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PREFACE

The problem of current conduction through high
resistivity particles first asrose while I was participating
in a research programme on the electrostatic precipitation
of high resistivity fly-ash. It became quite clear early in
the investigation that it was going to be necessary to have a
thorough understanding of the mechanism of current conduction
through compressed layers of particles, Although the approach
to the subject 18 made as general as possible, there are
certaln aspects which heve been investigated more fully than
- others, these being those sreas which are of particular
interest teo Engineers concerned with electrostatic precipitator
performaneé.

In order to assist the reader, a conclse statement
of the approach adopted in this thesis 1s given in Section
l.1.1 together with a brief outline of the theoretical and
experimental work covered. In Section l.l.2 an outline 1ia
given of the original contribution this thesis makes to the
body of knowledge on this subject, To assist in following
the development of the theme throughout the thesis, a summary
of each chapter is given in the Introduction to each chapter,
together with a statement as to where the results and
conclusions will be used in other parts of the thesis,

This project could not have been completed without
the assistance of many people. I am thankful to Professor

(ii)



C.A.M. Gray, Werden of Wollongong University College, for
permission to carry out this research and for making the
facilities of the College aveilable, and to the Electricity
Commission of New South Wales and the.National Coal Research
Advisory Committeé of Austrelis who have financed the overall
research programme. I am also indebted to my colleagues,
Messrs, 0.,J. Tassicker and Z, Herceg of the Electrical
Engineering Department who, through being involved in the
reseasrch programme on electrostatic precipitators have
assisted in creating an environment which has made the
working on this thesls much easier.

The working on this thesis has been made most
sstisfying by the encouregement and heipful guidance given
by my supervisor, Assoclate Professor R.M. Huey, and by the
personal interest he has teken in this project. For ell this
I express my speciel thanks,

Finally, I wish to thank my wife Jean and children,
David, Bruce and Helen who have had to show much patience and

understending during the final stsges of this project,
KeJ o McLean,

Wollongong University College.

November, 1969,
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ABSTRACT

The mechanism of current conduction through
particulates compressed between two parasllel metal electrodes
is investigated. The analysis assumes the absence of any
surface conduction over the particles. It is shown that the
overall electricai characteristics are determined by the
characteristics of the individual eéntacts of the particles
themselves, their bulk resistivity end the mode of compaction,

Silice glass and borosilicate glass are chosen to
represent typlcel characteristics of electronic and ionic
conducting, high resistivity materisls. After investigsting
thelr bulk characteristics in high electric flelds, the
characteristics of the different types of contacts are
examined experimentally by the use of scaled up models of the
contacta,

The gless-glass contacts and glass-metal contacts
all show non linear voltage-current characteristics, This 1is
attributed to the existence of high electric fields which
reduce the bulk resistivity of the glass and induce charge
tranafer across the small airgsps neer the points of contsact.

With metel-borosilicate contacts, the current is
time dependent. The current increase for negative electrode
polarity 1s attributed to excess electrons entering the glass,
and the decrease in current with the opposite polerity 1is
attributed to the depletion of moblle ionic carrier density.

(iv)



Some snalytical results of the effective resistivity
of regular and random compactions of sphericsel particles are
obtained, and the effect of mixtures of particle size are
investigated qualitatively., A genersl equation for the
effective resistivity of a particulate solid is derived.

The two glasses are ground into s powder, compressed
between two parallel metal plates, and their overall electrical
charscteristics measured, These are explained in terms of the
characterlstics of the scaled up models of the contacts, the
resistivity end the mode of compaction. To illustrate the
work, a set of fly-ash charscteristics are interpreted in

terms of the theory developed in this thesis,
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CHAPTER 1.0

INTRODUCTION
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lel1 Introduction.

lelel Detalled Outline of Thesis.

The topic of this thesls asrose out of a research
programme on the electrostatic precipitation of high resistiv-
ity fly-ash, Although the approach has been made as general
as possible, some of the asspects which are of particuler
interest in electrostetic precipitator operastion have been
more fully developed than others.

In chapter 1. the genersl philosophy of approach
is developed, The thesis is concerned with finding end
explaining the electricsal characteristics of high resistivity
particles compressed between two parsllel metal plates. If
the surface conduction over the particle surfece is assumed
negligible then it 1s argued that the three main factors
regponsible for the characteristics of the current conduction
are the electrical characteristics of the particle contacts
between themselves and with the metal electrodes, the bulk
resistivity and the mode of compection, In order to make the
investigation more useful, both ionic and electronle conducting
materials ere used, A survey ls made of the existing work on
current conduction through psarticulate solids, and of the
measuring techniques used,

The area of contact, contact resistance and the
magnitudes of the electric flelds are investigaeted theoretically
in Chspter 2, It is shown that very high electric fields can
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be generated in the particles themselves and between adjacent
surfaces in the reglon around the points of contact., The
exlstence of these high electric fields is used to explain
the characteristics of the contacts observed in the following
chapters, A "field magnitude" factor is introduced to
indicate the magnitude of the electric fields around the
contact points.

Optically clear silica and borosilicate glass
respectively are chosen as typical examples of electronic and
ionic conducting materisls, The bulk characteristics of
these materials under high electric fields end temperatures
are investlgated 1n Chapter 3, together with thelr absorption
current charscteristics, The presence of spurious pulses was
observed in sllica and this is further exemined in the
Appendix,

The electricsal characteristics of the contacts are
investigeted experimentelly by the use of sceled up models,
By usihg a system of small diameter rods as one electrode,
the bulk characteristics of the contscts sre determineds, A
silmiler set of characteristics is then obtained by replacing
the rod electrode with a metsl bsll, By comparing the two sets
of characteristics, it is shown that electron transfer takes
place between two adjacent surfaces around the point of
contact of any two particles., By varylng the polarity of the
metal electrodes and observing the results, the behaviour of

the contacts between the particles and the anode and cathode



03
metal electrodes is determined, The metal to glass contact
characteristics using elecfronic conducting glass are given
in Chapter 4 and those using ionic conducting glass in
Chapter 5, The characteristics of glass-glass contacts are
also investigated and the results recorded in Chapter é. In
each of these cases, the results are related to the bulk
characteristics of the glass and additional models are
proposed to account for the phenomena observed,

In Chapter 7, the effect of different modes of
compaction are investigated, In the first instance, the
effective reslstivity of regular arrays of uniform sperical
particles is determined analyticaelly, This is then extended
to randomly packed uniform spheres and then to particles
with a wide size distribution, A general equation for the

effective resistivity of a particulate solid is given:
1
P = [H' A e At } e N hay

Semples of the two types of materlal used in the
previous tests are then ground to a powder and their electric~
gl characteristics recorded in Chapter 8, These sare then
explaeined in terms of the bulk characteristics of the materisal,
the charscteristics of the point contacts and the compaction,
In order to illustrate the results, the characteristics of a
semple of fly-ash asre interpreted in terms of the theory
developed in the thesis,



l.1.2 Original Contribution of Thesis.

In this section, an attempt is made
to give a concise statement of the original contribution
made by this Thesis to the understanding of the mechanism
of current conduction in particulate solids., The maln areas
where thls contribution has been made are listed below,

(1) The first of these is in the general
philosophy of the approach adopted for this investigation,
In the past, very little attempt has been made to relate the
overall charascteristics of the current conduction through
particulate solids to the characteristics of the particles
themselves and their effect on one another, This is the first
time that this has been attempted for a compacted layer of
particles in which the surface conduction over the particles
is eliminated., The relationship is establlished in two ways:

(a) By using scaled up models of the
particle contacts to obtaln their
electrical characteristics, These sare
then related to the characteristics of
the contacts in the particulate solid
and to the overall characteristics,

(b) By analysing in detall the effect of
different modes of compaction of the
particles on the current conduction
through the particulate solid.

(11) This is the first time that the Holm equation
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has been used in a theoretical investigation of the electrical
field strength around the contact poilnts of the particles.

It is demonstrated that high electric fields may exist in

the particles themselves and between surfaces in the region

of thelr points of contact. The 'FM! factor is introduced

as a means of indicating the order of magnitude of these
electric fields.,

(i11) Some of the characteristics of the point
contacts between two glass samples end between glass and
metallic electrodes in high electric flelds have been
observed for the first time. The two important ones are;

(a) the non-linear voltage-current
relationship, and

(b) the time dependence of the current
in the case of metdal to ionic
conducting glass contacts,

New experimental techniqﬁes have been developed
to investigate these characteristics and new models proposed
to account for the observed results,

(iv) This is the first occasion on which an
effective resistivity of a particulate solid is related to
the mode of compaction of the particles., A complete

theoreticel analysis is made of an ideal situation where



spherical particles of uniform size are compacted in
regul ar arréys. A method 1s slsc suggested for determining
the effective resistivity of the random packing of uniform
particles. The effect of a random distribution of
particle size on the effective resistivity 1is discussed,

| (v) A semi-empirical equstion is derived for
the effective resistivity of a particulate solid, This
takes into sccount the bulk charscteristic of the particle
meterial, the mode of compaction and the electrical
charscteristics of the contact points of the individual‘
particles. As far as the ovgrall cheracteristics are
concerned, the model proposed accounts for the non-linear
voltage-current characteristics, the tempersature
dependence and effect of compaction. The origin,of the
current transient components observed in resistivity
measurements has been determlned.

(vi) This is the first occasion on which e

rod electrode system has been used to investigate the
origin of the spurlous pulses observed in silica and fly-

ash., A new model is propcsed to account for these

pulses.
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1.2 Philosophy of Approsch.

l1.2,1 Relationship to Electrostatic Precipitators.
The problem of current conduction through
high resistivity particles first arose in connection with a
resesarch progremme now being undertsken by the Electrical
Englneering Department at Wollongong University Coliego. The
aim of this programme is to investigate the basic physical
processes taking place in electrostetic precipitators,
especielly when preclipitating high resistivity particles,
end to relate these processes to the precipitator performance.
The ultimate aim is to use this knowledge to improve their
overall efficiency and performance. In genersl terms the
overall programme 1s concerned with t he following projects:
(a) Investigation of the corona current character-
istics with clean and contaminated electrodes,
(b) The electric field distribution,
(¢) Mechanism of particle charging,
(d) Factors affecting particle adhesion.
(e) Mechanism of current conduction through
compressed layers of particles.
(f) Resistivity measuring techniques,
(g) The prediction of full scale precipitator
performance from data obteined from bench type

precipitators.



This thesis represents part of the investigation assoclated
with Projects (e) and (f).

To understand the relationship of the topic of this
thesis to that of electrostatic preclpitetors, it 1s necessary
to give a brief outline of the genersl principles of their
operastion., Good, comprehensive and detailed accounts are
given in the books by White (1), and Rose and Wood (2). An
electrostatic precipitator comprises a series of earthed
parallel plates or tubes called collecting electrodes, which
enclose wire discharge electrodes. When a high negative |
voltaege is applied to the discharge electrode, a corona
current flows between it and the collecting electrode. As
the gas containing the suspended psarticles flows through the
precipitator, the suspended particles are charged negatively,
and under the influence of the electrostatic fleld, are
deposited on the collecting plate causing a thick layer to be
formed. The accumulsasted deposit on the collecting electrode
is removed by occasionally rapping the electrode thus causing
the deposited particles to fall into hoppers.

The maln corona current is carried across the air
gap between the electrodes by charge attachment to the gas
molecules and suspended particles, which, on reasching the
surface of the deposited layer are discharged through the
layer to the metal electrode. Under some circumstances there

are elso free electrons in the air gap. If the particle



0

..

resistivity is high, the current flow through the particles
establishes high electric fields in the layer, which affects
the operation of the precipitator and reduces its efficlency.

The relastionship between the reduction in efficiency
and particle resistivity is ﬁsually attributed to 'back corona'.
This phenomenon appears as blue point dischargeson the surface
of the deposited layer of particles and has the effect of
reducing the spark over voltage, increasing the corona current,
generating local disturbances of the electric field, reversing
the charge of the oncoming suspended particles snd causing
erosion of the particle layer. In addition to this, the
author(3) has shown thet even if the effects of back corona
are ignored, the voltage drop across the deposited layer
resches such a magnitude that the effective voltage in the
alr gap between the electrodes is reduced, This reduces the
charging and accelerating electric fields for the suspended
particles and reduces the precipitator efficiency.

An understanding of the mechanism of current
conduction through a layer of compacted particles and of the
manner in which the over all resistance is governed by the
particulate form of the layer 1s basic in any progremme
aimed at understanding the processes taking place in

electrostatic precipitators,
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l1.2.2 Manner of Current Injectlon.

It is necessary at this stage to decide
on the manner in which the current is to be injected into
the compacted layer of particulate solids, In electrostatic
precipitator work, the current conduction problem arises
in two quite different circumstances., The first 1s on the
collecting plate of the precipitator. In this case the
particle layer is bombarded by a stream of negatively
cherged ions and particles which discharge through the
layer to the metal electrode. The other occasion is where
resistivity measurements sre being made of the particles
compressed between two metal electrodes, The method of
charge injection is different in these two cases and this
results in different overall characteristics of the layer,
In the former case for instance, for high resistivity
particles, a back discharge in the form of luminous spots
appears on the layer surface and this complicates the
mechanism of conduction through the layer, It 1s apparent
that the latter case is the more basic one and it is
proposed to restrict this investigation to the study of
current conduction in particulate layers compressed between
two parallel metal electrodes, The other aspect ié to be

the subject of another project,
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1.,2,3 General Considerations,

The aim of this investigation into the
mechanism of current conduction through perticulate solids
can be better understood by posing the problem in an slternsative
form. The baslc objective of the thesis i1s to determine how
the characteristics of an insulating material, broken into
small particles and compressed between metal elsctrodes, willl
differ from its characteristics when in the 8olid form. There
are a number of factors responsible for the differences that
occur but the ones which domlinate the conduction mechanism

are:

(a) The large specific area of the layer when in
the particulate form, Hence 1t follows that the surface
characteristics will play a much more importasnt part in the
conduction process when in the particulate than when in the
solid form,

(b) Points of contacte In the particulate form,
the layer is made up of a large number of small particles
compressed together and making contact with the adjacent
particles at a number of points. The area of these polnts of
contact will depend on the particle shape, type of compaction,
and forces involved, but in any case it will be small compared
with the dismeter of the particles. As the current flows
through the layer it must pass through these points of contacte
Since their sasreas are small, the current density, and hence the

electric fields 1n this region must be higher than the average



electric field, The effect of this will vary with circum-
stances but under some conditions will cause heating,
reductlon in the bulk resistivity, carrier depletion, space
charge build up and charge transfer across the airgap
between the partiecles,

(¢) Particle compaction. The conduction of the
current will be governed by such factors as the particle
shape, the size distribution, type of compaction, and the
compaction forces as well as the elastic characteristics of
the particles themselves,

In order to have a clear plcture of the conduction
mechenism it is éonvenient to consider two extreme cases.
One where the current flows only over the surface of the
particles and the other where the current flows entirely
through the volume of the particles and only comes to the
surface‘at the points of contaect. Of the two cases the
latter is the more basic and it is therefore propqéed to
investigate this in the thesis, -

The problem 1s therefore reduced to one involving
an investigation of the electrical characteristics of point
contacts and the influence of the mode of compaction with

volume conduction taking plece through the particles.

l1.2,4 Material
In choosing a suitable material the follow-

ing requirements have to be met:
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(a) The materiasl must have a high resistivity

and a negative tempersture co-efficient.,

(b) It must be obtsinable in solid form in

order that its bulk and surface properties
can be lnvestigated before it is ground to
a powder,

(¢) Its chemical composition must be similar to

that of fly-ash,

(d) 1In order to keep the investigation as general

s possible it is necessary to select two
different materiasls; one of which must be
essentlally ionic conducting and the other
electronic conducting,

As shown in Appendix I, the mailn chemical constituent
of fly-esh is silica. On the basis of the chemical composi-
tion, X-Ray diffraction anslysis and the presence of trace
elements in the fly-ash, it is reasonable to assume that both
electronic and ionic conduction may take place. Fly=-ash
itself however is not a sultsble materisl for these tests as
it is not possible to obtein it in a solid form so that its
bulk characteristics can be investigated.

| The two materials chosen were borosilicate glass
end optically clear silica., Both of these meet the chemical
requirement of contalning a large percentage of silica., A
number of ionlc conduction materiasls were investigated but

i1t was declded to use borosilicate glass as it is readily

evailable, has good temperature properties asnd some experi-
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mentel work had already been carried out on its electrical
properties, A purely electronic conducting material was not
immediately available, However, optically clear silica
appeared to be suitable. Very little is known about 1ts
conducting mechanism but, as will be shown 1n Chapter 4,

the author's work indicates that it is essentially an

electronic conducting materiel.

