact shape of the crucible, any excess glass

being squeezed out between the steel and the fireclay.

As shown in Fig., 13 this results in the glass being of slightly
different shape tothe interior of the crucible and the cérrection is applied
as follows:

If the resistance of the section A be P ohms and that of
B, Q ohms then the measured resistance between the elec-

. . trodes i=s P + Q. If p» 1is the specific resistance
L : 1
th = and P =
en Q -E? _%2 |

therefore P+Q .= ('LLT.'—' .+ /’1» )
(R 1= )
therefore 0 -= S

1€ 52 112 _ :
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After the conipletion of the experiment the upper electrode was

removed and"'f;g— wags found to be 1.91 whilst‘“_-%z— was 0.03.

Thus = 111-:'33 and from the messured values of P + Qs

the resistivity was determined at various temperatures.

The apparatus is contained in a Globar :'E'urnace”where the heating
occurs mainly by radiation from the élements lining the furnace roof., The
thermocourle was embedded in the crucible very near to the glass sample, and
the thick walls of the crucible together with the heavy steel electrode pro-
vided sufficient lagging so that the temperature of the sample could be slowly
altered by varying the ambient temp'eraﬁ;re of the furnace, which depended on
the curre;nt passing through the Globar elementse This latter was regnlated

by means of an external rheostat, the maximum current being about 15 amps.

Experimental Procedures,

4 circuit was set up as shown in Fige 14 so that both the applied
voltege eand the resulting current could be measured on 2 Universal Avo-meter.
The source was a 7 volt transformer operating from. the mains and ﬁhere were
slight voltage fluctuations throughout the experiment. To overcome this the

voltage was read immediately before switching over to take a currenf reading.

all volta'ge measurements were taken with the transformer "on load",
1,8 with the shorting switch closed, With the A.C. source operating at 50

cycles per second there was no evidence of any polarisation phenomenon occuring. -

The apparatus was finally adjusted and enclosed in the furnace whose
température was raised to 1050°C in approximately 90 mimutes. This temperature
was maintained foylO minutes and a voltaege current reading taken. The tem-

pera{:ure was then lowered at a rate of not moré than 2°C per minute to 1000°C,
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a series.of voltage current readings being obtaineds As the glass was now
"entering into the temperature zone where devitrification occurs the cooling
. ettt

rate was increased to 10°C per minute down to 800°C and then the glass was

rapidly heated up to 1000° again. . Readings of both voltage and current

were now taken as the furnace temperature rose up to 1200°C.

The furnace w.as allowed to cool ovamight and the apparatus was
then removed for examination. Ih_e upper electrode was removed and the .
dimensions of the sample wéz-,e measured = this involved measuring the main
cylinder of glass and also the "overflow" caused by the weight of the upper
electrode, From these measurements a value of the specific resistance of

Pyrex-brand glass was obtained at all temperatures between 800% and 1200°C.

Conclusion.

The results obtained':are shown on the ‘graph in Fig. 16, and it will
be noticed that they bear great similarity to those obtained by Littleton for
an unspecified 'bo_roéilicate glass. This latter must then be chemically similar
tothe glass used. Pig. 17 gives the specific resistance at all temperatures
up to 1200°C and Fig. 18 shows that the 1inear_re1ationéhip proposed by Rasch

and Hinrichsen is closely followed at low temperatures.

wolota
Fig. 19 shows the: excellent agreement between the o'bserved,(and the

values calculated from the equation derived in the previous section. - This

agreement holds good' from room temperal-u.res up t0 nearly 1200°C. '

Occasionally workers in this field have found that a diécontiriuity

A(,ccurs in the log /@ against __;‘-__ graph at some temperature which was arbitrarily

described as a "transition" temperature, . Howeger it is now generally accepted
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that if the temperature of any glass is changed suddenly a period of time
' must eiapse befo?e the properties of the glass take on the values appropriate
to the new tehperature, énd this stebilisation period is a reciproeal function
of temperature.' This phenomenon results in the appearance of fairly sharp chang:
in direction of the graph of properties, such as electrical resistivity, againsﬁ
temperature.. Such a tranéformation point has been shown to he due to the
variation of stabilisation period and depends on the rate of heaéing and ®oling
— of the glass, Littleton has shown that if the heating rate is gradually
decreased, the discontimuity in the curve disappears until eventually a curve
truly representétive of the properties of the glass is obtained, It is found
.that there is a real curvature present over any wide range of temperatures and

the law of Rasch and Hinrichsen is applicable only to small changes of tem~

perature,



-29-

THE DIELECTRIC PROPERTIES OF PYREX.

