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SUMMARY

Apparatus has been developed, which permits the measurement of electrifi-
cation produced by rolling or sliding contact between a spherical specimen,
and a plane dielectric sample. Measurements of the charge transferred to
metal contact spheres, and the two-dimensional dielectric surface charge
distribution, have been carried out under controlled conditions. The dissi-
pation processes of air breakdown and bulk condution have been studied. The
importance of metal work function , dielectric material, the normal force
during contact, the mode of contact, and the time of contact has also been
investigatedr

Contact electrification and charge dissipation occurring in a vibrated bed
have been studied. The variables of interest were the bulk panticle resisti-
vity, the amplitude of vibration, and the system electrode geometry. Theoret-
ical models have been developed for the processes occurring, and the models
could be used to interpret experimental observations. The relevance of the
results to previous particle electrification studies, and to general particle
handling situations has been discussed.

Two new applications of particle charging have been examined. The first
utilised particle contact electrification occurring naturally in a fluidised
bed. By applying a suitable alternating electric field normal to an immersed
heater surface, considerable increases in the heat transfer coefficient have
been obtained, as a result of the imposed particle movement. The influence
on the heat transfer coefficient, of the electric field magnitude and frequency,
together with the fluidising air velocity, has been studied.

The second application involved devising a novel means of electrostatic
separation, using induction charging applied to the particles on the surface
of a vibrated bed. A theoretical model for predicting particle collection rates
has been developed, and verified by comparison with experimental observations. :

An efficient separation has been demonstrated on a combined size/resistivity

basis,




CHAPTER __ 1

INTRODUCTION

When two solid materials are contacted and separated in a gaseous
environment, an electric charge frequently remains on the solids. The force
due to this charge was noticed as early as the 6th century B.C.(1), and yet the
mechanism responsible for the formation of the charge is still incompletely

understood. Charge production has been observed for a mercury/polymer contact

system(2_4), indicating that friction is not a necessary requirement for charge

transfer. Charge production has also been observed, when a small area of one

sample of a given material is rubbed by a large area of another sample of the

(5-6) (6-8)

same material., This has been termed asymmetric rubbing , and the

charge produced has been ascribed to a temperature difference at the contact

(7,8)

junction Thus, two distinct forms of charging arc apparent, one is related

to the intrinsic behaviour of the contact materials, and the other is felated
to the distribution of frictional forces during contact.
Electrification arising from the intrinsic material properties has been

(7)

, whereas electrification arising from the

(7)

termed contact electrification

frictional forces has been called triboelectrification or frictional electri-

(7)

fication. . However the distinction between the application of these terms is

(9) suggests calling all

not precise, as evidenced by the fact that Peterson
electrification by the term contact electrification, whilst O'Neill(1o) has
termed electrification in which the temperature rise during contact is negligible
— triboelectrification. For the purposes of the present study, the term, contact
electrification will be used. This is defined as the production of charge when
two solid materials are contacted and separated in a2 gaseous environment, in
such a way that the local temperature rise at the contact area, is sufficiently
small, to have little effect on the charge separation at the interface. In
practice this limits temperature rise to approximately ZOOOC(7), if an insulator
is not to be made semiconducting by the temperature rise. Temperature rises

of less than 20°C will have little effect on polymer mechanical properties,

for the materials studied in this investigation.

Temperature rises during the present studies, calculated using the methed
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(7) ~0

described by Harper are less than 2°C for the most severe sliding conditions.
Temperature rises with rolling contact will be orders of magnitude lesé than
2OC, thus the charging observed, conforms to the definition of contact
electrification.

If two solids are contacted in an electric field, then each will possess a

(11). Th

charge if they are separated whilst the electric field is applied e
magnitude of this charge depends on the time of application of the electric field
field, both during contact and during separation. This type of electrification

(11)

known as induction charging , 1s considered in Chapter 6 in relation to an
electrostatic separation technique.

1. 1. The importance of dissipation processes.

When materials possessing an electric charge are separated, electron

(7n2).

tunnelling due to quantum mechanical effects can occur This ceases with

7)

, and with insulators and

(7)

semiconductors will sometimes be restricted to much smaller separation distances.

conductors after about 1 nm to 2.5nm of separation(

Thus the charge observed is modified by this effect. For a given geometrical
situation, the charge after tunnelling processes have occurred, is related by

(12)

a constant term, to the charge existing before tunnelling , and therefore
the charge after separa£ion can be used to characterise the fundamental charge
transfer mechanism. Since the quantity of practical importance, is the charge
level remaining after tunnelling ceases, electron tunnelling can be considered
as intrinsic to the electrification process.

As the materials are separated further, certain other charge dissipation
processes can occur. If the contact material is an electrically isolated
conductor, charge rearrangement will ensue, to give an equipotential conductor
surface. If the contact material is an insulator or semiconductor, then the
possible dissipation processes are gas electrical breakdown, field emission,
and conduction through the material bulk and along the surface. TField emission
is the spontaneous emission of electrons due to the presence of electric fields.

7. =1(13)

This occurs for electric fields greater than 10°V.m . Gas electrical break-

(14~16).

down processes occur as a result of cumulative ionisation This is due

to the acceleration of naturally present ions and electrons in a gas, by a high




electric field, and is discussed in Chapters 2 and 3.