1.3 Survey.

l.3.1 Conduction Mechaniam
In general, there has not been very much

interest in the problem of current conduction in particulate
solids, Outside of the work assoclated with electrostatic
precipitators most of the published work (4)(5)(6) 1is
concerned with the overall electrical characteristics of low
resistivity powders in which very little attempt has been
made to develop a theoretical analysis of the conduction
mechanism., Some of the mein spplications of the conductivity
characteristies of powdered materials have been to determine
the molsture content of substances as sand(7) and wheat grain
(8), and to determine the dew point of gases(9).

The most extensive investigations into this topic
have been carried out in research programmes associated with
electrostatic precipitators. It has been a common practice

of investigators working in this field to speak of two modes
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of current conduction;
(i) wvolume conduction,
end (i1) surface conduction.
There are specisl circumstances where either one or the
other of these conduction mechanisms will dominate but
often they occur together,

For volume conduction alone to exist, the particle
surfaces must be cleaned to remove any high conducting outer
layer. Under these conditions, the main current flows
through the volume of the particle, coming to the surface
only et the points of contacte It has been observed that
for a fixed set of compaction conditions, the variation of
conductivity with temperature obeys the Rash Henrickensen

Law,

A.e'@mT

.OQ'.....Q.Q......'.Q.....O' l.l

g =

Where @ is calied the sctivation energy, k is
Boltzmenns' constant, T the absolute temperature and A a
constant, Little attempt has been made to investigate these
constants., White(10) has compared the activation energles
of leached fly-ssh with that of common materials,

Surface conduction occurs when particles adsorb gas
molecules, chemiceals or water onto their outer surface
causing a high conductivity layer tobe formed, Although
conduction through the volume must slways occur, in the case

where the surface conductivity of the layer is high compared

with that of the volume, it is reasonable ©oO neglect the
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volume conduction., Much of the interest has been in compsring
the overall conductivity of the compacted layers of particles
with veriations of envirommental conditions, Sproull and
Nakada(ll) have made one of the most thorough investigations
of the effect of varying the tempersture and relative

humidity on the apparent resistivity of a number of industrial
dusts. Daniel(l2) has measured the espparent resistivity as a
function of the amount of water adsorbed at various temperatures.
Surface conduction is also influenced by adsorbed gases. One
well established practice for reducing the resistivity of the
particles is to condition the gas carrying the suspended
particles by sdding small quantities of ammonle, sulphur-
trioxide, chlorides or hydrocarbon vapours as conditioning
agents, These are adsorbed on to the particle surfasces thus
reducing the surface resistivity. Although the reduction in
resistivity has been messured, no systematic attempt has been
mede to relste experimentglly the temperature, conditioning
agent concentration, humidity and particle materisl to the
apparent resistivity.

The influence of such factors as particle compaction
and that of the applied electric field have only been observed
and superficislly investigated(13).

The first person to attempt to establish a theor-
eticel model relating some of the basic parameters of the
dust to its overall electrical characteristics was Ngsuda(l4)

(15). He began his anslysis by considering spherical



particles arranged in a simple cubic arresy. By calculating
the area of contact between two adjacent particles from the
Hertz Equation and determining the effective resistence of
the poilnts of contact he developed a theoretical expression
for the conductivity. In eddition to volume and surface
conductivity terms he introduced another term tsasking into
sccount the effect of caplillary condensation,

His experimentsl results tend to be more informative
than those of the earlier workers, He has results showing
the veriation of conductivity with particle size, for 7
different temperatures and humidities. He also compared the
conductivities of sode glass and marble in both the solid and

particulate state for different temperstures and relative

humidities.

1,5,2 Measuring Techniques.,

There sre two basic techniques used to
measure the resistivity of particulate solids, The first
method is to compact the particles between two parallel plgtes
and measure the voltaege current characteristic. The second
method mekes use of a metal pleste electrode and a point
discharge electrode mounted directly sbove it, The particles
megy be elther placed or precipltated on the metal electrode.
The potential drop across the lsyer is measured by means of a
grid or probe placed on the surface of the lsyer. For both
methods 1t is usual to use guard rings to eliminste the effects

of surface and stray currents.



It is also possible to classify the resistivity
measurements sccording to the condition under which it is
desired to meke the measurements. There are three class-
ifications:

(1) Bulk resistivity measurements., These are
conducted in the laboratory with the conditions adjusted
80 a8 to eliminate any surface conduction over the particles.

(ii) Environmental measurements. These are also
conducted in the laboratory with the environment varied so
that at least some conduction takes plece over the particle
surface (11).

(11i) In-situ measurements. These measurements
are made with the particles in contact with the actual flue
gas which will pass through the precipitator, In general,

a sample of the particle laden gas is extracted from the
main flue and p assed through the resistivity measuring
gpparatus, The White and Anderson apparatus(16), which has
been adopted by the Air Pollution Control Assoclation of
America as a standard (17), comprises a needle electrode
suspended above a metal plate., The particles ere precipit-
ated onto the plate and then a second metal plate is lowered
onto the surfece to make the resistivity measurement. Isshaya
and Echizenya(1l8) have develbped g refinement in which a
probe is lowered onto the surface of the precipitated layer,
Cohen end Dickinson(19) collected the particles with a

mechanical cyclone and then dropped the particles 1lnto a



measuring chsmber., One of the limitations of these methods
1s that they do not always collect a representative sample
of the suspended particles. Since the chemicsl composition
of the particles tends to vary with particle size, this may
introduce errors into the resistivity measurement.

‘The author, with Tassicker & Herceg(20)(21), hes
overcome this problem by using a small precipitator of high
efficiency to do the collecting, This apparatus also has
the advantage of making voltage-corona current, sparkover
voltage, and efficiency measurements, These can be related
to full scale precipitator performance.

Eishold(zz) has devised an original apparatus which
is placed in the maln gas flow and the particles sare

precipitated into the space between the meesuring plates,



CHAPTER 2.0

THEORY OF CONTACTS




2.1 Introduction.

The mechanism of current conduction through a particulate
solid is determined to a large extent by the electrical characteristics
of the points of contact between individual particles. As the current
flows from one point to another, it is constricted by geometrical
considerations to flow through the relatively small area of the
contact point. Because of this constriction, the current density
in the region of the contact is high and this results in the
establishment of high electric fields in the particle itself and in
the air gap between adjacent particles.

In order to obtain analytical expressions for the resistance
of the contacts and for the magnitude of the electric fields, it is
necessary, in the first instance, to consider an idealized contact.

In this chapter the idealized contact is analysed. After considering
a number of approximate solutions for the contact resistance and
electric field, the approach used by Holm for calculating contact
resistance is selected as the one most suitable for the purpose of
this thesis. It is shown that for this idealized contact, very high
electric fields may exist in the region of the point of contact.

Because of thelmagnitude of these electric fields, some
of the basic assumptions made for this idealized model do not apply
to real contacts. The effect of the electric field on the resistivity
of the particulate material and on the temperature rise due to losses
is discussed in Chapter 3. Its effect on the eleectrical characteristics

of the particle contacts is detailed in Chapters &, 5 and 6.



2,2 Constriction Resistance.

2.2.1 Basic Assumptions.

The calculation of the constriction
resistance of contects between two surfaces has been widely
investigated and well summarised in books by Jones(23),
Windred(24) and Holm(25)., For the purpose of this thesis
however, it is necesssry to extend their work. The main
reasons for doling this are:

(a) These investigstors have been mainly concerned
with the characteristics of contacts between two metallilc
components; whereas in this thesis, the maln interest is in
the contacts in which at least one component is an insulator.
When this occurs, high electric fields may be generated 1n
the region eround the contacts thus causing chamges in their
electrical chargcteristics.

(b) No solution has been obtained for the
constriction resistance of two sphericsl particles in
contact or of a sphericsl particle in contact with a plane.

Although no simple snelytical solution has been
found for the exact constriction resistaence of two spheres
in contact, it has been possible to obtaln solutions based
on three different approximations.

The basic assumptions which are common to gll

three approximate solutlons are listed below;



(1)  The conductivity of the materiel is
independent of the electric field.

(11) The material is homogenous.

(111) No conduction tekes place over the surfece of

~ the particle.

(iv) The contact is ohmic. - |

(v) There is no build up of space charge, depletion
of moblle carriers or any charge transfer across
the air gap., |

(vi) The particles are spherical with perfectly
smooth surfaces,

(vii) There is no heating at the contact: points,

2.2.2 Holm's Equation.
| One apm oximation Which may be made, 1is

to assume that the radius of the contact circle is very small
compared with the radius of the pasrticle. In this case, it
is a reasonable approximation to assume that the surface of
contact and that of the adjacent surface of the particle are
all in the one plane., Under these conditions, the problem
reduces to the consideration of the pattern of current flow
through a contact point of a seml infinite body. The
mathematical solutioh of Laplace% Equation for this geometry
is given in standard text books,

Holm (25), in his work on metallic contacts
developes an expression for the effective resistance of
point contacts between parallel plates. So as to generalise

the expression he assumed an elliptic point of contact with
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FIGURE 2.1 LINES OF CURRENT FLOW AND EQUIPOTENTIAL
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FIGURE 2,2  VARIATION OF SHAPE FACTOR

(The above two figures are reprcduced from Reference 25 )
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the semi-axes A andf . It may be shown that the equi-
potential surfaces in the s0lid are semi-ellipscids with

the equation;

X 7 22

Qg2+u 2 o+ u 3!

Where/u is a parameter and the ellipse axes
coincide with the direction of x and y. The height of a
semi-ellipsolid normal to the x-y plene 18'65 eand its saxis
in the x direction is /&?;;El_

The conétriction resistance from the plane of

contact to the equi-potential surface/u is,

p A dp
R =
M Lo OJ(0(2~+- (P4 u)u

where/a is the resistivity of the materisal.-

If the srea of contect is circular instead of
ellipic, ¢ =f=a, the radius of the contact, then the

resistance to the equi-potential surface/u is,

° Ve

tan
a

® 0.0 0000000005000 0080000000 2.l

Ry =
M

2 T a

By letting the velue of i/ =00, the totel constrict-
ion resistsnce of the contect can be determined, Hence the

resistance is:

R = p/)-l-a. 00 B 0PSB OO ENINEPNNOOGCEOIEOIARISIPOEDINDOLIDOILE 2.2

Figure 2.1 shows the current flow and equipotentisl

surfaces.
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This equation gives the effective resistance of
the contact between a particle and a flat metsal surface.
It assumes that the constriction resistance of the metel
electrode 1s negligible compered with that of the particle.
The total effective resistance of a particle 1is

twice that given by Equation 2.2 and is,

This elso gives the total contact resistance
between two particles.
For the elliptic contact, it may be shown that the

current density 1s given by:

J(X:Y) l
oo B J1- (x/a)? - (y/8)2

For a circulsr conducting surface this reduces to

the form,

J(I‘} E— l s e s 0000 . 2o)'l'

oral & - 12

The influence of the elliptic shape of the contact

aree on the constriction resistence can be determined by
letting o0 s ¥a snd 8 = a/% , where § is a measure of the
ovelness of the elliptic contact, The ares of the elllptiec
contact with ordinates oA and 3 18 the seame as the circular
area with redius 'a'. The resistance of an elliptic contact

may be written in the form,
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FIGURE 2.3 DIAGRAM FOR SMYTHS EQUATION

FIGURE 2.4 DIAGRAM FOR EQUIPOTENTIAL CAP EQUATION
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The variation of the shape factor f(¥) with the
ovelness of the ellipse is given in Figure 2.2,

242,35 Smyth's Equation.

Smyth(26) has developed an equation for
the voltage distribution in a sphere when the current enters
at one pole and leaves at the other, See Figure 2,3. The

voltage 1s given by,

- 110.5
p I 1 - L 1+ cosk
A = 5 ‘ Rl D 1n( Rl( 0))

- ;a + -—%—m( R ( l+coso$))o'5}

Since this equation assumes the Legendre Functicn
Pn Ccos 8) = Pn(1) s 1t gives infinite values for the potentiel
at the electrodes. Hence the equation cannot be used in this
form to evaluate the resistance between the electrodes.,

As the point P approaches the electrodes, the
equipotentisl surface becomes a hemispherical surface with a
magnitude of /oI/ZnRi volts, If it 1s asssumed that the
contact forms a solid conducting hemisphere of radius R,,
the resistsnce of one half of the particle 1s given by the

relationship,
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R = o/ 2w Rl Ceteeceseesnascsstrecananane 2.6

The effective resistance of a perticle 1s twice

the velue given by Equation 2.6.

2.2.4 Equipotential Cap.
Assume that the area of contact between
adjacent particles follows the surface of the sphere and
that these contect areas are at opposite poles, as shown in
Figure 2.4.
If the spherical co-ordinate system 1is used, the

general solution of Laplaces Equation is of the form;

o0

g = z An xP Pn( COSB ) ceeiinnnaeens . 2.7

n=3
Because of the symmetry, the equatorial plsene may
be taken as zere potential and only odd harmonics can appear
in the expansion.

The boundary conditions are;

At x = D g Y = O except over area S
DX
¢ = V over area S
_Q_Q‘ = p J(u) over area S
X
Where p = cosb

The current distribution over the sres S must be



regarded as belng unknown at this stage. If the first two
boundsry conditions are given, then by the Unlqueness Theorem,
the current distribution over the area of the contact can only
have one form. Weber's (27) assumption of a constant current

density cannot be correct.

Differentiating the potential £,

0
3¢ = :zg An nx™"? Pn(cos6)
DX

LR
where n is odd,

Multiply both sides by Pn(cos®), put x = p and
integrate between limits of -1 and 1.

Since the equatorial plane 1s taken as zero

potential, integrate between O and 1.

Since %%2: 0 for/;l- 0 tc/u :/J,
)

-/[; J(p) Pn(u)

]

An o™ (n/(2n + 1))

i
Hence An ent 1l f o0 J(p) Pn(p) A veeeeenn 2.8

n-i
Ju,

np

The potential at any point 1s found by substituting
Equation 2,8 in Equation 2.7,

-
(1]

i

. D ’ ~ '
g = pp (x/p)" [ - (2n +1)/n /J(u) Pn(u) du:, Pn(u)
= M

)
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At B = O, Pn(/u) = 1., The voltage difference
between A and B 1s given by,

i
0
vV = pp§(2n+l)/n/J(H) Pn(u) du ceveceiness 2.9
n=i

I

The effective resistance of one half of the

sphere 1s given by,

R = V/I

V//J(u) dS LR B B A 2.10
S

No simple explicit expression can be found for
equation 2,10, A numerical solution was found for a contact
angle of two degrees. The technique used was to assume some
distribution for the current over the contact surface and
then use equation 2,9 to calculate the voltage distribution
around the surface. If the calculated potential is constant
over the surface of the cap, then the assumed current
distribution is the correct one. In order for the Legendre
Functions to converge, it 1s necessary to generate harmonics
up to the order of 200, This makes computing on the IBM 1620
rather slow.