It -is generally appreciated that the'study of the electrical conduction
processes in glass is of relatively recent advent whilst for the greater part
of the eighteenth ano nineteenth centuries glass was considered a typical in-
snlator with good insulating properties. [Esrly electrostatic appareﬁus made
considerable use of glass asan insula;ing medium but the Leyden Jar (discovered\
in 1745) was the first apparatus to make direct use of the high dielectric

strength and dielectric constant of glass.

.

It was dnring experiments on the charge and discharge of Leyﬂen
jers that Franklin (in 1748) first discovered any."anomalous" propérties of
dielectrics such as glass,.but it was no% until the time of Hopkinson (c.1880)
that any systematic study was made of this phenomenon. Recentlv a very thorough -
investigation of the occurrence of absorption in- the dharglng of condensers with
a glass as the dielectric medium, and the appearance of residual charge, was .
made by'Guyerat Recent research shows that dielectrics can be classified into
two main types, those where the anomalous charging current is reversible and
those where-at least part of this charging current is not apparent on discharge. ,
Glasses are generally of the first type, the current flowing &uring charge '
(after the first large Maxweliian displacement current has'diedfdown) being made |

up of two components, the-true D.C. conduction current and the absorption current.?

On discharge there is only the absorption

current which decays in a manmner similar CHARGE

to the decay for the charging current.

The difference between the charging and

discharging currents af any time should

thus be 2 constant and equal to the DiScHARGE

conductivity current.
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Other dielectrics are found to have an irreversible coOmponent in

the charging current which does not appear during discharge.

Turning éur attentions to the case where an alternating potential is
applied to the glass condensér we find that the anoﬁ&lous charging current gives
lrise to an alteration of phase angle between the applied field and the total
current in the condenser, As will be seen later these anomalous properties
give rise .to an inphase component of current which causes power loss within .
the materisl, 'Tﬁe aeppearance of this "Siemans heat" was first noted by Siemans
in 186L in ordinary.electrical condensers, Sincé this time many workers have
attempted to explain the phenomena of dielectric absorption (c.f. Whitehead -
lectures on "Dielectric Theory and Insulation"), and in most cases have linked
it intimately with the ‘anomalous propgrties discovered on applying D.C. potentials

1 4

to a dielectric, i.e. Tresidual charge, etc.

In some cases such explanations have been based on the behaviour of
atoms or even electrons within the atom whilst the earlier theories were based
on Maxwell's original picture - the "double-layer" dielectric. In accordance
with the treatment of conduction earlier in this work we will hope to show that

"all the main properties (anomalous end otherwise) can be explained by using a

similar atomic picture of glass to that used previously.

PFundamental Equations.

"Before any attemp% is made to obtain a theoretical explanation of the
known facts concerning dielectrics it is necessary to indicate thefundsmental

equa tions on which the following work will be based.
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The original Maxwell theory was based upon four equations which
are applicable to an uncharged isotropif medium and which inter-relate the
electric and magnetic field vectors, with the electric and magnetic polarisation

intensities and the electric current.

In a dielectric medium the Maxwellian displaéement D is given by the
sum of the electric field and thé field due to the polarisationm, or separation
of charge, within the dielectric,

D = E+4ffP where P is the polarisation set up in

the materials.
The first electromagnetic equation is: divD = 0.

Another equation involves thé vector J, the current per un:Lt areas
It is usual to define two constants, the c.:onducﬁivity‘f , and thé polarisability
A » of the medium, which are related to the applied field bj the equation
P = AE ‘
J = oh Cl)
It has been found that these two properties, conductivity a2hd polarisability
. are not independent of frequency as suggested by the Maxwell theory end it will

be one obJject of the following treatment to explain this variation when the

dielectric material under consideration is glass.

For any given physical condition of the dielectric there is another
useful tensor defining the ratio between the total electrigdisplacement and the
applied field, this i the dielectric constant, k:-

D = k.E.

This from equation (1)

k=1+h-ﬁol... e - '(2)
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11"1 this equation & is the large scale or maéroscopic polarisability,
~end it cenbe shown that this is not the same as the polarissbility of a small
cavity (for example, a sphere) withih the material and, of coufse s it Woula
bethe latter whicf:. would govern the behaviour pf a single atom or ion. It%
can be shown that the necessary correction (the "local field" correction) is
cf the form

A = __ﬁ_’_‘_e__—
| - g'.’.‘.’.nd,

where 0\. is the polarisability of a single ion or atom where there'gre Y ions
per unit volume, The derivation of this equation involves the assumption that

the "cavity® occupied by an ion is spherical in shape.