2. Practical situations involving contact electrification.

Contact electrification arises naturally in an extremely diverse range of

t

physical situations, which cover many human concerns ranging from large scale
industry to domestic activity. There are both useful and hazardous aspects
associated with contact electrification.

The most dangerous hazards occur when sufficient charge is accumulated by

s

solid material, to cause electrical discharges of sufficient energy to ignite

(17,18)

a flammable gas or vapour, or a dust dispersion « This situation can
arise with insulating powders and insulating sheet material. Several fires due

to this cause, in a diversity of physical situations, have been described in

an Institution of Chemical Engineers bulletin(19). Gibson(17) and Hughes(zo)

have also described the occurrence of fires due te air breakdown following

(21)

charge accumulation, and McIntyre has reported dangerous charge accumulations

in herbicide storage silos.
Many sources of nuisance arise as a result of contact electrification.
Electric discharge occuring during photographic film processing can produce

(22)

, whilst electrostatic attraction of airborne

(23)

unwanted exposure of the film

dust particles to textiles, known as fog-marking , presents a considerable

problem to the textile industry. Electrical discharge can cause the destruction

(22)

of metal-oxide-silicon solid state devices, during manufacture , and physio-

logical shock caused by electrical discharge is a familiar problem. Tenacious

(1),'

electrostatic attraction of dust particles to industrial handling equipment
or in the domestic environment is a further source of nuisance.

Industrical applications of contact electrification have been summarised by

Inculet(24), Bright(zs) and Corbett(26) and described in more detail in a book

by Moore(27). Applications include, electrostatic coating(24’25’28), electro-

(24,25,27{29“32) (24_27), electrical power

(33) '

and electrostatic crop spraying ..

static separation , Xerography

generation(24’26),

The maximum charge which can be carried by an individual particle, is directly

related to the surface area. Thus the force exerted on a particle in an

externally applied uniform electric field, which is equal to the product of

#,




Particle charge and electric field maénitude, is also directly reléted to the
surface area. Since the gravitational force on the particle is directly propor-
tional to the particle volume, the ratio of electrostatic to gravitational forces
is inversely proportional to the particle diameter. Consequently, as tHe particle
size decreases, the importance of electrostatic forces increases. Hence many
practical particle handling situations, are much influenced by electrastatic
forces, which can arise directly from contact electrification. Utilisation of
contact electrification with particulate systems, likewise offers much scope for
future development.

In general, the problems and hazards due to contact electrification are wide-
spread, since charging is involved to some degree in almost all material handling
operations. However applications of contact electrification are at present quite-
limited, and are specific to particular situations.

1. 3. Theoretical models describing contact electrification.

The three basic questions which need to be answered, in order to predict the

magnitude of contact electrification, between known materials under defined

(34)

contact conditions, have been stated by Harper as follows. (a) Which charge

carries move? (b) Why do they move? (c) Why does the process come to an end?

(7)

Harper has analysed charge transfer involving metals and semiconductors in

terms of quantum mechanical electron effects. The driving force for the charge
transfer process is the difference in Fermi levels between the contact materials.
In general the Fermi level corresponds to that energy level which has a

kBS). For a metal, the Fermi

(35).

probability of 1/2 for being occupied by an electron
level corresponds to the highest occupied electron energy level at 0°K
Conditicns at room temperature are similar to those at 0°K with regard to the

Fermi level The prediction from this analysis, is that if both materials
are metals, the charge density after contact, at thermodynamic equilibrium, will
be directly proportional to the work function difference between the metals. The
work function is the minimum energy necessary to remove an electron from the
interior, and take it to rest outside the material. The relations derived for
(7)

semiconductors are more complex and depend cn the doping properties. Harper

has extended the analysis to insulators, and concludes that for material with

I
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a resistivity greater than 10 g?m, very little charge transfer will occur due

to filling of bulk traps at a discrete energy level. This indicates that the

37)

theoretical approaches of Van Ostenberg(36) and Mott( are in fact incorrect,
since they are based on bulk electron transfer.

Several other theories have been proposed for charge transfer involving
insulators. These theories are sophistications of the Volta—ﬂelmholtz hypo-

(7)

thesis . This attributes charge transfer to the formation of a charge double

layer at a solid/solid interface, the effect of sliding acting merely to increase
the area of contact. Henry(g) has derived an energy band scheme to describe ionic
transfer. Unfortunately the ion energy levels cannot be deduced from known quantibies

Electron transfer theories have been reported by Davies(38), Chowdry(39)and

Garton(4o), for transfer into the material bulk. Davies(38) assumed that the
charge injected into an insulator was not dependent on the concentration of
charge carriers in the bulk, and was in fact uniform in depth. On this basis,
he predicted that the .charge transferred, would be proportional to the
effective work function difference between the contact materials.

(39) (38)

Chowdry has pointed out inconsistencies in Davies' theory, and has
proposed a further theoretical approach, based on either a uniform trap distri-
bution with respect to.energy levels, or discrete trapping levels. The former
case leads to a prediction that the charge density will-be directly proportional
to the work function difference between the contact materials, whilst the latter
case leads to a prediction that charge will be related quadratically or
exponentially to the work function difference, depending on the band bending
and the energetic position of the traps. The time required to transfer a

charge density of approximately 1640 m—_2 is estimated to be of the order of

(39)

120s . Inconsistencies which arise in the theory of Chowdry have been

(41) and Chowdry(42);

discussed by Wintle

Garton(40) has devised expressions for the charge transferred to an insulator
having traps or "self-traps" at a single energy level. The theory is based on a
classical approach, and predicts a large increase in charge transfer for é contact

potential diffcrence greater than 0.5V, between the contact metal and insulator.