Other than producing one sample calculation, this

method was not persued as it had limited usefulness.

2.2,5 Conclusions
Of the three approximate methods considered

for calculating the constriction resistance of two spheres 1n
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contact, the latter two were rejected,

One of the main requirements of the method adopted
is that explicit expressions must be available so that the
electric field strength may be calculated. On this basis the
equipotentisl cap espproximation is unsatisfactory. Of the
other two epproximations, the assumptions leading to the
Holm equation give a fleld pattern much closer to the actual
one than is given by the Smyth equation. In the latter csse,
the finsl equation 2,6 implies that the contsct forms a solid
conducting hemisphere of radius Ry. Hence the Holm equetion

is used for further calculstions.

2.5 Ares of Contact,
2.3.1 Hertz Equation.

The deformation which determines the load
bearing area, is ususlly elastic up to pressure limits in the
order of the hardness of the material, but for gresater
pressures plastic flow commences,

If two like spheres, each of radius p, ere compressed
by a force Fe directed along their line of centres, then with
in the limits of elastic deformation, the theory due to Hertz
(28) predicts a plane circular contact of radius 'a'.

a _ 3(1+ p%) Fe p
Iy
N

® ¢ 0600 0000 0 0o 2'1»1
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Where V = Pol ssons ratio.
Y = Youngs modulus,

The normsl pressure on the contact srea is given by;

3 Fe -
. 2 @A
2T a

X = radial distance from centre of the
contact circle.

The relative approesch of the spheres is given by;

_ 2/3
« = o | 3(1 - V#) Fe
Ly/p
The baslec assumptions implied by the Hertz equation
are;
(1) Dimensiocns of the contact ares are small compared

with the radii of the spheres,
(41) Warping of the surface of contact is negligible.
(111) Tangential components of the trsction across the

contacts are negligible.,

2.5.2 Effective Electricel Contact Area,

The actual electricsl contact area is not
necessarily the seme as the area calculsted from the Hertz
equation. In the case of contacts between metal surfaces, the

actual physical contact occurs ss a number of clusters of

microcontects, Their position is determined by the flatness
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of the surfaces and their sizes by the microscopic surface
roughness, If this 1s true for nominally smooth surfaces,
it will also be true for the contact surfaces between two
particles,

If the microcontacts are assumed to be circular
and at a sufficlent distance from one another so that their

potential fields do not lnterfere, the effective resistsrnce
of the contact is given by;

Ra

i

h%ai

Where a_ is the radius of any single contacte.

If the microcontacts are close enough to influence
‘one another, then the sbove equation is not valid, Holm (25)

has shown that for a uniform distribution of the microcontacts,

which are of circular shape, the effective resistance is;

e tant L - oL L P 2.13

Ra' A —— * e 00
2T n b b Az Ta)

i

Where n = the number of microcontacts,
b = the radius of microcontacts,
1l = average distance between centres,
Aa = @apparent contact area.
Greenwood(29) quotes an glternative formula used
by Holm in his more insccessible publications. In the simplest
case where there sre a large number of small equal contacts
distributed uniformly over a circular area the effective

resistance is;



Ba = P (Yemd - 1/2a)
Where b = radius of the microcontact
a = radius of the cluster.

Greenwood has shown that the effective resistance
may be regarded as the sum of the parallel resistances of the
microcontacts and an interaction term often releted to the
extent of the cluster but independent of the number 2nd size

of the individual contactse.

2.4 Electric Field Strength.
2.4.1 Introduction.

It has glreasdy been pointed out that
because of the high denslity of current in the region of the
contact points and the magnitude of the resistivity, very
high electric fields are generated in the particle itself
and across the airgap between sdjacent surfaces. It is
necessary to find expressions for these electric fields and
to calculate their magnitudes in order that thelr effect on
the conduction mechanism in this region may be determined,

If it is assumed that the particles are all of one
size and are packed to form a simple cublc array as shown in
Figure 7,1, and subjected to a constant voltage gradient of

Egy V/m, the voltage scross each particle is given by,

Vp -—-' Eav 2p ............ ® & o 0 0 0 2 . ll"

This is the total voltage across the particle, the voltage
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drop across one side of the contact is therefore Eavp volts,
If it 1s sssumed that the material 1s homogeneous
and of constant conductivity, the current flow pattern, as
determined by Holm's equation, is the same shape irrespective
of the applied voltage and the diameter of the contact circle.
It is shown in Appendix III that the strength of the electric
field at any given point in the pattern is proportional to the
voltage across the contact and inversely proportional to the

radius of the contact circle., Hence,

KV/a 0O e 00 00 006000000 2.15

E
p

By substituting Equation 2.14 in 2,15, this may be
related to the average applied field across a compacted layer

of particles,
E = K Eav(p/a)

K FM

Where FM = V/a = Eav(p/a) - Vp/2a.. 2.16

Hence the electric field strength in the particle
jtself is proportional to the Field Magnltude (FM) factor,
Table 2.1 shows the voltage across different
sizes of particles when subjected to average voltage gradients
from 10% to 10% v/m. Since the average breakdown voltage
across a compacted layer of particles is approximately that

of alr, an Eav of 106v/m is teken as the maximum value.



TABLE 2,1

VOLTAGE ACROSS PARTICLES
FOR SIMPLE CUBIC ARRAY

Voltage across particle

Eav Volts

v/m P = 104 Pelmm | pasleocm
10* 0.2 20 200
10° 2.0 200 2, 000

10 20,0 2,000 20, 000

€n



Teble 2.2 sets out the 'FM' factors for different
values of average applied electric field and p/a ratios for
a simple cubic array. For other regular arrays, this must

be multiplied by the relative magnitude factor (RFM) constent
as given in Table 7.2,

TABLE 2,2

FIELD MAGNITUDE FACTORS FOR
SIMPLE CUBIC ARRAY

TFM' Mv/m
p/a ‘
Egy ® 10 v/m| Egy = 10° v/m' Egy = 108 v/m

50 5 5 50
100 1 10 100 |

500 5 50 | 500

1,000 10 100 | 1,000

|




In the following Sections, the actusl field
strengths at fixed points in the field pattern are calculated
for different values of 'FM', This value 1s given by Table
2.2 but mey be modified if necessary, by the RFM constant

so as to teke intc account other modes of compaction.

2.4.2, Internal Electric Filelds.

In order to determine the possible effects
of the electric fields around the contect points, it is
desirable to obtsln some numericel values,

(a) Field Strength Along Axis. |

The potential along the axis perpendicular
to the plane of the contact circle and passing through its
centre, is given by equation 2,1. The distesnce along the
z axis is [u . The electric field is obtained by different-
iating the expression for the potentisl with respect to-{?i.

Ip a
om a (&4 M)

If the distance along this axis is expressed as a

fraction of the radius of the contsct circle a, a more general
expression for the electric field may be found.

LetJCD = ma

hence \/ = mee2 0 e, 2.18

Since Ip/2a 1s the voltage drop across a particle,
"this must also equal Eavzp. Substituting this and 2,18 in
equation 2,17, the electric field at any polnt ma along the



perpendicular axis is;

E = ° Pay P 1 --—-—-—-l ........
T a 1 1+ n®)
2 1
---—-( FM ) TR YRR N . 2019
T (l + ma)

Table 2.3 gives some typicsl velues of electric field
strength for different values of FM.
(b) Field Strengths Along Contact Surface.
From equation 2.4 the current density along
the contact surface is given by;
I
21TaJa2- r?

Let r = ma, where m<1.,

The electric field at sny point along this surface
is,

i

2 [ Eavp] 1
o a J1 n®

2/m ( FM )

J1 - of

The direction of this electric field will be
perpendicular to the contact surfsce, Table 2.4 glves some
typical values of the magnitude of the field strength for

different values of FM.



TABLE 2,5

ELECTRIC FIELD STRENGTH ALONG AXIS PERPENDICULAR
TO PLANE OF CONTACT -

FM Locel Field
Mv/m Mv/m
i = 0,0 0.6 | 1.0 | 2.0 ' 5.0
| ; ” -'
| | | :
1 00 . 658 .510 § 0519 ¢127 9025
10.0 | 6.38 | 5.0 3,9 1,27 .25
100,0 | 63,8 51,0 31,9 | 12,7 2.5
1,000.0 | 638, 510, 319, 127, & 25,




TABLE 2.4

ELECTRIC FIELD STRENGTH ALONG SURFACE

OF CONTACT

Local Fields

FM Mv/m
Mv/m m = 0,00 0,90 0.96 0.98 1,00
1.0 .638 1047 2,26 3.9 o0
10.0 6.38 | 14.7  22.6 31,9 | o0
100,0 63.8 147, 226, 319, o0
1,000,0 638, 1470, | 2260, 3190, o0




ar
(¢) Field Strength Along External Surface

The genergl expression for the potentiel of
the fleld in the solid is given by equation 2,4. The distance

X along this surface 1is,

hence Jr;_

I
"o
1

Sﬂf\‘)

Substituting this in equation 2,4, the potential

along this surface may be written,

/ 2
TP tan™ x* - @ ceceecaas 2.22

2m a a

g

I

The electric field 1s found by differentiating this

with respect to x. By letting x = ma, the following expressions
may be found,
Ip

a?Eﬂ“m./ ¥ - 1

(2/m( &, p/a)

' =

(2/1T')( M ) e T 2.23%

If the surface is a true flow line, the direction
of this field will be acting along the surface, Some typical

values of the electric fileld for different values of FM gre
given in Table 2,5



TABLE 2,5

ELECTRIC FIELD STRENGTH ALONG THE

EXTERNAL PARTICLE SURFACE

Local fields

FM Mv/m
Mv/m
m s 1.0 1.1 1,5 2,0 5.0
1.0/ <0 1.24 0438 185 | 0,026
10,0 oo 12,4 | 3.8 1.85 0.26
100.0| oo 124.0 38,0 18,5 2.6
1,000.0| oo  |1240.0 | 380.0 | 185.0 26,0

¥y
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FIGURE 2,5 DIMENSIONS AT THE CONTACT POINT OF A
SPHERE AND A PLANE
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2.4,3 Electric Fields Between Particles.

The electric field between the surfaces of
two particles will depend on the voltage difference between

corresponding points on the two surfaces snd the distance

between them.,

Consider the case of a sphere in Figure 2.5 touching
the plane at point O,

The equation of the great circle is;

x2 = o2py - ¥

Solving for y;
Yy = prp @ - (xp)2)%7

Expanding the term in the bracket by means of the
Binomial Theorem,

y = xB/ap + x%8p® + 3x6/L8xS +

C‘.,

If only small dilstances from the origin 0 are

congidered, the higher powers of x may’be neglected,

y }?/2p LA 2R 2N 2N BN K K 2N B A A N A N A N N N R N ) 2.2,-'.

il

When the two particles are compressed together,
elastic deformation tgkes place at the point of contact.

If the radius of the contact circle 1s 'a!, the distance
the initlal point of contact 1s depressed is a2/2p. If the

distance along the x axis is expressed as a multiple of the



radius of the contact, then y is given by;

y (ma)® / 2p

and the actual height of the surface of the sphere from the

plane containing the area of contact is;
v/ = y - &2

= (a2/2p m® - 1) ..., Ceeeeean 2,25

Table 2,6 gives some typical values for y'.

The potential at a distance x along the outside
surfece of the particle with respect to that at the contact
surface is given by equation 2,22, If the distance is
expressed as a multiple of the contact radius, the potential

is given by;

Ip _
g = tan * /m® - 1
2T a '

This voltage may be expressed as a perunit value of
the total voltage drop in one half of the particle.
7
V.

pu Ip/ ka

) e 2.26
(2/m) tan™ /P - 1 eeeeeeeee

i



TABLE 2.6

SOME TYPICAL AIR GAP DISTANCES

Gap Distance

P/a m Microns
P = 10 Microns P=l.0cm

100 | 1,25 00056 0456
100 | 1.50 00063 04653
100 | 2.00 .00150 1.50
100 | 3,00 00400 4,00
100 | 4,00 .00750 7450
100 | 5.00 01200 12,00
100 | 10.00 04500 45,00

w2
i



The electric field in the alrgap at some point
along this axis is given epmr oximately by the voltage
difference between the two surfaces at that point divided
by the vertical distance between them, This essumes that
the flow lines are straight and sre perpendicular to the
plane of the contact area, In practice, they follow slightly
curved pathsbut this spproximation is reasonable consldering
the approximation involved in using Holm's equation and the
accuracy of the experimental techniques, Hence the electrid
field in the air gap 1is,

2p E__V

B av pu

g ( 20/ 7) tan'l\/ m? - 1
(e/2p) (P - 1)

fi
—
b
%
——
— 7 1
Lo]
S |
=
B
<
B
[]
‘.—l

In this case the field strength depends not only
on the 'FM' factor but also on the ratio of 'p' to 'a'.
Table 2,7 gives some typical numerical values for the alr gap
field strength for different values of FM and p/a.



TABLE 2,7

ELECTRIC FIELD STRENGTH IN AIR GAPS

BETWEEN PARTICLES

Local fleld

FM m _ 108 v/m
Mv/m p/a = 100 | p/a = 1000
1 1,25 1,460 | 14,60
1.5 .860 % 8.60
2,0 440 4,40
3.0 195 1,95
4,0 112 % 1.12
540 .073 % 73
10,0 .019 % .19
10 1,25 14,60 146,0
1.5 8460 86,0
2,0 4,40 44,0
3,0 1,95 19,5
4,0 1,12 11,2
5.0 73 7 o3
10,0 .19 1.9
100 1.25 146.0 1460,0
1.5 86,0 860,0
2,0 44,0 440,0
3.0 19,5 195,0
4.0 11,2 112,0
5.0 7 o3 73 .0
10,0 1.9 19,0



CHAPTER 3.0

BULK CHARACTERISTTIC S.




3.1 Introduction.

One of the importent preliminery steps 1n
this study is to determine the current conduction mechanism
end some of the experimental constants of the materials to
be used in the particulate form.

Because of the many complex processes taklng place
in dielectrics and the nature of their interactions with one
another, the conduction of current through this type of
material is a complicated and little understood phenomenon,
Many diverse theories have beecn proposed to explain the
varliety of effects observed with this material, but no general
theory has been developed, In the case of glass, a theory
for ionic conduction has been developed which will account
for the genersl shape of the experimental results. Electronic
conduction in glass has been observed although no clear theory
has been developed.

In this cﬁapter the theory of lonic and electronic
conduction in insulators, and particulerly glass, is reviewed
and theoretical relationships sere estsblished for conduction
in both low and high electric fields, The existence of
absorption current in glass is reviewed and the relationship
between the electric field, resistivity and temperature rise
due to internel heating 1s determlned,

Experiments are csrried out to determine the
activation energy of the silica and borosillcate glass samples

and the deviation of their resistivities with electric field,



From the borosilicate glass results, some numerical values
of the ion jump distances and density of moblle lons are
determined.

The results of this chapter will be used in
subsequent ones to explain the charascteristics of contacts
and finally the conduction characteristics of particulate

solids.