A further ‘observation to be made is that in Maxwells equations there
are two distinct currents, .
| dE .
The latter is the polarisation current and is out of phase with

the applied field (when the latter is a sinusoidal oscillation) by an angle

of 90° We can eliminate the latter by using a complex conductivity & where:

o, = o + J'wok.
Then the current given by J = ¢&'E is the inphase current and is
instmmeﬁtal in causing power loss within the material, The polarisation

current, on the other hand is at 90o tothe field and does not contribute to any

such energy gbsorption.

Now we are in a position to examine a circuit such as that in fig._. 21

where the current throughout is contimmous. In the dielectric there are the
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‘ : ' +]l- +|l-
two types of current, conduction current
. &f- oll~
and polarisation current. We will see _ —>
. el
however, that on consideration of the g
. '3 1 L4 -
., ionic and electronic movements which give
' . : o . (Swimawraniovs),
rise to such currents it.is no longer - . ;"w‘
to :
possible to asign/them causes which differ F'.ﬂ 21 N

in any physical respect other than the phase angle betwee_n these currents and

the applied field, This movement of electri¢ charges within the material involves
the setting up of polarisation by the polarisation current, but the total current
flowing is a funétion of the movement of the ionic charge and the rgsflution of this

displacement current into inphase and out of phase components is quite arbitrary.

‘The displacement current is, of course, at right angles to: the actual

displacement veotor
i, < oD
ae

and in a general case this-displacement vector will not be inphase with the field E.

Tt is convenient to use an Argand diagram to denote the phase of th‘g
various vectors concerned. In' the case of a condenser with c-apacify C and zero
condt.zctivity an applied voltage E (the rms value of E,.c0s wt) causes a current
I to £low through the condenser where I is the rms value of I, .cos (wt + L;—).
The current vector leads the voltage vector by an angle T% s The ﬁagnitude of
thé current is given by |

IT] = Ew(,
or-'by'using the vector notation

and the "J" operator we denote the phase difference of 909 by saying I = JEwC.

-
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However, in all known diellectrics the resultant current ieads the

voltage by an angle ¢ ’ whe_re
<X
2

This current can be resolved into an inphase and out of phase com=-
ponent, the latter will be the ideal charging current and the former the con-
duction current. It is :‘f.nvaria‘bly found that the inphase component of current
is greater than would be accounted fér‘b& ﬁormal D.C. conductivity, and this
excess which (being an inphase current) will contribute to further power loss
within the materisl, is called the dielectric loss current. There seen;s to
be little doubt that this dielectric loss is the same phenomena as the anomalous

charging current previously discussed in connection with dielectric absorption.

This absorption current gives rise to an increase in both components as shownh
To B Ia

in Fig. 22. . . [

I = charging current.

c ] T A, Tﬁl Cﬂ'mut.
ID = dielewtric loss current. T, .
IR = D.C. conductivity current.

IA = dbsorption current. o g E

. The presence of IA causes an increase of

CB in the inphase and-AC in the out of phase currehts.

Glass as a Dielectric.

[y

Returning now to our atomic stmcturé of glass which we consider to
consist of an<irregu1ar lattice structure of silicon and oxygen ions. In' 15he
case of Pyrex 'glass there are als.o ‘a number of bo:.:'on jons, small and iﬁcompressible
and also a smaller number of much.larger (but more compressible) sodium ions which

lie in pockets of the lattices At normal temperatures all the ions possess given
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amaunts.of thermal energy as expressed by laws of the kinetic theory, but

the liklihood of any ion moving aw;y from its equilibrium position and pen-
etrating'ﬁhe surrounding potential barrier is relatively small. We have seen
that on the application of an electric field to such a lattice the sodium ions
are more likely to jump barriers and cause a curregt to flow fgan any of the
other ions, and ﬁe can assume that the resultant forces tending to hold an ion
to its>equilibrium position are smaller. in the case of the sodium ions. When
we now come to consider the possible causes of . the aﬁomalous d%electric propertiés
which ére possessed by most glassés at room temperature We-could not assume that
the sodium ions will again play the major role were it not for the known fact
that “lowhalkali glasses“_are notebly less susceptible to dielectric loss than
glasses with an appreciable sodium content. Pyrex brand glass has a ﬁery low
conductivity at réom Yemperature but the dielectric loss is.much greater than
in the case of some insulators, If we regard the volume conductivity. as
negligible, then only a ﬁegligibly small number of ions will actually jump

from their interstitial positions. The currents associated with the dielectric
propefties of.#he glass must then be due-to-the mpvement of charged ions within
the lattice. As the sodium ions are in general more loosely bound and'will
hence be likély to move further than other ions under the application of a
uniform electric field, it is probably that the dielectric displacement current
is made up meinly of sodium ion movement. However, as no ion actually breaks
free from the bonds holding it to its equilibrium pgsition it is not vitally

necessary to gtipulate which ions are concerned.