The increase is due to the importance of quantum mechanical restrictions

B T —
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at 0.5V contact potential difference. For contact potential differences less
than 0.3V, the predicted charge transfer approaches zero.

Charge transfer associated with surface state charge sites on an insulator,

g 2 5 ’ 5 '
has been considered by Krupp(1 ). This analysis applies to electron charge

carriers. The surface states may be due to impurities or to the actual insulator .

(7)

material . The surface charge density, following contact between a metal and

an insulator at thermodynamic équilibrium is given by(12),
0 =2zed (@ - Lpp), 1.1
1+ ed D
c s
€
o
(2)

including a.modification suggested by Hays'~, to account for the real contact

(2)
area differing from the apparent contact area, and using the correct dimensions.

In equation 1.1 O 1is the surface charge density (CIEZ), e is’the electronic
charge, EO is the permittivity of free space, dc is the separation distance
between the metal and the insulator over which charge transfer occur (approxi-
mately 4x10_10m), q)m and q)P are the metal ana polymer work functions
respectively (eV), Ds is the density of surface states (unit energy 1eve1)_1,

-2

in the band gap between the valence and conduction bands (m eV_1).DS is

assumed uniform. Z is the ratio of real to apparent area of contact, (this

can have values in the range 1 to 10_7 (2’7’43).
- 18 -2 _—1 ; o s e
If DS is greater than 10 m "eV ', then equation 1.1 simplifies to
c = - . 5
ze (@ Lpp) 1.2
d
c
5 16 -2 -1 ; ’ s s
If Ds is less than 10 m eV ', then equation 1.1 simplifies to
O = ZeD, (me—gpp). 1.3
: 2
In the presence of an applied electric field E, equation 1.1 can be written as( )
de
o £ |
ZeDS(kPm + OE dy (QD) , . 1.4
1 4+ ed D
c's
E '
o :

where y is the distance normal to the metal surface. Simplifications equivalent
to equations 1.2 and 1.3 can be derived from equation 1.4. The situation of Ds

greater than 1018m_2eV_1 has been shown to be the probable case for certain

B U ——
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polymérs o -+

(8)

to ionic transfer has also been modified

to describe the effect of an applied electric field(7’8). In this case, as with

The theoretical approach of Henry

the surface state electron approach, the prediction is that the relation
between the applied field and the charge transferred is linear for an abundance
of available ions.

It is apparent that at present there are several theories available to
describe charge transfer. The observed diversity of experimental results as
discussed in Section 2.1, suggests that none of these theories has universal
applicability.

4, Previous experimental work.

Previous experimental work has concentrated either on the fundamental physics
of charge generation, or on obtaining empirical information for a particular
practical situation.

A summary of previous experimental studies associated with the fundamentals
of charge generation, is given in Section 2.1. From this summary, it will be
apparent that there is still cousiderable uncertainty with regard to prediction
of the effect on charge transfer of (a) dissipation processes and (b) several
independent mechnical variables, for example the force during contact and the
mode of contact. The applicability of the charge transfer models discussed in
Section 1.3 is also not at present known, and transient charge characteristics
are not well understood.

A summary of experimental studies involving particulate systems, is given
in Section 4.1. Measurement of a particular wvariable, such as the potential of
a metal probe immersed in a fluidised bed has been carried out. This has been
assumed to characterise the electrification behaviour of a particular system,
and extrapolation to general material handling processes is not possible.

5. Scope of the present work.

In any practical situation it is the combination of contact electrification
and dissipation processes, which determines observed charge levels. Thus, it is
essential initially, to obtain independent understanding of the variables affect-

ing the fundamental charge transfer mechanism, and the dissipation processes.




Thus, the first spect of the present work, involved devising and using

experimental apparatus, designed to study contact electrification and
dissipation processes at a single well defined contact. This work is
described in Chapters 2 and 3.

In practical processing situations, contact electrification is of great
importance with regard to particuia&ematerial. In order to minimize hazards
arising from contact electrification or devise new applications resulting from
contact electrification, it is necessary to understand the modifications to
individual particle charge behaviour, arising as a result of the presence of a
particulate mass. Thus the second part of the study, involved investigating the
electrification characteristics of a vibrated particle bed. This study,
described in Chapters 4 and 5, was designed to permit conclusions to be drawn,
of relevance to general particle handling situation.

The final part of the present work involved devising two new applications
associated with particle charging. The first utilised particle contact electri-
fication occuring naturally in a fluidised bed, to improve heat transfer from
an immersed heater surface. The second application utilised induction charging

applied to a vibrated particle bed, to permit the design of a novel eleciro-

static separation device. These applications are described in Chapter 6.




CHAPTER 2

FUNDAMENTAL STUDIES OF ELECTRIFICATION AT A SINGLE CONTACT.

PREVIOUS WORK, EXPERIMENTAL APPARATUS, AND CALIBRATION PROCEDURES

The basic requirements for a study of the fundamentals of charge transfer
are:—- (1) a well-defined contact situation, . (2) elimination or measurement of
dissipation processes, accompanying charge production. Several previous
investigations have been cdrried out with these ideas in mind as discussed in
the following summary.