3.2 Ionic Conduction,

3.2.1e Structure of glass,

The structure of gless has been subject to
very thorough investigation and a number of good accounts are
avallable (30)(31)(33). For the purpose of this thesis it
will be necessary to give a brief summary of the modern
structurel theory so that some explanatlion may be given to
sccount for the electrical phenomenon observed in the
experimental worke |

Glass has been defined by the American Society of
Testing Materials as 'an inorganic product of fusion which
has been cooled to a rigid conditlion without crystallizing',
or sccording to Carman (32), 'a liquid which is supercooled
£111 its viscosity is high enough to make it behave as an
amorphous solid', There is a group of substances which are
capable of doing this of which the most outstanding are

Si04, By05, and P,05. They are generally referred to as
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the network formers, These substances can t ake a limited
amount of basic oxides as Na20, K20, Ca0, PbO into solution
and also some fluorides without losing their vitreous form
although some of their properties may be modified, These
additives are referred to as network modifiers,

The most generally accepted theory for the structure
of glass was first put forward by Zachariasen(33) and later
confirmed by Warren's(24) X-ray studies. Their random
network theory assumes that the manner in which the atoms
and ions are ordered in the vitreous state 1s the same as
the crystalline state in the short range order, but in the
long range order the lattice does not exhibit any general
symmetry as it would in the crystalline state.,

Vitreous silica for example, comprises SiO4
tetrahedra linked through the 02~ ion to an adjacent Si0,
tetrahedra to form a three dimensional network without
regularity of a crystalline structure or lattice. Warren's
work showed that the Oxygen atoms are at a distance of
1.52 A end éach silicon is separsted from four others by an
average distance of 3.2 A, None of the commercially avail-
able forms of vitreous silicae has the exact structure postu-
1 ated by the Zachariasen-Warren model, Infra-red adsorption
and fluorescence under ultraeviolet radiation studies indicate
the presence of OH ions and electron pairs in place of some

Q-

of the 0°° ions., In areas where this takes place, the

tetrahedra must be described by:
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510,- X(0H)2x or 5105~ x(e)x

Weyl and Marbor(30) have pointed out that 'it is well
established that ell lerge optically clear crystels do
contain a fine amount of A1*", Li¥, and Na' ions in addition
to protons', These impurities probably exist in commercial
silica.

Commerciel silica glasses are made from SiO, to
which is added one or more fluxes which modify the properties
of the glass, These fluxes may comprise the easily fusible
glass forming oxides themselves as for example By0, the
fluorides as NaF etc. or the basic oxides Naj0, Ca0, etc,
Many of the commercial glasses have a number of these extra
components, Borosilicate glass (Pyrex) uses Bj0z as an
additional network former to that of SiO4 and NagO and Kp0
as network modifiers. A typical composition for borosilicate
glass is given in Table 3.1.

The addition of the network former B;0z; changes the
network structure, the oxygen ion links the B50z triangles
to the Si0,4 tetrahedra, (B=0-Si) as well as linking similar
polyhedras (Si-0-Si and B-0-B). The addition of the basic
oxides Nagy0 acts as a network modifier flux, The oxygen
ion of Nay0 attaches itself to the silicon or boron ion and
the sodium ion is then free. These cations fit into the volds
in the network structure end can be easily moved. The basic

action caen be described by the equation;

S1-0-81 + Nag0 ——» S1-0"+ 2Na + ~0-8i-



TABLE 3,1

A TYPICAL COMPOSITION OF

BOROSILICATE GLASS

COMPONENT PERCENT
510, 80.5
By 12,9

A1,0, 2.2
Ne 0 3.8
K,0 0.6

2

et
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3.2.,2 Conduction.

The volume conduction in glass is due to
the network modifying ions moving from one Ilnterstice to
another. Generally, only the monovalent lons K* and Na®
make a marked contribution to the conduction., These ions
are relatively small and have a small charge 80 are sble %o
jump easily through the network. In the mresence of an
electric field the cations move towards the cathode and the
nonbridging oxygen defects move towards the anode.

The model, which is genereally accepted to explain
the ionic eonduction in glass, comprises these loosely bound
ions ﬁndergoing thermel vibration in a potential well,

These have a finite probability of surmounting the potential
barrier and moving into an adjacent well. The probability

of an ion making this jump is given by Boltzmenn's Equation.

P =. b €

b = vibration of ion in the well

k = Boltzmann's constant

@ = the potential barrier.
On the spplication of an electric field, the energy barrier
levels are distorted and lowered in one direction and increased
in the other. This inereases the probability of a net ion
movement in the direction of the electric fleld and causes a

current to flow,
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Although the model had been used before to explain
conduction in ionic crystals, it was Stevels(3l) who most
successfully applied 1t to glass, He considers an arbitary

direction O with the direction of the electric field E and
shows that the barrier is altered by

Ae E
"‘"é““" COSE iiii e ectttessesennns 3.2

and calculates the probability of a mobile ion jumping in
that direction, By finding an expression for the incremental
current snd then integrating, he arrives at an expression for
the resistivity.

Owen(35) arrives at effectively the same result by
assuming the ions move in one dimension perallel to the
x axis,

The following analysis accepts Owen's approximation
but arrives st his result following a slightly different
argument,

Let N s number of possible mobile ions per mo,

The number of ions per second with sufficient
thermal energy to jump the adjacent energy barrier and move
to a neighbouring potential well N meters away, is given

by Boltzmann's Equation;

n = Nbe YK

If an electric field E is applied then the energy
levels between adjacent wells is altered by)

e E/

Z



an, §

.3

The number of ions in the positive directlon is

1 -(#~% e E N)/KT
n, = TNBG 2

and in the opposite direction

- + A) /KT
n_ = ——%—-Nbe(g"'aeg)/

Hence the net flow of ions is given by;

n, = (n, - n_)
~e E M\/2kT
_ __%_Nbe—ﬁ/kT e BN &T _ e EN ]
Nb e EL girn( e B0 2K T)  cevenrernnenns 5.3

The current density is given by

A
ZfkT sinh & E

o= e}\NbG 2k T

e AND -@xT . . e rE
g = g € sinh ST
E € QS/kT

p = e)\,E s e 00V BB OO R et
inh
e ANDb s1 ST
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For the purpose of making certaln epproximsations,

it i8 desirsble to expand the hypebolic function,

2 kT € @%T

2 47
1(elE 1 eE
22 O ————
e }‘Nb[:H’ E(ek'r)+ 120(21;13]]

It 1s convenlient at this stage to simplify thils
expression by considering three speclal cases.,
(1) Low Electric Fields.

If the applied electric field is small, then all
but the first term of the serles expansion of the hypobolic
function may be neglected., The resistivity then becomes;

2k T ¢ F/kT

p o= W s e s 000t 00 s erers et 306

This 1is the same result as obtained by Stevels if
'\' is assumed to be numerically equal to 3 as he has done.
(1i) Medium Electric Fields.

For velues of E where the resistivity is just
sterting to be a function of the electric field, the second

term of the series cannot be ignored.

o = _..._2_.15..:-.?_{1— ()| 3

eZ2ZNb
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(111) High Electric Fields.
For high values of electric fields, the hypebolic

function approximates to

_ E Z/KT -eXE/2kT
P = TAED °© c

For a given temperature this reduces to

-B E

p AEe ‘oo.o oooooooooooo ee s e e o0 308

There 18 a group of investigators who have used
slightly different models to represent the energy barrier.
Maurer(36) uses two energy barrier terms; W, the work done
to move an ion from a normal position to an interstice
position and U, the potential barrier in the interstitial
space due to the repulsive forces between the free ions snd
the fixed ions, By taking into account the effect of the
applied field on the potential barrier U, i1t can be easily
shown that the resistivity is given by the expression,

YT _ (0.5W+ U)/kT

¢e 0000000000 3-9
eZ 32N

P =

Charles (37) slso found it necessary to modify
Stevels model in order to sccount for orientation polerizsation
and d.c. conductivity in glass. The slkali ion in the silica
network is considered to spend most of its time ionicselly
associated with a nonbridging oxygen ion. The model postu-
letes the existence of a number of equivalent positions of

stability around each nonbridging oxygen atom. Egch of these
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equivalent positions ere separated by energy barriers, Hence
1f W, and U, are the absolute zero energles of fommation and

mlgration of the defects, then

o = poe(O'SWO+UO)/kT rovasesssssvonss . 3.10

Murey(38), using the results of Chsrles, introduces
ef as the dissocistion energy, and ey as the energy barrier
of the main lattice work, He arrives at an expression for the

resistivity,

All these theoreticel formulse agree in general
with the Rash and Henrichsens emplricsal law,

p = A € B/T tesessessssessecsssncssscnns 3,12

3.3 Electronic Conduction.
3.3.1 Introduction.

The genersl problem of electron conduct-
ion in insulators has not been as thoroughly investigated as
electron conduction in semi~conductors or metals. The main
interest in this has been in the electrical breekdown of
dielectric materisls and more recently in the conduction

mechanism through thin insulasting films, Only a limited
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amount of work has been carried out on the problem of
electron conduction in glass,

Before considering the mechanism of electron
conduction in glass, it is desirable to give a brief state-

ment of the theories of conduction in 1lnsulstors.

5.5.2 Conduction in Insulstors.

Electronic conduction in insulators 1s
usually explained by meking use of the Band Theory. The
model assumes that the forbidden zone between the filled
band and the empty band is in the order of 1 to 5 eV so that
the transition of electrons from the filled zone to the
empty zone requires impossibly high temperatures., In
practice, conduction is observed in insulators and is often
relsted to the temperature by the expression,

o = Ace B/T A T
To sccount for this, 1t 1s necessary to explain the existence
of free mobile electrons and to describe how they move
through the materiel.

The presence of free electrons in sn insulating
material may be accounted for by assuming the existence of
imperfection levels in the forbidden region. These may be
due to the existence of dissimilar atoms in the lattilce
work or to dislocstions and other defects, These imperfect-

ions mey be of the donor or acceptor type es in semi-
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conductors. GConductlon becomes possible becsuse of one of
the following reasons:

(1) The thermal excitation of electrons from the
impurity levels into the empty zone or due to the electrons
being excited out of the filled zone into the conduction
zone by using the imperfection levels as stepping levels
(39).

(11) The thermal excitation of electrons out of
the impurity levels may also be asssisted by the spplied
electric field. The effect of the electric field is to
lower the height of the potential berrier between the
trapped electrons and the conduction bend snd i1s generally
referred to s the Pool-Frenkel effect (40).

(1i11) Pield ionizstion. In the case where the
applied electric fileld is sufficiently high, electrons may
tunnel through to the conduction band from these localized
impurity levels into the conduction band. If this takes
place from the valence band, it is known as Zener bresgkdown
(41),

(iv) Impurity conduction. This speculates the
movement of electrons from one impurity level to another
without being activated into the conduction zone. A necessary
condition 1s the existence of both donor and acceptor levels,
There are two possible mechanisms of electron transfer. The
electrons may tunnel through the barrier or they may jump
over the potential barrier (42).



Once the electrons have been excited into the
conduction band they are not free to move through the
material as eagsily as they do in metals and semi-conductors.
The moblile electrons will lose energy due to an intersction
between them end the lattice work, For fast moving electrons
it is convenient to use the same terminology as is used in
semi-conductor theory. There are two types of collisions.

(a) Lattice Scattering., This is due to the
thermal vibration of the atoms in the lattice work which,
in the case of insulators would be more complicated than
for semi-conductors, due to the dissimilerity of the atoms
and the greater va iations of potentisl through the lattice
work. It is not unreasonable to assume that the mobility
of the electrons will increase with s decrease in tempersture
in an anslogous manner to the way it occurs in semi-conductors,

(b) Impurity scattering, This is due to the
electrostatic forces acting on the carriers becsuse of the
impurity charges. Since the model assumes e high level of
impurities, this 1s expected to be a significaent fector in
the case of lnsulators, If this model i1s a ressonsble one,
then from semi-conductor theory it may be expected that the
mobility of the electrons will increase with temperature due

to %he increase in their average velocity.
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3.3.3 Electron Conduction in Glass.,
The whole subject of electron conduction
in glass has not received very much attention, and only a
few attempts have been mede to examine it experimentally.

One aspect of this work which has been investigated,
ig2 the menufacture of a glass which i3 essentially electronie
conducting. This has been achieved through the use of
transition element oxides, usually in combination with
modifier oxides of alkali and alkeline earth metals (44)(45),
The main interest in this area has been to determine the
effects of different combinstions of the elements.

Electron conduction in glass has also been investi-
gated by the gxcitation of electrons into the conduction
state by photoelectric effect (46), bombarding the surface
of the gless with a streem of electrons from an electron gun
(46) (47) end observing the decay of charge placed on the
surfece by making a metal to glass contact (48), Although
these techniques are used mainly to obtain an understanding
of the basic properties of meterials, they elso demonstrate
that electron conduction can taske place in a gless which
would normally be ionic conducting,.

In the case of fused silica, the mechanism of
conduction is not very well understood. Doremus(49) has
suggested that this is due to alkalil and hydroxyl ion move-
ment although he does admlit to the possibility of some

electronic conduction', The work of the author on the time

dependence of the current with a rod to plane electrode



geometry, indicates that with the ssmple used in this
thesis, the conduction mechanism is essentially electronic.
In Section 3.2.1 it has been shown that electron pairs and
various impurities are known to exist in the lattice work
which must introduce impurity levels into the band structure
of the silica. Conduction may teke place by any of the
methods described in the preceeding sectlon.

3.3,4 Conduction in High Electric Fields.

For high applied electric fields, the
current increases at s greater rate than the electric field,
There have been a number of explenations offered for this
phenomenon (40)(41) but the one which is most widely accepted
and which fits the experimental results obtained later in
this chapter is that offered by Frohlich(43).

By assuming that the net gain in electron energy
is proportional to the square of the electric field»strength,
and by considering the interaction with trapped electrons,
Frohlich showed that the resistivity varies as:

Where V = Potentisl barrier of the trapped
electrons.
AV = Energy barrier of the average excited
trapped electron.

Em = The intrinsic electric strength.



3.4 Temperature Rise in High Electric Fields.
3.4.1 Theory.

One factor whieh limits the maximum value of the applied
electric field during resistivity measurements is the temperature rise
in the bulk of the material due to the Jefb loss. If it is assumed that
there is no heat lost from the volume in which it is generated, then
an indication of the allowable electric field may be found for a given
rate of temperature rise.

Consider a unit volumé of the material in a uniform and
constant electric field E. If there is no heat lost from this

volume, the temperature rise in time 4t is,

aT = E2 dt
p MS
g_? = E2 LI A S SR A A I I I S A O B A A Y ) 3015
at p MS
Where T = temperature,
M = mass of unit volume of the material,
S = specific heat constant.

In the case of silica, the dependence of the resistivity on
temperature and the magnitude of the electric field is given by the
empirical equations 3.13 and 3.24 respectively. Substituting these

in equation 3.15, the rate of temperature rise is,

E2 3,16

ar
s Aed/ T CE

dt

i




For borosilicate glass, preliminary checks showed that the
electric field at which a temperature rise of 0.10 °C per sec. occured
is below the value at which the electric field affects the resistivity
of the glass at the given temperature. Hence equation 3.6 is applicable

and if this is substituted in 3.15,

g’.T_. - E2 X EE I I I I B 3.17
at Ms Arre BT

Neither of the equations 3.16 and 3.17 can be solved
analytically to obtain an expression for the temperuture as a function

of time and electric field strength.

3.4.2 Calculations.

Although it is not possible to obtain general solutions
for T as a function of E abd t from equations 3.16 and 3.17, never the
less, if a given rate of temperature rise is assumed, then a set of
particular relationships between resistivity, temperature and applied
electric field may be determined for each sample.

If a temperature rate of rise of 0.10 °C per sec. is taken
as the maximum that can be tolerated, then over a period of 10 seconds
this would represent a temperature rise of 1.0 OC. At an operating
temperature of 225 °C, this would correspond to a reduction of 6

percent in the resistivity.

Let M

I

2.5 x 10° Kg/m3

S 1.34 x 10®°  J/Kg.

i
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From equation 3.15

By inserting values for the resistivity, the
electric field which will give this rate of temperature
rise can be calculated. By making use of the experimental
results in section 3.6 and the equations for the variation
of the resistivity at high electric fields, curves may be
plotted for silice and borosilicate glass giving the temper-
ature - electric field relationship for the given raté of

temperature rise, This 1s shown in Figure 3.1.