It is necessary at this point to recognisé three parameters intimately
connected with the movement of ions within the lattiqe. Each ion besides being
endowed with charge "e" also has a mass "m", and thus on application of an electric

field displays inertia, The ion is also acted upon'by a number of forces the
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effect of which is to keep the ion oscillating about the seme equilibrium
positiones  When the ion undergoes dispiacement in an electric field we will
assume the retaining force tendiﬁg to hold the ion to its equilibrium position

to do so according to Hooke's Law, Suppose the force per unit displacement is
n"f", we arg now in.a-pbsition.to-define the'eqpation of motion of the ion under an
applied alternating fields It will be found that the expression is similar to.
that obtained by Lorentz for the motion of electrons displaced by an electrie
field from thejp normal position - and by using such a picture Lorentz was able

to explain the phenomena of absorption’and dispersion in iﬁsulators. In this
latter treatment it is foﬁnd necessary to stipulate an arbitrary "frictional term",

a function of the.velogcity of the, moving electron.

There is no doubt that at opticél frequencies this type of electronic
polarisation will occur and the Lorentz theory gives an adequate explanation of

anomalous properties without resort to quantum mechanics., However, we must now

decide what other types of polarisation can possible occur in the glassy state

~ at frequencies below the opticel range.

Pyrex chemi&al glass transmits rays of wavelength up to 2.8,&, where
there is an absorption band, There is furthér transmission up to 3.5,#, but
from this wavelength throughout the entire infra-red spectrum there is complete
Qbsorption. It is generally assumed that in thisregion the incident electro;
mpgnetic radiation is setting up forced vibrations of cerﬁain ions with respect
to the ionic laftice, and the fact that all wavelengths greater than j.gfp are
absorbed indicates that the structure of glass is far_morg complex than, say,

dertain crystals which have transmission bands in the far infra-reds
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Turning now to the longer electromagnetic radiations of "radio"
frequency, we find that most glasses are considered fairly typical dielectrics
at normal temperatures, Any absorption bands must be due either to ions or
ioniao aggregates of much greater mass or much smeller force constent than
those giving rise to infra-red absorption. We willi see shortly that an ab;

sorption peak occurs at frequency w, , where’

w, = £
L)

¢

where m is the mass and £ the force constent of the ion concerned., It will be
reumembered that of all the constituents of Pyrex glass, the sodium ions are more
loosely bound than any others Thus the force per unit displacement will be less’
for the sodium ions, aﬁd it may be that the displacement of these ions is the l'

wa jor causes of dielectric absorption in the radio frequency spectrum.

It is now necessary to lookfr ?urther possible typeghf pélarisation
which could occur in a glassy structure. This is of particular importance in
view of the fact that there is re:::son to believe that'the' relaga tion freguency,
W, , for one particular tyée of polarisation lﬁ.es at the very lowest electricel
frequency, of the order of only a few cycles per second. That this could be due
to ionic displatcement is hardly credible as the force constent would have to be
so véry much less than in the case of those ions causing absorption at infra-red

frequencies,

The occurence of dispersion caused by molecular dipoleé has been
studied by Debye and the following argument shows that there is something akin
to a dipole in the rendom network of ions in a glass. Let us consider one

particular sodium ion A carrying unit positive charge, this ion is held at
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its equilibrium position by the forces of
repulsion and attraction of neighbouring
ions. If we regard the dotted circle /o/.

in Fig. 23 as representing the "sphere of K
influence" of ion A then all the other ions .'-_

" in this circle are responsible for the above

forces acting on 4. These other ions will 5&.23“

— =
be inthe main either silicon ions (Si**** ) or oxygen ions (0 )s In order that
thé complete random lattice be electrostatically neutral there must be two oxygen
ions for every silicon,ahd "half" an oxygen ion for every sodium ion; Thus in
the circle in Fig, 23 there will be oxygen afoms to neutralise the silicon ions
plus sufficient to neutralise the sodium ion A, It is suggested that the dis-
tribution of the negative ions concerneci w:Lll not necessarily be symmetrical within
this unit although it is neutral electrically. Thus this ionic cluster will have
a finite dipole moment. The total electric moment over the entire volume of glass
is zero, bu"c on_fhe application of a field of intensity E, &n ioﬁc . cluster \_yhose
dipole moment is M will experience a couple C, given by Cz EMau &,

when lying @t an angle & to the field.