1. Previous investigations and areas requiring further study.

(7,44) (45) (46)

Harper ' , Bredov

, and Lowell . have examined contact electrifi-

cation between metals of measured work function under well-defined contact
conditions. They find that the charge remaining after separation is directly

proportional to the work function difference between the materials. This

(7)

observed behaviour confirms the theory of contact electrification mentioned
in Chapter 1, which is based on Fermi level equalisation between metals.

It is reasonable to expect that similar considerations will apply to low

7)

resistivity semiconductors( , and some evidence for the importance of electron

transfer with contact electrification of semiconductors has been presented by

(47) (48).

Krupp and Kasai

The contact electrification behaviour of insulating material, as a function
of charge carrier energy distribution, is not well understood. Experimental

(49-58)

work performed at atmospheric pressure is subject to air breakdown
limitations, which complicate interpretation of the results.

1.1. The relation between contact area and charge transferred.

(50,58,59)

Several studies indicate, that provided the interfacial tempera-
ture rise is small, the effect on charge transfer of relative movement between
materials, is simply to increase the area of contact. This is in accord with
the Volta-Helmholtz hypothesis(7) mentioned in Chapter 1. However, air discharge
(50) (58)

processes occurred in the work of Rose and Davies , which obscured the
dependence of the initial charge transferred on the contact area.

Daviés(58) investigated the charged dielectric area produced by contact

Ill‘IIIIlllllll-l-------------....__* /‘




L | 10

between a metal sphere and a dielectric plane for several applied forces. The

dependence of the contact area on the normal force was interpreted in terms of

the elastic deformation theory of Hertz(60). The classical theory of Hertz(69)

for the contact between a sphere and a plane undergoing elastic deformation,

predicts that the area of contact A is given by,
2

K =2.43|FR_ |? , 2.1
Y

where F is the normal force exerted by the sphere on the plane, RP is the
sphere radius, Y is the Young's modulus of the polymer. Equation 2.1 has been

derived by assuming the polymer Young's modulus is much less than that of the

(7)

contact metal, and that Poisson's ratio for the polymer is equal to 0.3 .

(58)

The area measurement technique used by Davies , relied upon induction

probe measurements ( a description of induction probe operation is given in

Section 2.5). The area for given contact conditions was determined from the

induction probe potential, by assuming a realistic charge density for the

surface charge, in order to obtain agreement with the Hertzian(6o) area predic-

tion of equation 2.1. The charge density was determined from the smaller area

values, and was assumed to remain constant with chdanging area of contact.

(58)

However, in calculating the expected area from equation 2.1, Davies
appears to have used incorrect units for the polymer Young's modulus, resulting
in an overestimate of the expected area, by approximately two orders of magni-

9, ~2
tude. If the correct areas are calculated {FIG.1) assuming ¥ = 3.25 x 10°'N m ~,

(58)

then using the probe calibration given implicitly by Davies , the necessary

A
surface charge density .is found to be 3.76 x 10 Cm 2. This value can be

shown to be consistent with limitation due to air breakdown effects, using the
Paschen curve (Section 3.4) and the potential across the air gap(61) for the
surface charge density. The measured areas and the Hertzian area prediction
are shown in FIG.1. It is apparent that for areas greater than 2.5 x 10-8 m2,
the experimental area diverges markedly from the prediction. This divergence
is found to occur when the charged area is a factor of 30 smaller than the

(58) (58)

probe area used by Davies ,and Davies' original conclusion that the non-

linearity was due to the similarity of probe tip and charged arcas is considered




(60)

relation does not describe

(60)

the real contact area in the case. Confirmation that the Hertz analysis

(51,59)'

incorrect. It is probable that the Hertzian

is probably inappropriate can be found in the results of WAhlin

(51,59)

Wahlin measured both the charge transferred, and the track width, for

various values of the applied force and contact sphere radius, for sliding

contact between metal spheres and Teflon plane surfaces. The conclusion from

(51,59) (51)

both of W&hlin's investigations , at atmospheric pressure and under

vacuum conditions(sg), was that the charge transferred per unit length travelled
was independent of the radius of curvative of the contact sphere. This behaviour
is expected where the force of contact is supported by plastic deformation of the

(62’6%) or by elastic deformation of a large

(59)

dielectric over the contact area
number of small asperities on the dielectric, in the contact region

In the case of plastic deformation, N x B, = F, where P is the yield pressure
of the material.

Lz
Thus, d_the track width = f4F .
< i o
: TTp

Thus, if the charge transferred is directly proportionol to the contact area,
1

- 2
then the charge |unit length L = O dw::O 4F , where U 1is the charge
travelled T[pm

(unit area)—1.

If the surface charge (unit area.)_'1 remains constant as the force is changed,
then the charge (unit length)“1 should be proportional to the square root of
the applied force. The fact that this dependence was cbserved by Wéhlin(sg),
indicates that the charge (unit.a.rea)—1 is independent of force, and that the
charge transferred is directly proportional to the contact area. However, some
departure from linearity was observed (FIG.2) for the largest applied force.

The charge levels observed, as a function of (F)%, as would be predicted by

elastic deformation theory (equation 2.1), are also shown in FIG.2. It is

apparent that within experimental error, a linear relation is found. Jt is not

possible to differentiate between the deformation theories on this basis alone.