3.5 Absorption Current.

35,1 Introduction.
| If a step voltage 1s applied to afdielectric

material between two metal electrodes, the initlal current
will decay with time toAthe true conduction current, Part
of this current transient can be identified with the time
constant of the circuit but there is usually a component
which i1s dependent only on the characteristics of the
dielectric material itself. This component 1s called the
dielectric absorption current.

One approach to this phenomenon 1s to explain 1t
in terms of dielectric relaxation., According to Lamb (42)

this "dielectric relaxation may occur due to a time-dependent
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dipole formation (i.e, separation of positive and negative
charges), or it may be due to a time dependent re-orientation
of permanent dipoles already present in the material". The
work of Sutter and Norwich(50) on NaCl crystals supports

this interpretation, Joffe(51) on the other hand has
explalned this by means of the space charge polearization
theory. Muray(38) attributed part of the transient to
'carrier number! limited flow. A quite different approach
has been to describe the transient in terms of the absorption
of electrons into traps in the material(52).

The experimental work on the charscteristics of
glass shows that the absorption component of the current
decreases with increasing electric fleld strength and
increasing temperature, The results of Vermeer(53) show
that for temperatures above 10000, the aebsorption current

vanishes within a few seconds,

3.5.2 Experimental Results.

In the experimental work in Section 3.8
it i1s shown that, for the temperatures at which the tests
were carried out, the absorption current for both silica and
borosilicate glass is of such short time duration that it

does not affect the results and may be neglected.
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5.6 Experimental.

546.1 Introduction,

The objective of this section is to
determine the bulk characteristics of the silica and
borosilicate glass samples to be used in future expefiments.
Measurements at low electric fields enable the sctivation
energles to be determined and those at high electric flelds
show how the resistivity of these samples vary with the
electric field, This latter characteristic plays an
important part in the characteristics of particulate solids,

546.2 Measuring Techniques,

The sample is prepared by metalllizing both
 surfaces with Dag Dispersion 915 (Silver in M,I.B.K.) and
providing a guard ring on one slde, The specimen is placed
in an oven and the measuring circult connected as shown in
Figure 3.2, A fully smoothed d.c. voltage is applied to the
top electrode and the current from the measurling electrode 1is
carried by a screened csble and measured by a Keithley
Electrometer 610B, The guard ring 1s connected to the screen
and earthed via the guard termlinal on the electrometer. To
provide additional protection from strgy corona currents at
high voltage, the measuring ring is surrounded by a guard
cylinder.,

The specimen was heated to the required temperature
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and the low electric field voltage-current characteristic
obtained, This was then plotted and the mean resistence and
hence the resistivity calculated. This was then repeated for
other temperatures.

A set of voltage-current characteristics into the
high electric field range was also obtained, With boro-
silicate glass the voltage was applied for the minimum time
necessary to allow measurements to be made. This reduced to
a minimum the build-up of any space charge st the electrodes.
The maximum upper voltage that could be applied was limited
by the internal heating of the glass and this was in close
agreement with the curve shown in Figure 3.1. In the case of
silica, there were no problems with internal heating but the
maximum applied electric fleld was limited by the facilitles
available. The presence of spurious pulses with silica
made current measurements difficult at the higher electric
fields but since they subsided with time their effect could
be overcome. The characteristics and origin of these pulses

are discussed in Appendix II,

3.6.,5 Results and Discussions, Borosilicate Glass,

From the low electric field tests, the
variation of the resistivity with temperature was determined.
The resistivity was plotted against 1,000/T on semi~log
paper and is shown 1n Figure 3.5. If this is now compared
with Equation 3.6 then its constants can be evaluated. Hence

the equation becomes;
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A relationship between the ion concentration, ) ,
and the temperature can be obtained from these low fleld
results, If the vibrational frequency of the ion in the
well is assumed to be 10 cps and the value of A\ 1is
taken to be 10, 10 and 10 m. From equation 3.6,

3

kT P 3.21

N = = ¢
' e® ¥ b p

By uéing Figure 5.3 to determine p , the values
of N may be calculated for the three temperatures of 100,
200 and 300°C and the three velues of \ . The results are
shown plotted in Figure 3.4,

The results of the high electric fleld tests are
shown 1in Figure 3,5, where the conductivity i1s expressed as a
fraction of the low field conductivity, Because of the
temperature rise, it is not possible to obtain the charscter-
istics for electric flelds higher than those recorded, hence
it 18 necessary to use Equation 3,7 to determine the jump
distance., For a 20 percent deviation in the resistivity,
it follows from Equation 3.7,
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The value of the ionic jump distance for the dlfferent

temperatures as calculated by this equation is given in Table 3.2.

TABLE 3.2

ION JUMP DISTANCES FOR
BOROSILICATE GLASS

Temp. A
O¢ 10 m
164 1.03
228 3.15
278 8.00

This increase in ion jump distance was observed by Maurer(36)
and Vermeer(53). Maurer's results show that at temperatures above 65 °C,
the jump distance increased rapidly to a value greater than 50 X at
100 °C. This has been attributed to structual changes in the lattice
network at the higher temperatures. Bean, Fisher and Vermilyea(54)
have proposed a model to explain a similar phenomenon observed with
metal oxide films and have suggested that it may also apply to glass.

Owen(35, p. 130) is of the opinion that " the simple model

of an jion hopping over a potential barrier between equilibrium positions



is in reasonable agreement with experiment". The experimental work
of this chapter confirms the model with respect to the variation of
temperature and electric field. However, the high calculated value
of the jump distance at 278 °C suggests that the model may need slight
modification if it is to be used to calculate jump distances at the
higher temperatures.
The range of jump distances shown in Fig. 3.5 are only

hypothetical values and do not necessarily represent values found in

practice.

3.6.4 Results and Discussion - Silica.

Prom the low electric field tests, the variation of the
resistivity with temperature can be determined. In Figure 3.6 the
resistivity is plotted against l,OOO/T on semi-log scales. From
this the activation energy may be calculated and numerical values

determined for Equation 3.13.

o = 0.00k € 3:320/T o 3,23

The high electric field tests were carried out at
temperatures of 173, 229 and 279 °C, the results of which are shown
plotted in Figure 3.7. The conductivity, expressed as fraction of
the low field conductivity, is plotted against the electric field.
It is of interest to note that the deviation from 1.0 begins at
about 1.0 Mv/m and is the same for all three temperatures.

The mean curve through these points is shown plotted again

in Figure 3.6 using semi-log axes. The relative conductivity is
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plotted on the log scale and the electric field and square of the
electric field along the linear scale.
For electric fields below 10.0 Mv/m, the experimental

points fit the linear relationship with E. The empirical relationship

is of the form,

p = p e ¢ O 5 ® 0O & OO SOOE 00 5.2)“'

Inserting numerical values,

0 - Lp.oou c 15’32°/T‘] ¢8:1x10°E 3¢

For values of electric field greater than 10.0 Mv/m,
the experimental curve fits the square law relationship in E. It
is interesting to note that this is not inconsistant with Equation 3,1k,
the relationship derived by Frohlich. Inserting numerical values
for the constants, the resistivity at these higher values of electric

field is given by,

=14
0 - [6.0058 ¢ 15’32O/T]e -0.25 x 107 B2 5 56



CHAPTER 4.0

METAL T O SILICA CONTACGCTS.
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4,1 Introduction.

In Chapter 1, it 1s shown that an
important factor in econtrolling the conduction mechenism in
particulate solids is the electrical characteristic of the
contacts between the particles themselves and between the
particles and the metal electrodes, To fully describe
their effects, it 1s necessary to consider three cases.

(1) Metal to glass contacts with the metal

electrode at negative potentiel.

(11) Metal to glass contacts with the metal

electrode at positive potential,

(111) Glass to glass contsacts,

Since the glass mgy be either ionic or electronic
conducting, additionsl tests are necessary sc as to take
this fgctor into account.

One method of investigating the characteristics
of these contacts i1s to use scaled up models of the particles
themselves, The ideal arrangement is to use a hemisphericel
insulating particle of about 1 cm dismeter with its flat
surface metallized, If this is placed on a flat metal
surface it would model the contacts between the metd
electrode and the first layer of particles, There are
however a number of praectical difficulties in doing this,
the most important being the difficulty in obtaining suitable
spherical particles of the right material. As an slternstive,



a setisfactory representation of the configurstion can be
obteined by placing a spherical metal ball on a flat ssmple
of the insulating material to be investigsted., The essential
geometrical difference 1s that in the approximate represent-
ation, the metsl surface curves away from the plane of the
contact circle, whereas in the resl situation they are both
in the one plane. It has slready been shown in Chapter 2
that most of the voltage drop occurs within ten times the
radius of the contact area and also, that the separation
between the surfaces is small compared with the oversall
dimensiona if the ratio of the radius of the ball to that

of the contact is in the order of 100 or more., Under these
conditions, there is very little difference 1in the field
patterns between the two cases, This approximation is
consistent with that made by adopting the Holm Equation to
cslculate the contact resistance. Considering the order of
the magnitude of the currents being measured, the accuracy
of the instrumentation and the random errors involved, the
approximation is & reasonable one,

In Section 2.,4.3 1t is shown that very high electric
fields may exlst between the surfaces of adjacent particles
in the region around the point of contact. Under these
conditions, it is reasonable to speculate on the possibility
of there being some kind of charge transfer across the air
gep. In order to detect this experimentally, the rod to

plane test has been devised, Contact with the insulstor

surfece is made with the aquared off end of a long cylindrical



O

rod. Since the sides of the rod electrode are perpendiculear

to the insulator surfece, any possibility of charge transfer
across an alr gep 1s reduced to a minimum. The results of this
test are called the "bulk characteristics" of the electrode
system, since they are due only to changes teking plsce in

the glass 1tself. By comparing the fod to plane tests with

the ball to plane tests, it can be shown that charge transfer
teakes place.

In order to compare the results of different tests,
the field magnitude factor 'FM' is introduced, It is shown
in Appendix III, that for a fixed value of the ratio of the
epplied voltage to the contact redius, the electric field
pattern 1n the insulating magterial and its magnitude are the
seme irrespective of the actusl redius of the contect. Hence
by using this factor it is possible to compare the results of
different tests., In eddition, it is slso shown that if v/m
is plotted against;>1/4n?, 1t 1s possible to compare the
results obtsined at different temperatures,

In thls chapter, the charscteristics of metal to
silica contacts are investigated. Experimental results are
obtained for the ball to plene and rod to plesne tests and
these are compared on a common graph,

The bell to silica characteristic is explained in
terms of the reduction of the bulk resistivity of the silica
and the charge transfer scross the air gap in the regilon

adjacent to the contact by the high electric fields,
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The results of this chapter will be used in

Chapter 8 to abcount for the overall characteristics of

particulate solids,

4,2 Metsl Ball to Silica Contscts.

4,2,1 Experimental Method.

It is shown in Section 4,1 that the most
convenient way of representing a particle in contact with a
metal electrode 1= to place a metal ball on the flat surfece
of the silice sample.

The apperstus used is shown in Figure 4,1. The
metal ball electrode is held in position on the silica surface
by a silica tube which projects through the top of the oven.
This enables the position of the ball on the silics to be
easlily changed and external loads to be applied, Electrical
connection to the ball is made by means of a rod which fits
inside the tubing.and rests on the metal bell electrode.,

The other end 1s connected to a variasble voltage d.c. power
supply. The radius of contact between the bgll and silica

is adjusted by varying the aspplied externel loesd and is
calculasted from the Hertz Equation 2,11, The total current
flow 1s measuﬁed by a Keithley Electrometer connected between
the metellized under-surface of the silica specimen and ground,

Before carrying out the tests, the surface of the
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sllica was clesned with chromic acid and washed in distilled
water. The metal ball surface was carefully polished,.

A series of voltage-current méasurements were made
at three different temperatures with the metal bsall held at
a positive potential and then at a negative potentiasl., For
each set of readings the ball was moved to a new position on
the silica surfece,

Table 4,1 gives the important parameters for this
test. |

4.2.,2 Results,

The results are shown plotted in Figure
4.2, where v/m or the Fleld Magnitude factor is plotted
against F>I/4n?. By using the 'FM' fgctor, it is possible
to compare the results of a number of tests where the actual
contact redius differs from one test to another, By plotting
/Dl/én? on the other axis, the results for different temper-
stures are easily compared.

In order tb determine the rsdius of contact, the
initial slope of the voltage-current curve wes carefully
determined from the plot. This gave the effective resistance
of the contacts at low electric fields. From the temperature
measurements, the resistivity was determined from Figure 3.6,
and the effective contact radius calculated from Holm's
Equation 2.2

Hence radius of contact a = /4R

where Ro 1s the resistance of the contact at low



TABLE 4.1

MAIN PARAMETERS OF METAL BALL TO SILICA TESTS

!
Material Silica §
|

Applied force 0.54 kgms !
Ball dismeter 2 cms |

|
Youngs Modulus Ball 1.81 x 10° kgm/cm2 |

Silica | 0.72 x 10% kgm/cm®

Poissons Ratioc Ball ; 0,33
Silica | 0.10

Hertz Equivalent Radius| 100 microns g
P/a 100 |

Adjustments hgve been made to some of these

parameters to take into account the temperature of operation,
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Table 4.2 gives the radii of contact as determined
by the Holm and Hertz Equations for different temperatures.

There was no significent difference between the
voltage-current readings obtained with the metal ball at
negative polarity and those obtained with the ball at
positive polarity,

It was glso observed that there were no spurious

pulses even for the higher voltages.

4.3 Metal Rod to Silica Contacts.
4,3.1 Experimental Method.

The purpose of the rod to silica test is
to find the voltege-current characteristic of a metal to
silica contact with electron emission across the sir gaps
reduced to a minimum.

The arrangement of the rod electrode is shown in
Figure 4.3. It is comprised of three needles projecting
down from a metal ring equispaced from one anocther by 2 cms,
The flat surface on the needle polnts were obtained by first
mounting them in the ring and then carefully rubbing them
over a smooth flat abrasive surface until a flat end of 200
micron diameter was obtalned, The points were finished off
on a very flat and smooth silica glass surface lubricsated
with a metal polish, Each point was carefully examined and

its diameter measured under a microscope. The surfaces of



TABLE 4.2

RADII OF CONTACT FOR METAL BALL TO
SILICA DISC TESTS.

Redius microns
Temperature Hertz Holm
O¢ Equivalent | Equivalent
308 100 147
282 100 115
261 100 130

16,38
a1
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the points were as smooth as could be made with this method
and were all in the one plane., To ensure that the rod
points sat Squarely and firmly 6n the glass surface, a
welght of 0.5 kgm was placed on the upper ring.

The silica specimen 1tself was first prepared by
metallizing one sidé of the silics disc and then cleaning
the other side with chromic acid and washing in dstilled
water, The point electrode was placed on the cleaned
surface and the whole apparatus plasced in an oven,

Figure 4.4 shaw s the general arrangement together
with the eléctrical connections, The d.c., potential is
supplied from a low ripple power supply and the current
measured with a Kelthley electrometer,

Voltage-current measurements were made for voltages
up to 1750V for each tempsrature range selected, The maximum
voltage was limited by the presence of spurious pulses which
made current measurement difficult, These pulses were al so
encountered in the bulk measurements and are discussed in
more detall in Appendix II., The temperature range for these
tests was from 260°C to 310°C, The upper temperature was
limited by the ceapaclity of the oven and the lower, by the
magnitude of the resistance of the contacts, At temperatures
below 26000, the current was too low to be measured satisfact-

orily with the instrumentation available,
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4,5.2 Results.

The results are shown plotted in Figure 4.,5. By
using the ssme co-ordinates as in Section 4.2.2, it 1s
possible to compare the results of the two sections,

The low field contact resistance was determined
from a plot of the voltage-current charscteristic as in
Section 4.2.2, and by obtaining the resistivity from Figure
.6, the Holm Equivalent contact radius was celculated,
Table 4.3 gives the radii of contact as determined by the
Holm Equetion and that measured with the microscope for
three different temperatures.