In an alfernating field this dipole will oscillate, the amplitude
depending on the applie_d frequencj and the phyéical properties of the clustér.
It seems probable that the natural fréquency of vibration would be considerasbly
less than that of a single ion owing to 'the greater inertia of the complete
cluster, * Thus at frequenéies mieh lower than in the case of ionic polarisation
it is possible to pass through a transitiOn. region Whez;e a type of polarisation

(dipole) coases to occurs



=30

Having enumerated the poasi'ble'causes of .electrical polarisation
we can now discuss the effect of these phenomena on the dielectric properties,
with particular reference to frequency variation. It v\;ill be remenbered that
the Maxzwell theory gives no account of the variation of Aielec.tﬁﬁ constant
-with frequenéy. At frequencies in the radio band any electronic displacements
will occur instentaneously ,an;i there will be only negligible phase difference
between the appliéd field and the movement of tﬁe electrons, For the present
we will only consider the type of ionic or dipolé movements previously mentioned,
W’hen'referring to the mass of an ion and the restoring force constant "f" it will
'bein mind that these quahtities can refer equally to linear ionic dsplace-
ments and to angular rotation -of an equivalent ﬁ:j.pole. In the latter case
nf" js defined as the restoring torque per unit displacement and "™m? is the

moment of inertia.

Derivetion of Dielectric Constant in stgady field.

If an applied field E displaces an ion (charge e) by an amount X

then E, = fx

The polarisation P associated with this displacement is Nex where N

is the nunber of ions per unit volume.

From the equation D= E ¢+ 4-_1rP

wehave D= £4 4fNex. = £+ 4TNEe* | E(l + tmNe.)
. . - -F‘ . -—

and dielectrio constent k = | + 4T Ne?

When the applied field(at)alternsting E = Eo conwot,

the polarisation may or may ndot be set up depending onthe frequency We
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On deriving the equation of motion of a glassy ion in an'elternating
field it will be seen that the phenomena is one of forced vibration. At very
low frequencies, well below the natural frequency of vibration given by

/7
. W = Vm
the ion will move with the field, there will be no apprecieble lagging and the

polarisétion will ettain its full value,

Ay

If the applied frequency is increased to w, 4, we would expect the
amplitude of the oscillations.po increase and theoretically would attain an
inf'inite value. _Quite obviously the maximum attainable amplitude for any ion
is limited by the presence of neighbouring ions. In his theory of absorption °
Lorentz was also faced with this problem in so far as it affected the motion
of electrons, and he arbitrarily added a frictional term proportional to the
velocity, to the equation of motion. A4 iuqid account of the development of
this theory is given by Seitz (Modern Theory of Solids) but this work involves
only the m2croscopic polarisability without the local field cor;ection. On the
other hand H,A, Wilson (Modern Physics) derives an expression giving the true
polarigability of a charged particle constrained under Hooke's law forcds in

an alternating field; The dielectric constant is given by
R " Ne* .
= | + :
FoNet -t

: ; .
This involves no "frictional term". and at resonance, f = mw? and the formula

no longer holds.

A more correct picture of the amplitude limiting conditions is.
probably dbtained:by aésuming thet the ion moves in S.H.M,, through its equil-
ibrium position but as it reaches the extremity of its motion-theuforée constant

"gn increases considerably. The ions will not oscillate in S,H.M., and the

solution of the equation of motion when "f" is made a function of the displacemert
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"x", becomes complicated.

Recently, other workers, have attempted to substantiate the "frictiqnal
tenﬁ" in the Lorentz theory of electronic displacement and have shown that a
lower limit to this term can be obtained.ﬁy assuming that the friction on the
oscillating electron is caused by radiation démping. The value of .this term
can be obtained from classical théory although it is usually found that the
demping caused by radiation at optical frequencies is masked by the much greater

damping caused by colklisions.