However, the lack of dependence of charge (unit length)—1 en radius of curvature
(60)

of the contact metal, provides conclusive evidence that Hertzian elastic

deformation theory is inapplicable.

T e ea——_
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The cffect of relative movement between the contact materials has becn
(10,55)

shown to be of great importance for charge separation 0’Néi11(1o) and

(55) report that very little charge transfer resulted from contact of

Kornfel'd
materials alone, whereas relative movement during contact produced greatly
increased charge levels. This could be explained as follows(7 ). The absence
of relative movement results in contact occuring at only a few asperities of

small total area. Movement multiplies the number of contact asperities,

the real area of contact,‘dhd thus the charge transferred.

1.2. Previous studies of variables influencing contact electrification
and dissipation processese. ‘

In order to understand the mechanism of charge transfers across an insulator/

metal interface, several investigators have studied the effect of an applied

(2,3,9,64-68)
(3)

electric field

Hays(z) and Medley both report an approximately linear dependence to

charge on the applied electric field, as expected on the basis of ion dr surface
state electron transfer theories (Chapter 1). However, interpretation of these

results is difficult due to uncertainties as to the particular mechanism res-

(3)

ponsible for the electric field effect . Induction effects are of overiding

(9’66’67), whilst modification of the actual charge

(68)

importance in some studies
transfer mechanism has been postulated to explain further results

(64,65)

Inculet observed a maximum and minimum in the charge transfer occuring
between a metal and a dielectric, as the field strength was varied. This
result is not anticipated on the basis of charge transfer theories proposed to
date (Chapter 1).

The effect of temperature on charge transfer is not well understood. Con-
duction(65) effects were found to increase with increasing ambient temperature,
and the ambient pressure has been found to modify temperature effects( ). The
temperature gradient at the contact has been observed to modify the charge mag-

(10,69,70)

nitude 3 although'no clear pattern of behaviour has emerged.

Attempts to elucidate fundamental mechanisms of charge transfer, have

utilised metal/insulator contact, using various metals of different work

functions,




Several theories mentioned in Chapter 1, have been propcsed, relating

electron charge transfer to a particular functional dependence on the work

(7,12,36-40).

function difference between the contact materials Each of these

theories assumes that one dominant mechanism is responsible for charge transfer.
Whilst this situation may prevail in any individual instance, it is certainly

not universally true, as shown by the divergence of reported results from

different investigations(7’38’59). In fact, the large variation of measured

charge observed, under well-defined and apparently identical conditions(52’71),
suggests that more than one mechanism is operative at any one time.

Nevertheless, some studies have been reported(38’52’59’72—80) which indicate

one mechanism is dominant under particular conditions.

Several investigators report finding for metal/insulator contact, a linear

(38,52’59772—75 ,78

dependence of the charge transferred on the metal work function

However, other results indicate a non-linear relation between charge transfer

(76,81)

, and in some cases the charge transferred was

(50,75,77,82)

and metal work function
found to be independent of the metal work function

. .
The linear dependence of charge transfer on work function(38’52’59’7° 75’782

(38) (39)

supports the theories of Davies , Chowdry for a uniform trap distri--

(12)

bution, and Krupp for surface state electron transfer. Some results of

Davies(83) and Kittaka(81) have been used as confirmation for the theory of
discrete trap levels presented by Chowdry(39) which predicts points of inflexion
for the charge transferred as the metal work function is changed. Other results
given by Davies, have been used to confirm the theory of Garton(4 ), which
predicts essentially zero charging for a substantial range of metal work
function values, with sharp increases in the chargelevels when the contact
material work functions differ by more than 0.5eV.
Several widely divergent theories then can be confirmed by particular

experimental results, although no general theory is universally applicable.
This reflects the large degree of variability of results. It is not possible

\ at present to ascertain which of the theories menticned, is most relevant for

any practical situation, or indeed, if in fact other variables are involved,

which must also be considered.

IIIIIII ]
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The fact that further variables may be involved seems probable, particu-

larly when some additional results are considered. Harper(7),-found that
(38,59)

certain insulators which in subsequent investigations have charged strongly,

gave no charge at all in contact with various metals. This was interpreted as

(7)

evidence that electron transfer cannot occur with insulators .
" Evidence for ionic effects has been provided by several in%estigators using
a wide range of materials(55’79’84—89).
In any prgfical situation involving an insulator, it will probably have
undergone surface charging at some point in its past history. This charge will
(7,8)

often be neutralised by atmospheric ions, and consequently it is to be

expected that insulator surfaceswill have an jonic coverage under normal con-

ditions, and that contact charging will be affected by this ionic layer.

The lack of reproducibility of experimental observations under well-defined

conditions, could be explained by an observation of Hays(go), that atmospheric

ozone has a significant effect on the charge characteristics of polymers
containing unsa£urated material.

Investigations to date then, indicate that both iou and eledron transfer may
be important in contact electrification. The transient behaviour of material
undergoing contact charging is not well understood. There are estimatés of

(38)

the necessary time for charge transfer varying from several minutes to

(59)

less than tens of milliseconds under different conditions. It is possible

that the long time constants are associated with a change in the real contact
area.