As with the ball to silica tests there was no
significant difference in the vbltage-current characteristics
with change of polarity of the metel ball.

However in this case the presence of spurious
pulses was very obvious., This was particularly so when the
points were held at negative potential. This is discussed

in Appendix II.

4,4 Discussion.

4,4,1 Contact Radii.

The effective radius of contact calculated
from the Holm Equation for the rod to plane geometry 1s less
than the actuel physical radius of the rods, This 1s not

unexpected. Although every care was taken in finishing off



TABLE 4.3

CONTACT RADIUS METAL POINTS ON
| SILICA DISCS

Redius (microns)

Temperature
o Optically | Holm
C Meeasured Equivelent
303 100 ‘ 58
278 100 58

- 262 100 59

(¢
J -

A
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the surfaces of the points, it is most unlikely thst the
entire surface of the rod end is in the one plane. In
addition, even for the area where contact does take place,
it 1s most unlikely that it is circular, in which case
EqQuation 2,2 does not strictly epply. If the contact shape
is elliptic, then Figure 2.2 indicates that the effective
resistance 1s less than that for a circular contact of the
sgme area. Alternatively, for a given measured resistance,
the actual area of contact will be greater than that celcul-
ated from Holm's Equation. If the ovalness factor is 3, the
effective area 1s 77 percent greater than that calculated
from the Holm equivalent radius,

- With the ball to plane geometrical configuration,
the Holm Equivalent radius is either equal to or greater
than the Hertz Equivalent radius, This result is not
unexpected, It 1s demonstrated in Section 2.4 that the
distance between the curved surface of the ball and the
flat surface of the silica disc is very small., At a
distance of 1.5 times the contact radius, the two surfaces
are separated by 0.63 microns, It would only require slight
deviations in the flatness of the silica or smoothness of

the metal ball to cause contact to be made,

4,4,2 Rod to Pilieca Charscteristic,
This characteristic is linear for low

values of applied voltage but becomes non-linear for higher
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values of voltage where the 'FM' factor is greater than
2.0 Mv/m. This non-linearity can be explained in terms of
the decrease in the bulk resistivity of the silicea in the
region around the point of contact,

It has slready been shown in Section 2,4 that very
high electric fields csn be established in the silica
specimen adjscent to the metal points, and in Section 3.6,
that the resistivity of silica begins to decrease at electriec
fields of 1.0 Mv/m and is significant at fields of 10,0 Mv/m.
For applied voltages low enough to give 'FM' factors below
2,0 Mv/m, the electric field throughout the silica sample is
not of sufficient magnitude to affect its resistivity.

See Tables 2.3, 2.4 and 2.5. Hence, for voltages up to this
value the voltage-current characteristic is linear, -When
however the voltage is increased above this, the electric
field strength in some areas become high enough to reduce

the bulk resistivity of the silica. For example, when the
'FM' factor is 10,0 Mv/m, the electric field at the centre
of the contact radius is 6.4 Mv/m and increases along the
radius to the circumference but decreases along the
perpendicular axis, Since the electric fields are now in the
order where substantial changes can be expected in the bulk
value of the resistivity, corresponding changes can be
expected in the resistance of the contact., This 1s confirmed
by Figure 4.5 which indicates that for an 'FM' factor of 10.0

Mv/m the original resistance of the contact 1s reduced by
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50 percent.

It is also shown in Figure 4.5 that the experi-
mental pbints fit reasonably well around the following equation,
and are independent of the temperature over the range

considered,

Where R, = 1low electric field resisteance.

FM = field megnitude factor (Mv/m).

Hence the resistance of the contaect varlies as the
'FM! factof, and therefore as the magnitude of the electric
field, in the exponent of the exponentiel., It is shown in
Section 3.6, that the initiel variation of the resistivity
of silica with the electric field 1s also given by a similar
relationship.

The temperature independence of these character-
istics gives additional support to the model proposed, It
is shown in Section 3.6 that the variation of the resistivity
with the electric field is independent of temperature, and
this independence must be expected in these tests if the
process taking place occurs in the material itself,

The possibility of some form of charge transfer
across airgaps must be considered., Since the sides of the
rods rise glmost vertically from the silica surface any

contribution from them must be very small, However, since
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the Holm equivalent radius 1s about 58 microns instead of
100 microns, i1t follows that only part of the area of the
ends of the rods are in contact with the silica. In those
areas where contact does not take place, 1t 1s possible that
strong electric flelds may exist and electron transfer take
place. This mechanism cannot dominate because of the
following reasons:

(1) The characteristics are independent of
temperature. It is shown in the next section
that if electron emission takes place, the
characteristics are temperature dependent.

(i1) The meximum radius over which emission can
take place is 100 microns. Careful examin-
atlon of the rod end under a microscope shows
that the actual surface tends to curve up even
before this redius, so the actual area over
which emission can take place is very limited.

It may be concluded that the results of this test
approximately represent the bulk characteristics of this
electrode arrangement. The true bulk curve will sit somewhere
under the experimental ohe glven in Figure 4.5.

One factor which could influence the voltage-current
characteristic of this test is the potential barrier betwsen
the metal points and the silica. For low electric fields,
only those electrons with sufficlent thermal energy can enter

the silica from the metal electrode, With high electric
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fields, electron transfer is enhanced either by electrons
tunnelling through from the metal to the conduction band of
the insulator, or as is more likely, the effective height
of the barrier is reduced by the Schottky Effect, Mead
(55), when considering electron trensport mechanism in
insulating films, concluded that the cﬁrrent in the cases
he considered was limited by the bulk processes in the
material and not by the characteristics of the electrode.
If this is the case in his studies, it 1s quite likely that
the seme applies here, Hence it may be assumed that the
electrode - insulator potential berrier is not a significant
factor in determining the overall voltage-current
characteristic,

Since these characteristics are independent of
time, it may be concluded that the sample of silica used in
these tests 1s essentially electronic conducting. In addition
to this it 1s also necessary to conclude from this charscter-
istic that the internal heatling effects are also negligible.
It has already been shown in Section 3.4 that for heating to
be significant, electric fields in the order of 100 Mv/m are
necessary. Examination of Tables 2.3, 2.4 and 2,5 shows
that, except at the circumference of the contact circle, the

electric fields are below this value.
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4,4.,35 Ball to Silica Characteristic.

In Figure 4.2, the ball to plane character-
istics are shown plotted with the rod to plane charascteristics.,
This shows the ball to plene charscteristics deviating from
linearity to a greater extent than the rod to plane
characteristic and that this is temperature debendent.

This confirms the original hypothesis that, due
to the influence of the strong electric fields, some kind of
charge transfer tskes place across the sair gap between the
two surfaces, The non-linearity of the ball to plane
characteriastics is due to two main factors:

(1) The reduction of the resistivity of the
silica asround the region adjascent to the point of contact.
This 1s represented approximately by the region between the
constant resistivity and rod to plane curves and is described
in some detail in Section 4.4.2.

(i1) Charge transfer scross the sir gesp. A
comparison of the rod to plane and the ball to plane curves
in Figure 4.2 shows quite clearly that both sets of curves
begin with the same initial slope but that the ball to plane
characteristics deviate from the constant resistivity line
at a much greater rate than the rod to plane charscteristic.
This characteristic can best be explained in terms of
electron transafer across the air gap in the region of the
point of contact. This has the effect of increasing the
radius of the contact circle, reducing the effective contact

resistance and hence increasing the current sbove what it
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would be in the absence of electron emission.

There are two possible mechanisms by which this
charge transfer may take place,

The first is electron tunnelling, The initial
investigation into this type of emission was carried out by
Fowler and Nordheim(56) although since then s great deal of
additional work has been done (42). There are however two
factors which would indicate that this 1s not the dominant
mechanism in this case, For tunnelling to take place it 1is
important that the distance between the two surfaces be
within certein limits, In the case of tunnel diodes the
distance between the two surfaces is in the order of 100 g.
With the scaled up model used in these tests, the actual
alr gap separates fairly quickly and soon exceeds this value.
The other factor is the strong temperature dependence of the
characteristics which is not consistant with tunnelling,
Hence on the basis of these two considerations, it must be
concluded that tunnelling cannot account for the order of
the deviation obtained in the tests., Any tunnelling that
does take place probably occurs very close to the point of
contacte.

The other possible mechanism is Schottky emission,.
This is analogous to thermionic emission except that the
applied electric field lowers the potential barrier height
and facilitates t he escape of electrons, One of the maln

characteristics of this type of emission is 1ts temperature
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dependence, Since the characteristics of the ball to plane
geometry are also temperature dependent it is reasonable to
assume that the Schottky Effect dominates in this case. The
mechanism by which this occurs can be described as follows.
For given temperature and electric field conditions, electrons
will be emitted from the surfaces and flow ascross the eirgap.
This reduces the effective area of the contact and causes the
current to incresse. At higher temperatures, the electron
emisglon is made easier and consequently it can take place

at greater dlstances from the physical contasct area. This
means thet for a given voltage, and hence 'FM' factor, the
effective srea over which emission tskes place is larger than
at the lower temperatures, snd this causes the resultant
current to increase. When plotted on the axes shown in
Figure 4.2, the curves for the higher temperatures fit above
those for the lower temperatures.

When the metal surface is at negative polarity, an
abundant supply of electrons esre availesble. However, when
they resch the silica surface they form e space charge which
sets up a reverse field and limits the current flow.
Muryy(57) has observed this when bombarding s glass surface
with s stream of electrons, When the metal surface 1s at a
positive potential, the electrons must come from the free
electrons in the silica. In this case the emission current

is limited by the number of free electrons avsilable near

the silica surface.
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In order to check the feasibility of this type of
emission from the metal electrode, the theoretical current

density was determined for an electric field of 10° v/m at a

room temperature of 275°C., Using an activation energy of

6 amp/m2 is obtained.

4,48 ev, a current density of 4.5 x 10~
After meking an estimate of the spproximate sres that could
be involved, it can be shown that the magnitude of the
total current increase cen be easily supplied by this emission
current,

The actual mechenism of charge transfer across the
alr gap will very with the length of the gap. Since the
mean free path of air molecules is in the order of 10"/
meters, aend the distance hetween surfaces at a point of
twice the rsdius of the constant circle is approximately
1.5 microns, the probability of a collision 1s very smell.
nAt distances further out collisions may occur and charge
may be transferred by electron attachment or even some
limited ionization may tske place, Ahmed(58) has discussed
some aspects of current conduction at these greater distances.
It is probsble that most of the charge 1s transferred by the
direct flow of electrons.,

One additional factor which is in agreement with
the model proposed is the absence of spurious pulses., As
has been shown in Appendix II, these are easily generated

with the rod electrode geometry, and are due to the high
electric fields in the region of a metsl electrode. In this
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case with the ball to plene geometry, the effective area
of contact is increased end the internsl electric fields
must be correspondingly reduced, The electric fields are

high enough to cause electrons emission but not high enough

to generate any spurious pulses,



CHAPTER 5.0

METAL TO BOROSILICATE
GLASS CONTACTS.




5.1 Introduction,

The mechanism of current conduction by
ions is sufficiently different from that by electrons, that
a separate investigetion into their characteristics is
justified. This applies 1n particulsr when considering
the effects of electrodea, If the electrodes sre made of a
suitable electrolyte, there is a free exchange of ions at
both electrodes and no special contact effects take place.
If the electrodes are metallic, the ilons at one electrode
cannot move out of the glass into the metel electrode nor
can the defleclency of ions in the glass at the other
electrode be replaced. This causes special effects to
take place at each eleotrode.

In thisrchapter, the electrical characteristics
of the following two contacts are investigated.

(1) Metdl to glass contacts with the metsd

electrode at negative potential.

(i1) Metel to glass contacts with the metal

electrode at positive potential.

The characteristics of these contacts are investi-
gated by means of sceled up models, As was the csse in
Chapter 4, the contact between a spherical particle and the
metal electrode 1s represented approximately by a metal ball
pleced on a flat aamplé<of borosilicate glass, In order
to determine the existence of charge tranafer between

'adjacent surfaces of the electrode and the particle,
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8 serles of tests were carried out using the rod to plane
geometry. By comparing the results of these two tests on
common axes, it is shown thaet the non-linear voltage-current
characteristic of the ball to plane test is due in part to
the reduction of the bulk value of the resistivity of the
borosilicate glass around the point of contact and to
electron transfer across the sir gap.

With the metal electrode at a positive potential,
the total current decays with time, and with it negative, the
current increases with time. DlNModels are developed to sccount
for these phenomensa.

The results of this chapter will be used in
Chapter 8 to account for the oversll characteristics of

particulate ionic conducting solids.

5.2 Metsl Ball to Borosilicate Glsss Contacts,

S5.2.1 Experimental method.,

The preparation of the borosilicate glass
specimen, the arrangement of the metal ball asnd the electrical
connections is the same as for the corresponding tests on
8llica described in Section 4.2,

The radius of the contact circle between the metal
ball and the borosllicate glass surfsce was controlled by
applying an external force to the ball and its magnitude
calculated from the Hertz Equation 2,11, Table 5.1 lists



TABLE 5.1

MAIN PARAMETERS OF METAL BALL TO

BOROSILICATE GLASS TESTS

Materisl
Applied force
Ball diameter

Youngs Modulus

Poissons Ratio

Ball
Glass
Ball

Borosilicate glass

1.33 kgms.
2.0 cms,
0.81 x 10° kgm/em

0.64 x 10° kgm/cm
0,33

Gless | 0.224

Hertz Equivalent Radiusg 125 microns.

p/a

L

i
1
i

|
5
|
I

80

The magnitude of these values has been adjusted

for temperseture,

112
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the main constants of the materials concerned and gives the
Hertz equivelent radius.

Initielly, considersble difficulty was experienced
in obteining consistent and repeatable results with this
ionic conducting material until it wes reslised that the
current was a function of the electrode polarity as well as
the period of epplicetion of the electric field. Good
consistent results were only obtasined by conducting three
different séts of tests.,

(1) The bulk characteristic of the materisl could
only be found by preventing any substsntial variation of the
ion concentration in the fegion of the points, This was
done by varying the polarity of the electrodes, The actual
procedure was to first adjust the voltage of the power
supply to the required veslue and then apply it to the ball
electrode for a period of five seconds while current readings
were taken. The two electrodes were then shorted for & ten
second period, The opposite polarity was then applied to
the electrodes for a further period of five seconds, This
was repeated for increasing steps of voltage to =a meximum
of 500 volts and then for decreasing values of voltagee.

Good reproducible results were obtained. The magnitude of
the current readings for positive and negative polerities
were the same for 'FM' factors up to 2.0 Mv/m, but for
greater vaslues there were slight differences. The positive

reading was slightly lower than the negative reading. The
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actual value used in the plot is the aversge of the two.

(11) The 'points positive' charscteristic was
obtained by applying a steady positive potential to the
ball electrode and recording the current - time chsrscter-
istic. Readings were taken st a number of voltages up to
500 volts. For each set of readings at a new vol tage, the
points were moved to a 'clean' ares on the glass surface.

(1ii) The 'points negative' characteristic was
obteined in a similar manner except that the ball electrode
was held at negative potential.,

On a number of occasions during tests (ii) and
(iii), the voltage was left disconnected for several minutes
and then regpplied. In 8ll cases the current returned to
the same value as that at the time of disconnection,
confirming that a fairly permanent change had taken place
in the region of the contact.

The borosilicate glass samples are the same as
those used in the bulk chara c teristic tests of Section

5.6.5.

5.2.2, Results,

The results of the bulk characteristic
tests are shown plotted in Figure 5.1 using co-ordinates of
v/n and I/4n°.

The contact resistance at low electric fields was

determined from the initisl slope of the voltage-current
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curve. By uslng this, and the bulk resistivity & the
material given by Figure 3.3, the Holm equivalent radius
was calculated,

Teble 5.2 gives a summery of the radii as calculsted
from the Holm and Hertgz equation for a number of different
temperatures.