lIn our case where we are interested in the periodic_displaoement
of charged partiqles of at least atomic dimensions the damping of the forced
vibration can be assigned almost éntirely to collisions with other ipns. When
such a collision occurs then an interchange of enefgy will take place, and on the
whole the éarticles which a;e the major cause of the ionic polarisation will have
greater enéfgy than the surrounding (more close}y'bound)ions; in the lattice, and
thus will tend to éive up energy to the lattice ions., In particular if the
sodium ion, or some ionic cluster centered around a sodium ion, is vibrating
in an 2lternating electric field its energy of vibration will be greater than the
corresponding enefgiegfor fhe silicon and oxygen ions. Thus thgre_will be ;
continual loss of energy on the pért of the spdiﬁﬁ ions when collisions with
the other lattice ions occur. . This argument Justifies the idea of 2. desmping
action and if we meke the assumption that thk motion of en ion in an applied
alternating field is simple hﬁrmonic, then the following equation represents

the motion of the ion. The frictional force is iﬁcluded and made proportional

to the velocity.

m‘_‘ﬁ-‘ + Yf(ﬁ' + #,‘ = —Lt‘;elbb
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The current per unit area is found
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and the complex conductivity ¢ is dervied from
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The true conductivity end bolarisability can be obtained from this

s _1L ' Ne*

__—.— . J‘ =
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Lz o J.u”‘.
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The angle ¢ represents the phase angleé between the applied field

and the resulting ionic motion,

The variation of¢o”, & andf are shown in Fig. 24, ), is the natural

freqnenéy of vibration of the ion and is given by

wog a——
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- The dielectric constant R is found to decrease with incresasing

frequency and is unity when &= w,

The physical interpretation of these results is in accord with
certain experimentel data although there is very little data availeble con-
cerning the dielectric properties of Pyrex glass over sufficiently complete

frequency and temperature ranges.

" At low frequencies the polarisation of the material attains its
maximum value due to the méveinént of the jon being practically in phase
with the fields The current associated with this displacement lies vectorially
at an angle % to the displacement itself and therefore the -_cur_rent is almost
. entirely wattless, | This is seen from the fact thaf the in-phase conductivity
is zero. The high po.sitive value of the polarisability involves a large value

\

for the dielectric constant.

As the applied frequency is increased the displacement begins to lag
behind the field, the phase angle réaching % when w=w), » At this. point |
the current due to the displacement is enfirely ir.1 phasze with the field and the
losses (given bye, the conductivity) are a maximum, The polarisability is

zero and thus the dielectric .constant is unity.

On increasing the frequency stiil further the phasé angle‘ ipéreases :
and approaches the value Trasymptorlcally.‘ At this stage the amplitude of
the forced vibration will be decreasing and the displacement current will be
lagging further behind the applied field resulting in decreased power losses.
The'polaris;.ability is now negative and the _dielgctric -constant approaches a -

low value,
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This variation in dielectric properties refers ohly to one type of
polarisation. In actual fact at high radio ffequencies the poiarisation due to
' glectron movement will still be complete thus increasing the dielectriec constant.
Only at optical frequencies will absorption bands be caused by electron phen;-.
omena, Thus over an extremely large frequency spectrum the dielectric constant
will be expected to vary as in Fig. 25.
Absorption mexima will occur at the T

centre of the changing zones as before,

The losses are seen to depend g

upon the quantity ¢, the in-phase con-

ductivity. . In normal practice the loss . ‘ W

oacurriné in a dielectric is measured by the loss apngle of the material "g&".

The cén_nection between & and J- @an be derived as follows,

Iy

Let the dielectriec be placed

between the plates of a parallel plate

condenser and let us substitute a pure

capacity C and pure resistance R

. —> E
On a2pplying a voltage V to this R
ciraunit ' . ' . VWA . _
f’ é V/ . .
. R . | )
e c
Le = \/Q-C. _ F'_'ﬁ' 2% .
therefore tamd s Lo . ! «— \/

now if &~ is the conductivity then R = =3
. ' o

where d is the thicicness and A the area of this condenser, Also

C = £P  where k is the dielectric constant.

d

+
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Then ten d = = '
“’CQ w. ﬁﬂ vy
Wrﬂ
= 4N e e (6.

As w increases from ,a frequency well below to a frequency above‘, a
resonance point the variation of ten ; can be found by comblnwng the variations
of w, k and & given by equations (4) and (5) The general shape of the tand _
- W curve is similar to that for the 4
variation of O with frequency.

The whole series of changes + Tamd

occurring in dielectric properties can

be illustrated by referring to the Argand - -
' w —=>

diagram of Fig. 28, As ¢ varies from O toTV due to frequency variation the

vector 4 B swings rouﬁd. The amplituae is proportional to the displacement
current I. The charging current reaches a value appropfiate to k¥ = 1 when
¢-= I and the inphase comporient is 2 maximum. This is practically the same

2
frequency as would make tan d ag maximum.