The only explicit study of iothermal contact electrification bulk conduction,
known ‘to the author, which eliminates air breakdown effects and surface
conduction, is that carried out by Davies(38). Further investigations are
required in this area, particularly in view of the theoretical mechanisms of

. . : (91-95)
conduction which have been developed for corona charged insulaters .

The effect of air pressure on contact electrification has been studied by

Medley(96), and W&hlin(sg), for flat polymer sheets. The general behaviour

has been established, however detailed behaviour is uncertain, particularly
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the applicability of empirical quaﬁiong developed for air breakdown with
conductor systems, and the effect gf charge non-uniformity. Studies of contact
modes other than the perpendicular case, are extremely limited for situations

where dissipation processes have been characterised. Rolling contact has been

(72,73) (59) (10)

studied by Davies, and sliding contact by W&hlin , and 0'Neill

(72,73)

Davies only reports studies of metal work function and polymer material,

in all cases for contact times of at least several minutes in total.

(59)

W&hlin made no detailed measurements of the charge distribution subse-

quent to contact, or of the transient characteristics for contact times less

than 60ms.

(10)

O'Neill studied only the charge on the polymer sheet in the direction

of contact movement, and the transient behaviour was not investigated.

2. 1.3. Some fundamental aspects of contact electrification requiring further study.

Bearing these facts in mind, further knowledge is required in the following

areass:—

{1) A greater understanding of dissipation processes.

(2) Identification of transient charging hehaviour.

(3) Identification of the effect of the mode of contact on charge transfer.

(4) Purther study of the effect of metal work function and polymer material

on charge transfer during rolling or sliding contact.

(5) Clarification of the relation between charge transferred and the normal

-

force applied during contact, for higher loads than those observed by W&hiiz?

In order to study these phenomena, experimental apparatus is necessary which
facilitates production of contact electrification under well-defined and known
contact conditiony at controlled air pressure levels. A non-destructive charge
measurement technique is required, to permit study of dissipation processes.
Measurement of charge on both contact members is preferable, allowing a check
on the accuracy of the charge measurement methods. Continuous charge measure-
ment is also required, in order to study transient effects; The utilisation
of normal commercial materials is desirable, since this permits extrapolation
of the results to practical industrial situations. The apparatus described

in the following sections was designed to meet these requirements.

————-—t
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2. Vacuum chamber system.

The overall assembly is shown in FIGS. 3 and 4. The assembly consisted of
a dural vacuum vessel (A), mounted on a mild steel framework (L), above an
Edwards two inch combined vacuum pumping unit, code no. A088-15-000. Two
viewing ports were provided in the vacuum vessel (B,C).

Pressure measurement, for the range 3 to 10—2 torr was by means of an Edwards
Pirani 10 thermal conductivity gauge (Y]), the sensing head being located
adjacent to the rotary pump (Y). Pressures below 10—2 torr were measured using
an Edwards Penning 8, cold cathode ionisation gauge (K), the gauge head being
mounted on the vacuum vessel (I). Pressures above 3 torr were measured using a
mercury manometer, which was connected in place of the Pirani 10 head, when
required. When controlled pressures above the minimum value were required, an
Edwards needle value, series LB, was connected to the two inch spacer ( B).
Further controlled air leaks were available using an air admittance valve located
adjacent to the rotary pump. Atmospheric pressure was measured using a
conventional Fortin barometer.

Supported inside the vacuum vessel, the dimensions of which are shown in
FIG.5, was a turntable unit, and from the hinged lid, an induction probe, and
a sphere support system, as shown in FIG.6. The horizontal 1lid pocition was
maintained constant using a brass cylindrical spacer on the support hinge (FIG.5).
The turntable unit construction is shown in FIGS. 6,7. This consisted of a
228mm diameter dural disc, 19.1mm thick, supported in the horizontal plane. A
O.7mm thick, 17mm wide, gold plated ring was secured to the upper face of the
disc, close to the outer edge. On top of this ring, equally spaced around the
upper surface, were 4, 12.7mm diameter, 2.5mm thick gold plated discs. The base
metal for the ring and discs was brass.

Dielectric specimens could be attached firmly to the table surface using
6BA threaded holes in the dural disc.

The dural disc was supported by a steel shaft, which was held vertically by
a tufnol, and a graphite loaded nylon bush, in the gear support unit. The steel

shaft and dural disc were electrically isolated. A commutator and carbon brush
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slip ring arrangement, mounted as shown in I'IG.6, enabled any reguired potential

to be applied to the disc, via an electrical vacuum feedthrough located in the

e gT—

R vessel base. The gear unit housing contained a 3:2 Delrin~ bevel gear arrange-

ment, which transmitted rotation of the horizontal shaft to the turntable. The
turntable and gear unit was moveable in the horizontal plane, being supported

b& two parallel circular steel runners. The gear unit was claﬁped to these
runners with PTFE pads. This provided a stable and low friction clamping arrange-
ment. Horizontal table movement was obtained from a vertical rotary shaft move-

l ment, transmitted through the vessel base via a 1" Edwards rotary vacuum coupling,
to a 3:2 Delri&g)bevel gear arrangement. This translated rotation of the
vertical shaft, to a Zinch Whitworth threaded rod in the horizontal plane,
parallel to and supported between, the circular steel runners. A correspondingly
tapped brass block was firmly mounted to the gear unit, and rotation of the
threaded rod, which passed through the brass block, resulted in horizontal table
movement. The table height was constant to 0.001 inch (0.025mm) throughout
the transverse mévement.