It is rather difficult to show in a concise manner
the time variastions of the current for constant epplied
voltage and polarity., Figure 5.2 shows a typical bulk
characteristic for s temperature of 282°C., The lower dotted
line is the locus of the curve when the ball electrode is
held at & positive potential for three minutes and the
upper dotted line 1s the locus when the ball is held at s
negative potential for five minutes, Figure 5.3 shows the
actual change in current for different values of 'Fif' over
a period of five minutes at & temperature of 282°C,

Figure 5.4 gives a summary of the results for the
three temperatures of 175, 225 and 282°C, Here the percent-
age deviation of the current from the bulk velue is plotted
against the 'FM' factor for both positive and negative

polsrities,

5.5 Metal Rod to Borosilicate Glass Contacts,

5.3.1 Experimentel Method.
The preparation of the borosilicate glass

surface, the arrangement of the rod electrodes snd the



TABLE 5,2

RADII OF CONTACT FOR METAL BALL TO
BOROSILICATE GLASS TESTS.

1

Radius (microns) Holm redius
Temperature ,
o , Hertz : Holm Hertz radius
C  Equivalent  Equivalent
283 125 145 1,16
250 | 125 142 1,14
225 f 125 , 126 1.01
204 125 ; 154 1.24

175 125 | 125 1,00
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electrical connections are the same as for the corresponding
tests on silica described in Section 4.3.

As was the case with the metal ball to plane tests
of the previous section it is hecessary to conduct three
sets of tests.

(i) Bulk characteristic,

(11) Electrode positive.

(iii) Electrode negative.

These were carried out in the same manner as

described in Section 5.3.

5.3.2 Results,
A summary of these results is shown

plotted in Figures 5.5, 5,6 and 5.,7. The solid line is
the bulk characteristic, the lower dotted curve is the
locus of the current when the metal rod electrode is held
at positive potentiel for three minutes and the upper curve
is the locus of the current when held at & negative potential
for five minutes.

Table 5.3 records the Holm equivalent radius,

calculated in the same way as in the earlier sections,

5.4 Discussion.,

5.4.1 Contact Radii,

The general relationships between the Holm
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TABLE 5.3

CONTACT RADIUS OF METAL RODS ON
BOROSILICATE GLASS

| I Radius (Microns)

i Temperasture

o Optically Holm

i C _ Measured Equivalent

175 125 38

225 125 42

275 | 125 52
| | ~
1 ;




Equivalent radii to the physical radius of the points and
the radius calculated by the Hertz Equation are similar to
that obtained with silica. The comments made in Section
44 .1 on the contacts with silice will apply in the case of
borosilicate glass, The maln difference between the two is
that the Holm Equivaelent radius shows a greater veriation
with borosilicate glass than with silica., This is probably

due to the greater unevenness of the borosilicste glass

surface.

Se4e2 Bulk Charscteristics.

The bulk characteristic of the borosilicate
glass with the rod to plane geometry has the ssme non-linear
features as obtalned with silica, The upward sweep of the
curve in Figures 5.5, 5.6 and.5.7 is the result of the
decrease in resistivity of the glass due to the region of
high electric field stress sround the point of contact, As
described in Chapter 3, this phenomenon is known as the
Pool Effect and has been well investigated for glass., The
variation of the resistivity with the electric field is
given by Equation 3.5.

The net effect of this is that the effective
resistance of the contact is reduced at higher vslues of
'FM', and hence electric fields, and the total current

increases,
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The three e xperimental curves plotted in Figures
5¢5, 5.6 gnd 5.7 can be made to fit the relationship;

e 0.3 FM

® 685000608 SO0 B OO 501

pI / ha® = FM

Where FM is expressed in Mv/m.

Close exémination of the bulk characteristic
(although it 1s not so obvious in the plotted results)
shows that the non-linearity begins at lower 'FM'!' values
for higher temperastures, This is consistent with the
experimental results in Section 3.5 where it is shown that
the departure from linearity is temperature dependent. The
higher the temperature the lower is the spplied electric
field at which this occurs, The effect on the rest of the
characteristic however is negligible.

Figure 5.1 shows a plot of the bulk characteristic
curves with the ball to plane geometry on which is also
plotted the rod to plane characteristic, As is the case
with slilica, the characteristic of the ball to plane geometry
1s much more non-linear than that of the rod to plane
geometry. The explanation given in Section 4.4,3 for silica
applies equally well with borosilicate glass, This may be
summarised as follows. The non-linearity of the ball to
plane geometry is due in part to the variation of the bulk
resistivity of the glass around the point of contact and
also in part to the field enhanced thermionic electron

emission from adjacent surfaces across the air gap in the



region of the contact. The temperature dependence of the
bulk characteristics is consistent with this model, As is

the case with silica, the charscteristics due to electron

emission dominates.

5.4.3 'Electrode Positive' Characteristic.

For both the rod to plane and the ball
to plane tests, the totsl current decreased with time when
these electrodes were held at a positive potentisal.

Consider a volume of the glass of thickness 'd’
and a square surface of unit area. If one of these square
surfaces 1s ageinst the metal electrode, then under the
influence of an applied eiectric field, cations will move
out of the volume and oxygen defects will be created within
this volume gnd move towards the electrode., This will
cause two effects to occur,

(1) The build up of a negative space charge cloud,

(1i) Decrease in the mobile ion concentration in

this volume.

Both of these effects could account for the
characteristics observed,

The build up of the negative space charge would
cause g voltage to be developed ascross this region and so
produce a fall off of the total current. There 1s some
experimental evidence to show that the voltage drop at the
anode is usuelly less than at the cethode (35)(59)(60).
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This may be due to the distribution of the negative charge
but is more likely due to these electrons being detached
from the oxygen atoms by thermal excitation snd migrating
to the enode under the influence of an electric field.
Hence, considering the temperatures at which these tests are
carried out and the order of the externally appllied electric
fields, the build up of a negative space cﬁarge at the anode
is very unlikely,

The reduction in the concentration of the mobile
lonic carrier is a more likely explanation. The author has
shown (61) that this can sccount for the fell of current
observed in the tests,

If N, is the ionic carrier density of the glass
before the applicetion of any voltage and J the current
density, the total number of mobile ions which will migrate

out of this given volume of unit areg and thickness 'd

[_g_. ”
e

-

is given by;

Hence the density of the volume has been reduced by;

J
/-"-e-a- at

The new density is now;

Vo - [’%&" e
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This assumes that the remaining ions redistribute
themselves evenly throughout the volume. If this volume 1s

subject to an even electric field E, the current density is

given by;

J = eHE(NO - ["‘g‘a"" dt) s006cs00s0sessr0es 502

Where e is the electron charge,
WM 1s the ion mobility,
Solving this differentisl equation,

J = Jo € ~HEL/d

G0 0 0000000000000 0s0000000sv0 5‘3

Where J, is the initisal current density.

This equation indicates that the totel current
decrease 1s a function of the electric field strength, mobllity
and time,

Because of the field pattern of the rod or ball to
plane configuration, it is not easy to apply this equstion
in eny queantitative way. This is further complicated by the
variation of conduetivity with electric field strength and
1ts time dependence because of the ion concentration depletion.
However approximations of the nature given by equation 5.3
often give surprisingly good results as has been recently
shown by Huey and Vengpanitlerd: (62).

Equation 5,3 indicates that the current fall off is
a function of time and this is confirmed by all the experi=-

mental results,
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This equation elso predicts that the percentsge
current fall off over a given period of time increases with
the electric field strength. Examination of Figure 5.4
confirms this for 'FM' factors up to 2.0 Mv/m. At higher
values however, the experimental results do not follow this
pattern, This is probably due to the electron trensfer
across the air gsp which begins at values of !'FM! greater
than 2,0 Mv/m. At these higher electric fields, the
component of current scross the air gap 1s added to the
initial current and this masks the current characteristics
at the actual contact with the electrode, The net result is
that the peréentage current decay decreases at the higher
values of 'FM!',

The only feature of the test results which at
first does not appear to fit this equation is the tempersture
dependence of the current decay. These tests results show
that the rate of current decay increases with temperature.

In Section 3.6,3, it is shown that at the higher electric
fields, the jump distance of the ions incresses with
temperature, Table 3.2 shows that this varies by an order of
eight for ﬁhe temperature range consldered in these tests.
Since the mobility, as used in Equation 5.3, is proportionsd
to the jump distance, it follows that as the temperature
increases, the mobility term in Equation 5,3 will incresse
and consequently the current decay at the higher temperatures

will be greater.



5.4.4 'Electrode Negetive' Characteristic.

When the electrode is held at a steady
negetive potentiel, the current gradually increases., This
result is rather unexpected as, according to the conventional
theory there should be a build up of positive space charge
of the Na cations at this electrode, This would cause a
voltage drop to be developed scross this region and result
in a current decay.

It has been shown by a number of workers (83)(64)
(48) thet when a metal surface is brought in contact with
glass, 1t donates electrons, Other than meking the obser-
vation, very little quantitative work hss been done. It
would be reessonable to assume that the number of electrons
donated would increase with temperature and the author (61)
hes ergued that it will also increase with the magnitude of
the applied electric field, Once these electrons enter the
glass, two processes may take place,

(1) Recombination. In this case the spsace charge
is neutralized by recombination with the oxygen atom, The
actusl mechanism may be as indicsted by Muray(38), He
suggested that the metallic electrons sre bound to the non-
bridging oxygen astoms, These then comblne with the mobile
cations creating immobile Naj0 states and so neutralize
part of the space charge,

(11) In eddition, it is necessary to speculate



on the existence of a space cloud of electrons which
diffuses through the region. These electrons do not
recombine with the cations but they do establish a negstive
Space cloud which will neutralize the positive space cloud
of the cations,

In order to account for the cheracteristics
observed in the tests, it is necessary to postulste the
build up in density of a cloud of mobile electrons around
the contact point which grsdually diffuses into the glass.
The existence of the mobile charges around the contact
area reduces the effective resistance of the contact and
causes the current to increase, As the density of electrons
builds up and the electrons'with time)diffuse further into
the glass, then the current will also increase with time,
'This is consistent with the experimental results observed,

This incresse in current could be attributed to
the incresase in temperature because of internal losses,

That this is not the case is proved by the test in which the
voltage was removed for five minutes at the end of a test

run and then regpplied, Each time this was done, the current
returned to the same value as it was at the point of switching
off, and not the bulk value, as would be expected if the
characteristic was determined by temperature effects., The

permanence of the change is consistent with the model

proposed.



CHAPTER 6,0

INSULATOR T O INSULATOR

CONTACGCT S,
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6.1 Introduction.

This chapter continues the investigation
of the electrical characteristics of contescts. In addition
to the metal to particle contacts which occur at the inter-
face between the metal electrodes and particles, there are
also the contacts between the particles themselves, These
form the main bulk of the contacts ih the particulate solid
being:considered in this thesis,

By using a scaled up model of these contacts,
their electrical cheracteristics are examined, It is shown
that for both silica to silica and borosilicate glass to
borosilicate glass contacts, the voltage-current character-
istic is non-linear. This is attributed to the Pool Effect
and electron transfer between the surfaces of the particles
adjacent to the points of contact.

It is also shown, that with ionic conducting
materiasl, there is a gradual fall off of current if =a
constant voltage of sufficient magnitude is applied for g
period of time, This is attributed to the build up of
space charge at the contacts, |

The results of this chapter, together with those
of the previous two, will be used to account for the overall

characteristics of particulate solids in Chapter 8.
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6.2 Characteristics,

6.2.1 Experimentsl Method.

The maln problem is to determine some
sultable means of representing these contscts on a scale
large enough to enable tests to be carried out., For both
silica and borosilicate glass, Figure 6.1 shows the arrange=-
ment used, A sample of the glass to be examined is broken
and metallized over all its surface except one of the
freshly broken edges, After cleaning, the specimen is
Pleced with this edge on the clean surface of the flat
sample of the same material, The whole arrangement is
Pleced in an oven and heated to various temperatures.

At each temperature the following measurements

were made:

(1) Voltage-current characteristic.

(ii) Variation of the current with time with
a constant applied voltage. Readings
were also recorded for different voltages
and polarity of the broken specimen,

(1ii) After some of the (ii) test runs, the
polarity wes reversed and the varistion
of the current observed,

For each test run, a new broken specimen was used

and this was placed on an unused part of the surface of the

flat specimen.
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6.2.2 Results - Silica.
Figure 6.2 shows a typical voltage~

current characteristic for voltages up to 1,000 volts at
8 temperature of 27500. The characteristics at other
temperatures are of the same general shape but sare not
recorded in the thesis,

No veriation of current with time for o constant
applied voltage was observed,

In genersal no spurious pulses were observed even

for voltages up to 2,500 volts,

6.245 Results - Borosilicate Glass.

Figure 6,5 1s a typical voltage-current
cheracteristic for voltages up to 1,000 volts at a
temperature of 225°C, The characteristics at other
temperatures are simllar to this,

Figure 6.4 shows the variation of the current with
time at a temperature of 22500. The broken sample was
initiselly held at a positive potential for fifteen minutes
end then the polarity wass reversed and the voltage held at
the same magnitude for a further fifteen minutes. Tests
were conducted at voltages of 60, 250 and 1,000 volts,
Results are similaf for other temperstures,

Figure 6.5 records the current-time characteristic
for a positive voltage of 1,000 volts applied to the broken

sample. The curve for a negative voltage of the same
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maegnitude is also recorded. In both cases fresh samples

were used and the temperature held at 225°C.

6.5 Discussion.,

6+.5.1 Voltage-current Charscteristic,

The voltgge-current characteristics of
both the silica and borosilicate glsss pieces are non-linear,
In both cases this is due to:

(1) The increase in the conductivity of the
material due to the very high electric fields in the region
around the points of contact., This reduces the effective
resistance of the contact and cesuses the current to increase
at a greater rate than it would if the resistivity remained
constants, This is the same as the explanation offered for
the voltage-current characteristics of the metal to glass
contacts in Chapters 4 and 5, A general discussion of the
reasons for the increase in conductivity with high electric
fields 1s given in Chsapter 3,

(ii) The second factor which contributes to this
non-linearity 1s electron emission between the sample
surfaces adjacent to the points of contact, The existence
of this has been demonstrated in Chapters 4 and 5. In this
case however, since the broken surface of the top sample
is usually resting on a raised edge, it is probable that the

two surfaces separate more quickly than in the case of a

b



ball placed on a smooth surface., In addition; it is shown
in Equation 6.1 that the voltage-current characteristic is
proportional to V (hence 'FM') in the exponent of the
exponentiael, This is a feature of the bulk characteristic
curves given in Figures 4.5 and 5,1 where electron transfer
across the sir gap is reduced to a minimum. It may be
concluded that electrbn transfer between surfaces will exist
but it does not dominate to the same extent as it does with
the ball to plane geometry.

With both silica and borosilicate glass, the voltage-
current characteristics can be made to fit the relationship:

BV

I AV e
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Where A and B are constants and V is the applied
voltage.,
The equations which fit the two sets of experimental

results recorded in Figures 6.2 and 6,3 are:

For silica I = 2,0x 107* v ¢ 0,002k v teeve. 6.2
0.00362 V
. - v € evaoce 6~
For borosilicate I = 3,3 x 10" 1t 3
glass ~

It is almost impossible to relate the 'FM' factor
to the applied voltage with any degree of certainty., This

is because of the difficulty in determining the number and

nature of the contacts between the two samples, If however
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it 1s assumed that contact takes place at three points and
that each contact is essentially circular, then it may be
shown from the results recorded in Figure 6,2 that the
effective radius of each silica contact is 30 microns,

The approximete 'FM' factor et 1,000 volts is 33 Mv/m.

In the case of the borosilicate glass contacts, the csalcul-
ated radius is 12 microns which gives a 'FM' factor st

1,000 volts of 84 Mv/m.