FTemperature Variation of Dielectric Properties.

Most of the following discussionwill be based on the variation of
the forcé constant "f", with temp'eréture where this term refers to thg- dis=-
placément of the ion or dipole causiné the (’érédominate)ammnt of polarisation.
This variation can be discussed in terms of the modern theory of solids. The

force of 1nteract10n between two atoms is ususlly quoted 2s being made up of a

repulsive and attractive tenn,

F = ;Q:: - _’%— _ where r is the interatomic distance and a,
r

.b, x and y are constaniy The index in the denominator of the réepulsive term,
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ty", is greater than the index "x".

It is usual to assume that in the random lattice structure any given ion
will oscillate abgut an equilibrium position in S.H.M., where the force constant
is given by the vector sum of the reactions between it and neighbouring ions.
Obviously, however, these neighbouring ions cannot be considecred to be at rest
but will 'themselves oscillate with amplitudes which are temperature dependent. ‘

As the temperature increases then the amplitudes of all the vibrating atoms will
incrzase, Thermal expansion will be accounted for by a2 small increase between

the equilibrium positions. The ion

) nmﬁllfv-lcs
under consideration will how oscillate [ )
. . . . L ~ LS € > € >
with greater amplitude due to.its in- -OowW “‘-[b. o ®

creased thermal energy but with the
. . . ) Mean SEPARRTION,
greater degree of approach of neigh- & >

bouring ions and the resulting greater Hajlu Tb..f::‘ @ ®
< > € -

effectiveness of the "repulsion" terms,
the resultant fordes acting upon the

ion will be increased,

28.

As the relaxation frequency is dependent on the term "f" it is to

p

be expected that the former will increase with temperature as ip Fig. 29.

Thus the change in dielectric constant

¢

will occur at higher frequencies for .
.
higher temperatures., 1.
J' \sz
' 1)
This effect i tirely due -
s effect is en y . 5S> 8,
to variation of relazation fregquency *
W, = _ﬁ where f increases with ' @ — >
pony ,
temperature. : Fie. 2 q
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However on the low frequency side of the relexstion frequency this

variation of force constant has the effect of decreasing the value of the

dielectric constant if the ter'nperature is increased due to the appearance

of "f" in the D.C. equation

o

K= | + HN
£

The effect of increasing the
temperature is illustrated. in Fig., 30,
where 6,< 6, <&, and the permit tivity--'
temperature curve is given in.-Fig. 31.
In the succeeding'; section an account is
given of the temperature variation of
dielectric constant for Pyrex élass.
The shape of the curve obtained is in
close agreement with the predictsd

result, and is shown in Fig.33.

L]

fE4<F,
—

e —



=} 8=

VARIATION OF DIELECTRIC CONSTANT OF PYREX
BRAND GIASS WITH TENCERATURE.

Introduction.

The theoretical discussion incorporated in this work requires an
experimentel investigation of the variation of Specific Inductive capacity

of Pyrex with increase in temperature.

The following experiment describes how this was done using @
simple four~condenser bridge energised from & low power 1,000 cycle source wﬁh
the tegt electrodes enclosed in an eiectric‘fumaée.

. .,
Appars tus.
The circuit of the bridge
is as shown, Cy and Gé are mounted

on the seme spindle so that s Gy

increases, C, decreases, while 03

and Ch_ are standards,

The 3 , Co combination S'Fumu
~is calibrated for use with C3 and ' Fig. 32.

Cl'_ so that the velue of the capacitance of the specimen (in parallel with 04 )

can be read directly. The apparatus operated satisfactorily end gave sharp
null-points, but it was found that a resistamce in parallel with Cl’_ (even with

a value of over 10,000 ohms) cesused a flow of current through the detector

when the capacitiks were balanced. This made, the null point difficult to obtain

‘and if the magnitude of such a resistance was lowered a point was reached where

readings were unobtainable.
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As the conductivity of the glass increases rapidly with temperature
such a resistive component will be encountered in the experiment when the
temperature of the glass is increased angét was found impossible to obtain read-

ings with this apparatus above 50000.

An attempt was made to balance out this conductivity current by
placiﬁg a varieble resistance across 02. However, it was found that this
balancing operation depended on thq capecity ratio of C, to 04 and an unlimited
nunber of balance points coﬁld'be obtained. Nevertheless without using more
complicated apparatus the temperature range from room temperature up to 500°C

was investigated,

The leads from either side of C, were taken through the refrectory
door of a small electrig‘furnace to the specimen of Pyrex glass. The latter
measurcd 8 cms, x 7.6 cms. end was .203 oms thick. The opposite surfaces were
coated with silver burnish paint which was then baked at 600°C to render it
conducting. The leads were thnen brought into firm mechanical contect with the

two silvered surfaces.