The drive motor was a Fracmo 1500 R.P.M. 121b in, synchronous motor (FI1G.4),
with a built in gear reduction to 73.2 R.P.M. This was connected to the ¥Edwards
rotary feedthrough, usiﬂg a Universal connection. The table position was
monitored using a variable resistor used as a potential divider, coupled via a
10:1 gear reduction, to the drive shaft outside the vessel (FIG.4). The output
from the position monitoring circuit was transmitted to one channel of a 4
channel Honeywell 1706 ultra/violet recorder, the galvanometer of which could

' ) respond to an 18Hz oscillation. This was a sufficiently fast response time for

é present purposes. A series of turntable rotations was performed with a

dielectric specimen on the turntable,whilst a sphere was contacted from a known

position in the vessel lid. By measuring, with a travelling microscope, the

position of the observed track on the disc surface, for several different
horizontal table positions, and comparing this with the position sensing output
i from the ultra/violet recorder, it was possible to calibrate the position sensing

; device. Micro-cwitches were positioned as shown in FIGS.6,7, which automatically

T e e




ewitched off the drive motor Vhen they were operated by the gear unit move-
ment. The switching circuit, which also contained a manual direction reversal
switch, was designed to operate the micro-switches in the vacuum vessel at 12V,
to avoid arcing problems. The total traverse length was 110.8mm, with a
constant linear table spced, relative to the surrounding vessel of 2.72mm 5_1.

Rotary table movement was provided by a 1500 R.P.M. }16hp, synchronous
Fracmo motor (FIG.4). Rotation was transmitted from the motor, via a 5:1
reduction toothed belt driv;, to a Kopp continuous variable speed gear unit,
then, via a Universal coupliug to a gearbox constructed in the Department. The
gearbox provided a ratio 1:1, or reduction ratios of 5:1, 25:1, and 125:1, as
required. Tﬁe rotation was further transmitted via another Universal coupling,
and a support bearing, to a 1:1 toothed belt drive. The connection of the
upper wheel of the belt drive to the " Edwards rotary vacuum feedthrough, was
via a keyway. Rotation inside the vacuumivessel was transmitted from the Edwards
coupling, to the horizontal shaft in the turntable gear housing, via a Universal
coupling (FIG.6).

The speed of rotation of the horizontal drive shaft, prior to the turntable
unit, was monitored using a photocell arrangement, mounted as shown in FIG.4.
'This consisted of a brass disc, mounted on the rotating shaft, 110mm in diameter
with a 5.5mm wide slot, aligned with a static photocell and light source.

When disc rotation occurred, movement of the slot produced a light pulse at the
photocell. The photocell output pulse was detected using suitable circuitry,

and shown on a 1.2 MHz Racal counter timer. By measuring the number of pulses
over a known period, the circular table speed was determined for various variable

speed settings.

2. 3. Sphere support unit.,

2. 3.1, Mechanical construction.

The mechanical sphere support system is shown in FIGS. 8,9. The sphere
could be moved accurately in the vertical plane, from outside the vacuum vessel,
to within O.1mm, and was moved initially to the required horizontal position. \

A 2.0mm diameter silver steel shaft, was secured to each sphere through a nhole ;

_ : ‘ ' |
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located along a diameter. Tﬁe attachment was by means of soldering for metal
spheres, and epoxy resin for the hollow aluminium spheres, sufficient metal/
metal contact being maintained to ensure a contact resistance of less than 2 ).
The dielectric spheres were attached by compression fitting. The silver steel
shaft was supported in PTFE bushes which were held in a brass stirrup. The
maximum sphere size which could be accomodated was 19.1mm diamter. Two brass
discs were held at eithgr end of the silver steel support rod, by steel pins
passing through the rod and the discs. The brass discs maintained the sphere
horizontal position constant for spheres of diamter less than 19.1mm, and also
permitted electrical contact to be made to the sphere, via a spring-loaded
carbon brush at one end. The sphere could be clamped rigidly when required

at the other end, using a metal clip and a 10BA tapped hcle in the brass disc.

The shaft holding the saddle unit, was covered with a PTFE sleeve over the
upper part of the length, to reduce horizontal sphere movement to aminimum.
The sphere was held in contact with dielectric specimens by the action of a
spring in the carrier wnit (FIG.9). The total mensl force between the sphere
and the plane was equal to the weight of the carrier unit, together with the
force exerted by the spring. The carrier weight was measured, and the spring
was calibrated for force as a function of extension, as follows.

The vessel 1id was mounted horizontally, with the sphere carrier shaft
positioned in the upward vertical plane. The sphere support saddle was removed
and replaced by a flat metal plate of known weight, upon which further weights
of known value could be placed. The extension of the spring, relative to the
fully compressed position, was measured using a mechanical vernier system, for
known applied weight. The relation between spring extension and the number of
turns of the control button relative to the end movement point, was measured
independently. Both of these relations were linear, and by eliminating the

spring extension between the two, the relation between the number of control

button turns, and the force was obtained, for three different springs.

When charging experiments were carried out, the number of control button

turns required to give contact between the sphere and the dielectric was
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observed visually, hence the force during contact could be calculated. The
vertical position of the brass support saddle, relative to the support shaft,
could be varied, allowing the same force to be exerted for different sphere
sizes. The spring calibration, both before and after exgerimental runs, was
found to be identical.