6.5.2 Current Time Characteristic.
When a constant voltage is applied to

the silica contacts there is no drop off in current with
time, Since the main charge carrier is the electron, this
result 1s as expected,

In the case of borosilicate glass samples the
fall off in current was observed for voltages of 1,000 volts
but not for voltages up to 250 volts over a time period of
fifteen minutes, Over greater lengths of time however a drop
off was observed at the lower voltages.

There are three factors which are associasted with
this phenomenon;

(1) A high electric field.

(11) Points of contact and

(iii) TIonic conduction.

The most likely explanation for this, is the
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build up of a space cloud of ions in the region of the
contact. One possible mechanism by which this may occur

is illustreted in Figure 6.6. The dotted lines represent
the flow lines some of which cross the air gap. An ion

on one of these will come to the surface of the particle

and not be agble to move across the gep as an electron can,

It will then be fixed at this point, With time there will
be a build up of o space charge which will slowly choke the
current flow in this region, Normal conduction will continue
at the actual point of contact except in so far as the field
pattern is modified by the space charge, On the other side
of the gap there will develop a deficiency of mobile carriers
which will also contribute to the fall off of current,

Figure 6,5 provides some additional evidence to
support this model, This shows that the current fell off
with time 1s greater when the polarity of the broken specimen
is made positive, Consider the case where a known voltage
is applied ascross the contacts. In the initisl stages, the
field pattern will be independent of the direction of the
field, as also will be the current. Irrespective of the
polarity, the number of ions forming the space cloud around
the contact points will be the same, If the broken specimen
is made the anode, these ions will build up in the specimen
as shown in Figure 6.,6. Because of the geometrical shape:

of the reglon around the point, the ion concentration will



be greater in this case than it would be if the flat
Specimen was made the anode, This greater ion concentration
in the former case will result in a greater space charge
voltage drop and cause the current to fall off quicker

than it would with the polarity reversed.

6.5.3 Spurious Pulses.,

The aebsence of spurious pulses in
these tests is consistent with the explanation of their
origin given in Appendix II. This model assumes that
metallic electrodes form an essentisl part of the pul se
generating process and the absencé of a metagllic electrode

in the high field region must mean thet pulses cannot be

generated,



CHAPTER 7.0

COMPACTION
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7.1 Introduction,

Particulates found in their natural
state are non-uniform in size and shape, and are not arranged
in any predictable pattern. When compacted together this
makes it very difficult to arrive at a sultsble analytical
expression for predicting their effective resistivity when
compected to form a particulate solid,

In order to obtain some understanding of the
factors which govern the effective resistivity of compacted
particulates, the effective resistivity of spherical
particles packed in regular arrays is anslysed, It 1s
shown that the resistivity depends on the mode of psascking
and is independent of particle size for a constant epplied
pressure., A relstionship between the effective resistivity
and the bulk value of the materiel is established and a
term 1s introduced to account for the effect of the applied
electric field.-

The random packing of spherical particles of
uniform size is analysed and it 1is suggested that the
effective resistivity may be relsted to the porosity in the
same manner as it i1s for regular arrays. The effect of
including smell sized particles into a network of larger
particles is discussed qualitatively.

A genersl expression is derived for the effective
resistivity of a.particulate solid. This tekes into account

the compaction, bulk characteristics of the material, the
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contact charecteristics and the strength of the applied field.

7.2 Effective Resistivity of Regular Arrays.,

7.2,1 Introduction,

It is possible to calculate the effective
resistivity of a particulste solid msade up of spherical
paerticles of equal size compacted in a regular array between
two parallel electrodes, In order to do this it is first of
all necessary to consider the different manner in which the
particles may be assumed to be packed, Figures 7.1 and 7.2
show the different psasckings considered (é5). There are two
basic types of layer; one is square and the other is rhombic,
Each layer of the same type may be placed on a similar
layer in three different ways so thet a total of six
different combinations are possible, Each diagram is a
plan view of the array with one la&er of particles shown
by a solid line and the next layer by dotted lines.

If it is assumed that the compacted spheres are
subject to a constant pressure, then the effective resistivity
may be calculated providing the following sssumptions are
made:

(a) There are no frictional forces betwsen
adjecent psrticles, and between the walls of the container
and the particles,

(b) At the points of contact between the particles,
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elastic deformation takes place and the radius of the contact
circle is given by the Hertgz Equation,

(¢) Only volume conduction takes place.

(d) The resistance of esch contact is given by
Holm's Equation. This sssumes that the special effects due
to high electric fields, type of charge carrier snd dissimilar
contact materials sre negligible,

In order to have some point of reference, the
effective resistivity of the simple cubic array is tsken as
standard, and all other combinstions sre expressed as a

percentage of this,

7e2.2 Variation with Mode of Compaction.

The effective resistivity of each array
will depend on how the psttern of the array will affect such
parameters as the radius of contact, force at the contacts,
number of contacts 1in series through which the current must
flow, and the number of parallel paths available for the
current flow, |

Irrespective of the method of packing, the radius

of contact between two particles is given by Equation 2,11

3 2
0 = 3(1-w)Fep
- Ly

where the symbols have the meaning given to them in Chapter 2
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and F, is the force normel to the plane of contact.

If the particles are all made of the same materisl

’

this equation may be written as;

a - K Fc p ® ® ¢ 0 06 0060 0 0 ¢ 0 0 ® o 0 0 00 0 7.1
3
i 3(1 - v#)
Whieze K = \/ e

If the Holm Equation is used to calculate the
'effective resistance of these contacts, then the resistance

of each contact is given by;

£ _ e T.2

Ro -_— 2a _ 3 ee 0t s0s e
: 2K1/Fcp

If it is assumed that the resistence of each

contact 1s the same and that the resistance of the bulk of
the particle is negligible compared with the contacts, then
a close examination of each array will show that the flow
of current will follow & regular pattern. The number of
parellel paths for the current is equal'to the number of
particles 1n any one layer times the number of parallel
paths in esch particle., The number of contscts in series
in any one of these parallel paths will also depend on the
number of particles through which the current has to flow.
This is a function of the particle size and the packing.

| Given Ns as the number of series contacts per

unit distance,
Np as the number of parsgllel paths per

unit area,



then the effective low field resistivity is,
Ns

o)
eo 3
2 Kl\/Fc P Np

This equation is perfectly genersl for the arrays

® 9 008000000 8008000 0o 7‘3

to be considered. The main task is to calculate the values
of Fc, Ns and Np. These are shown in Table 7.1 for esch
of the arrays.

If the radius of each particle is p, then the
number of these particles which will make up & unit distance

with their centres 211 in a line 1is,

n = 1/2p cecerccsccsse 7.4

The number of contacts in geries Ns im any one of
the parallel paths is the same as the number of layers of
particles in one unit of thickness, In the two cases where
each layer is mounted directly above the lower layer, the
number of lsyers per unit distsnce is n. Table 7.1 lists
the values of Ns for other types of packing.

The number of parallel paths Np for the current is
given by the number of particles per unit sres of a layer,
times the number of parallel péths in each particle. The
number of particles in g unit ares for a square layer is n2
and n2//3 for the rhombic layer., Table 7.1 lists the values
of Np for the different packing arrays,.

If the totel applied pressure P is the same for

all arrays, then the force on each particle in contact with
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TABLE 7.1

EFFECTIVE RESISTIVITY OF REGULAR ARRAYS OF
SPHERICAL PARTICLES

! |
Type of C | Porosity Ns Np PP ! Fe RR
Packing i
Simple 6| .4769 | n ' n2 1 P/n® 1,00
Cubic § | | |
Cubical- 8, 3954 | n 2n?//3 1 J3p/2n2 0,91
.Tetrahedral ! : ’ |
é : s S : g §
(Orthorhombic = 8  .3954 | 2n//3 '2n° 2 P//3n? 0,70

Tetregonal- 10 & ,2595 2n/[3 4n2/j3? 2 P/2n® 0.63
Sphenoidel § i ’ ; i

Pyramidel 12  .2595 {2n  4n® 4 P/2/2n? 0.50
Tetrshedral & 12  .2595  [3n//2 6n®//3 3 P/2{2n® 0.50

!

E 3 § j | ; ;

C = Co-ordination number.
Ns = Number of contacts in series per unit distance.

Np = Number of contacts in parallel per unit ares.

PP

Current paths per particle.

Fe

Normel force at esch contsct point,

RR = Relative resistivity factor.
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the electrode is P/n® for the square layer snd P/3/2n° for
the rhombic layer, The actual force 'Fe¢' normal to the
contact surface depends‘on the number of contascts per
perticle and the angle the contact surface makes with the
verticle. A summary of these values of Fc for the different
arrays 1s tabulated in Table 7.l.

The effective resistivity of any erray may now be
found by substituting the appropriate values of Kl, Fe, Ns,
Np and/) in Equation 7.3. If the effective pesistivity of
the simple cubic array is tsken as reference, then the
effective resistivity of the other arrays can be expressed
as a per unit value of this, The results for the different

arrgys are given in Table 7.1.

7e245 Varistion with Particle Size.

The genersl expression for the resistivity
of a reguler arrsy is given by Equation 7.3. If the
varigbles in this are expressed as functions of 'n', then
it can be easily shown that the resistivity is independent
of 'n' and hence of the particle size,

For a constant applied pressure, the p/a ratio is
constant., Using Equations 7.1 and 7.4 and that Fc is

proportional to 1/n, it mey be shown that:

3
a K P 2000 PRBOERSISIOIROOSINSGLIOREYS 705
o/ ! VA

= constant (For constant pressure).



7.2.4 Varistion with Pressure.

For particles compacted in a regular
array, there would be no varistion of the bulk density of
the mixture with pressure. The slight variation due to
the elastic deformation would be negligible, From Equetion
7.5 the effective resistivity mey be shown to be given by;

K
P = ._____§____ ee00ac00cserccscsss0cssts e 7.6
eo LZ/P

The value of the constant will vary with the pecking
array. This equation shows that the resistivity varies

inversely as the cube root of the pressure,

74245 Relationship to Bulk Resistivity.

The effective resistivity of a particulste
solid will be greater than that of the bulk value of the
materlsl itself. The general relstionship is given by
Equation 7.3, and this is equal to,

p b= Hp 00000000 ELOOILIOEOIOIEINPRRPOEPORSEOOS TQT
€0

Where H is given by;

H Ns L B B BN B B BN RN K BN N 7.8
= 3
Np 2 K [F, P

Consider the case of a Simple Cubic array where

the values of Ns, Np and Fc are given in Table 7.1. Hence
it may be shown that,
H - p/a
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For other packing arreys, the vaelue of 'H' must
be multiplied by the relative resistivity (RR) factor given

in Table 7.1, The more general expression for 'H! is;

H RR p/a = p/a!

Hence these pscking arrays may be reduced to an

equivalent Simple Cubic arrsy, with an equivalent contact

radius of;

a' = a/RR

7.2.6 Effect of High Electric Fields.
The snalysis given in the previous

Sectlions assumes that the average electric field across
the layer is sufficiently low to ensure that the voltage-
current characteristics of the contacts are linesr, For
high electric fields however, this characteristic becomes
non-linear., This feature has slready been investigated in
previous chsgpters,

Assume the different pscking arrays are subject
to the same average electric field E,ve The voltage adross

each contact Ve is given by;

Ve = Eav/Ns eececscee 7.9

It has already been shown in Chapter 2 that the
basic paremeter by which the electric field condition around
the contact points may be examined ia the 'FM' fsctor,

By definition,
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FM = v, / 2a

Eav

3 .
K Ns /Fc/n

from Equations 7.1 and 7.9

In order to determine the value of the !'FM!
factor for the different arreys, it is necessary to know
the values of Ns and Fc. For the six regular arrays
considered, these values are shown tabulsted in Table 7.2,
In the case of the Simple Cubic array, the expression
reduces to;

E
av T7.10

FM = 2000 RNSOOGOISEPNPIOIEOENOIOESIOSOEDS

3
K4 / P

If this is teken as reference, then for a given

applied electric field, the values of the 'FM! factor at the
contacts with other packing arrangements may be expressed
as a percentage of this, This is referred to as the
relative field magnitude factor (RFM), and its mognitude
for the different packing arrays is shown in Table 7.2,
The net effect of the denser packing arrangements is to
generally increase the 'FM' factor of the contacts sbove that
for a Simple Cubic array, but in no case is this greater than
fifteen percent,

A more genersl expression for the 'FM! fgctor is

obteined by including the 'RFM' factor in Equation 7.10.



TABLE 7,2

RELATIVE 'FM' FACTORS FOR REGULAR ARRAYS

Type of Pascking Ns Fc RFM
Simple Cubic n P/n® 1.00
Cubical-Tetrahedral n J3p/2n® | 1,05
Orthorhombic 2n/ /3 B/ ,/3132 1,04
Tetragonal Spheroidel | 2n//3 P/2n® | 1,09
Pyramidal fZn p/2/2n° | 1.00

2
Tetrahedral Jan//2 | B/2/en® | 1.15

0

i B
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It has been shown in the rrevious chapters that

for increasing values of the applied voltage across
contact, the vol tage-current charscteristic becomes
linear and the resistance of the contact decreases,
the case of insulator to insulator contacts and the

characteristics of the metal to glass contacts, the

reslstance between two particles follows the general

relationship,

Re Ro e

From Equations 7.2 and 7,.12;

-B L E
Re = Ro€ av
=N E 3
= PE 8V i iiiieeseenees .
2a
Where N =z BL

the
non-

In

bulk
contact
ceeee T.13



Consider one of the series paths with Ns contacts.

The total resistsnce is given by;

N Eav

Rs = Nspc
2a

Since there are Np parallel paths in a unit area,
the effective resistance, and hence resistivity, of the

unit cube 1is;

p = p NS e-NEa-V S 4060600000000 00 Toll"'
€ 2a Np
-N E
Pe = Peo € av

Where /O, is the effective resistivity of tle

array for low electric fields and is given by Equation

Tede



7¢2.7 Genersl Expression for Effective Resistivity.

It is now possible to write down a general
expression for the effective resistivity of a particulate
Ssolid made up of spherical particles arrenged in a regular
array. Using Equation 7.7 and 3,17, the effective

resistivity for low average electric fields is;

peo = ) HAeg/kT $0000m00IOILOEIGIEOILLIOIOLOIMILES 7‘15

Where the value of H is given by Equation 786

It has already been shown in the previous section
that this resistivity is reduced at higher valﬁes of applied
electric field. Modifying Equation 7:15 by Equetion 7.14,

the general expression becomes;

p = HAeg/kTG—NEaV v 00000000 7016

7.3 Non-uniform Array,

73+l Particles of Constant Size.

A further extension of this work is to
consider the case of uniform sphericel particles packed in
some random menner, Assume: that the particles do not cling
together to create large voids,

Experiments on the random packing of equal spherical
particles by Westman and Hugill (66) and by White and Wslton
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(67) have shown that packing porosities between 37.7 and
44,7 percent were obtsined. Smith, Foote and Busang (68)
carried out tests to determine the number of contacts with
each particle as a function of the porosity. Deresiewicz
(69) was able to find theoretically a relationship between
the average number of contacts per sphere 'C' gnd the

porosity 'V'. This is given by,
C = 2644868 = 10.7262/(1 = V)  ceeee 717

For a porosity of 0,3954, the calculated value of
the average number of contscts is 8,7. It is of interest to
note from Table 7.1 that this number of contacts per sphere
1s reasonably close to that for uniform spheres packed to
give the same porosity.

Ridgway and Tarbuck (70) heve given a summary of
the experimental work of a number of investigators and have

arrived at the empirical relationship:

vV = 1.072 - 0,1193 C + 0,00431 02 oo 7.18

It is not possible to arrive at any simple snelytical
expression for the effectlive resistivity of randomly packe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>