Me thod.

The capacitence of the leads was found to be 6 micro-microfarads and
, this quatity wes subtracted from all subsequent readingse. A chromel=alumel
thermocouple was arranged to lie near to the electrodes and was connected to

. _ o -
a Cembridge recorder giving the temperature in °C to + 5 C. -

Readings of the cepacity were taken with increasing and decreasing
temperatures up to about 50000, and the results obtained are shown on the

accompanying graph, fig. 33. To calculate the dielectric constant it was
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' necessary to obtain the theoretical vacuum capacity of the electrodes

Cz= RR where A = 8 x 7.6 = 60.8 sq. ocms.
4ivel d = ,203 cms.
~ Thus when k = 1, o 9—621-9— = 23.8 e.s.u. = 23.8_ = 26.5/7'»F.
1110203 ' 9 x 1g®
0 -
Measured value of C at 20°¢C = 125/5}*,F5
Thergforé Ik =.]_'g.5._ = Lo72. :
26,5 =

The results of the experimeﬁt show an increase indielectric constén_t
of Pyrex glass from 4.7 té 12 over the temperature range O?C. 1-70 hOO‘_’C,‘ at a
freéuency of 1000 cePe. S. .It will be seen that such an increase is expected
from the preceding theory. | From.F:‘i_g. 31, it wpuld 'k."Je expected thathower
frequencies the inflection 'Looint on the dielectric oonstant - temperature curve -
(maximum on the loss angle - temperature curve) will occur at lower temperatures.
Thus at. room tempersturethe resonance frequency for this predominant type of
polarisation must occur at a frequency well ‘_oelow the 2bove 1000 C.p.s. In this
connection is quoted aresult obtained by Hopkinson, At a frequency of 7.3 G.p.s.
the capacity of a glass condenser was found to be approximately twice what it wes

at a frequency of 100 c.p.s. Also, the curve in Fig, 34 shows that all the

availeble data records a decrease of power factor with frequency at room temperature |

for Pyrex glass. This suggests that the relaxation frequency at room temperatures
is well below the 50 c.pes., this latter being the lowest frequency for which data

is available,
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CONCLUSION,

Referring again to Fig. 34, it is.seen that very considerable.dis-
crepancieg occur between the results of different workers. In discussing this
point, lorey ("Physical Properties of Glass") suggests that the deviation is
due to variation of chemical compositioﬁ, actual dielectric hea?ing causing
temperature variation during the experiment, and experimental error in measure-
ments concepning this low-loss glass. However, it is difficuit to account for
.suoh wide disagreemént by any-or all of these sources of error, and recourse
must be had to the possibility that the glass was in different states when used
by the various experimentsrs. ~ It is now generally:believed that when glass is
cogled fromhigh temperatureE to a lower temperature a %inite period of time musk
elapse before the atomic structure takes on properties appropriate to the new
temperature. This stabilisaéion period is greatly dependent on the viscosity"
of the glass 2nd will presumably very in gsimilar mamner to the ordinary viscosity.
Thus if a sample of glass is stabilised at 60000 by remaining at this temperature
for a short periodof time it will require very much longer to stabilise the glass
at 400° ; It is more than likely that diff;rént'éieces of glass which have been
annealed and are strain-free from the macroscopic peint of view'when cooled down
to room temgerature, may vary according to the state of stabilisation which hes
been achieved in ezch sample. A temperature is reached on cooling a glass whsre
certain propertiegof the #tomic laftice are frozen in, and on cooling, the glass

will still behave in a manner dependent on the extent to which stabilisation to

a relatively low temperature state has been achieved,

Whether this question of previoﬁs heat treatment of the glass will
acdount for the observed discrepancies is a matter forareful experiment, but

the féct that 21l dielectric properties are seen to be very closely connected

AN
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with the structure of glass is gdbd reason for presuming thermal history

to be of importance in & discussion of dielectric properties.

Recent investigations using other dielectric matérials has shown
that relaxation frequencies for important types of polarisation occur at
very low frequehciesfl Future researchfiight well be applied to a study
of the dielectric properéieé of a glass at low power frequencies and would
presumably add to éxisting_knowledge in the two fields of dielectric theory

and pypotheses of the structure of glass,
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