2. 3. 2. Charge measurement.

®

The charge transferred to the sphere was measured using a Vibron™ 33B-2
electrometer, connection being via the carbon brush system, and a vacuum feed-
through in the vessel 1lid. Anti-microphonic coaxial cable, was used where
appropriate for electrical connections in the present study, including
connection to the sphere. The input capacitance of the electrometer was
selected to give a suitable full scale range. The value of this capacitance,
together with associated input leads, was determined to an accuracy of 0.5%
using a Wayne Kerr B 221 capacitance measuring unit and an AA 221 autobalance
adaptor, which utilised an alternating current bridge circuit.

—15A

The electrometer leakage current was a maximum of 10 . Since the minimum

measured charge levels were of the order of 4 x 1O~1OC, and maximum measure-—
ment times were of the order of 1 hour, the leakage current introduced a
maximum measurement errér of 1%, and in most cases the error was one hundred
times less than this value. The electrometer zero drift of O.1mV in 12 hours
was sufficiently small not to affect measurements.

Measurements of charge at the upper end of the contact velocity range were

influenced to a certain degree by the slow response time of the electrometer.

A correction was required for this effect, and could be derived from the
measured electrometer response to a step change in the input potential. The
electrometer output was observed on one channel of the same ultra/violet
recorder used for position monitoring. The galvdnometer could respond to a
24Hz signal, a sufficiently fast response.

The electrometer response to a shtep change in the input potential was

determined by applying a charge from a storage capacitor. A known capacitor

was charged to o given potential from a voltage source through a series
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resistance. By a manual switching operation, very rapid transfer of all the
charge on the storage capacitor to the electrometer input capacitance was
achieved.

In order to ensure total transfer of charge from the storage capacitor to
the electrometer, the electrometer capacitance was equal to 210 x storage
capacitance. The electrometer response was found to be slightly underdamped
(FIG.10) and independent of the input capacitance and range. The electrometer
potential after the step ch;rge, agreed well with the expected value, calculated
from the charge originally on the storage capacitor. In order to calculate
the required correction factor to account for the slow response time of the
electrometer, it was assumed that the actual system could be approximately
represented by a first order system, with a time constant equal to the time

taken by the actual system to reach 63.2% of the final value.

Considering a general first order systém, the potential output, V0 from this

is related to the potential input Vi’ in the Laplace Transform domain by(97),
VO(SL) = vi(sL) : 2.2
ICSL + 1

V;(SL) is the Laplace Transform of the potential applied to the netwerk, and

VO(SL) is the Laplace Transform of the observed output potential. SL is the

Laplace Transform variable, Ic is the system time consvant (the time to reach

63.2% of the final value).

During transient charge experiments, for which the correction is required,

the input to the electrometer can be considered as a ramp change with respect

to time.
Thus Vi(t) = A;t, where A, is a consbtant. The Laplace transform of this is
given by(98),
2
SL

Consequently, by substituting for Vi(S ) from equation 2.3 into equation 2.2 and

L

inversely transforming,vo(t) can be determined. The inverse transform follows

from dividing the expression into partial fractions. The result is given by,




V() = At - T (- e_t/-[ c)].
This defines the output potential for a ramp change in the input potential.
When t/I;c is greater than 3, then,
Vo(t) = A, (t~ 'L'c) to within 5% . | 2.4
The value of V0 required in the experimental results, is that corresponding
to Vi at any time, which is given by Vi = At. If t is set equal to t + TC,
then Vs(t') is equal from equation 2.4, to A,t. This indicates that if the
electrometer time constant is added to the actual elapsed time, the value of
the output potential, unaffected by the electrometer transient characteristics,
will be determined. This procedure was easily adopted, using the trace of the
output potential from the ultra/violet recorder, during the chargng experiments.
The assumption that t/1:c should be greater than 3 was true in all cases,
and in many instances t/‘[c was much greater than 3, resulting in a very small
correction factor. The maximum correction required represented at most 25% of
the final value, and consequently the initial approximation of a first order
system is reasonable.

4, Contact potential measurement.

Contact potential measurement for the metal sphere was carried out by a
modification of the Kelvin method(gg). When two conductors are connected
together at thermodynamic equilibrium, electron flow occurs until the Fermi

level of each is equal(7’1oo).

This results in a potential difference, the

contact potential difference, appearing across the gap between two conductors ;
if their rear faces are connected together. The contact potential difference

is numerically equal to the work function difference in eV. If the metal of
interest and a reference metal of known work function, form the electrodes of

a capacitor, and they are electrically connected through a resistor, then a

change of capacitance will cause a current to flow through the resistor. If

an external bias potential is included in series in the circuit, and adjusted

until any capacitance change produces no potential drop across the resistor,

then the contact potential difference, is equal in magnitude, and opposite in

polarity to the applied potential(101).

The measurement circuit used is shown in FIG.11. A detailed analysis of this
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(102)

and Macdonald(103),

for vibrated electrodes has been given by Anderson

(104)

whilst Guptill gives a simplified analysis. Vibrating electrode contact

potential measurement systems, have been employed in studies of contact
electrification by several investigators(7’10’38’46’52’59’72—74’77).

In the present experimental apparatus, it was possible to utilise the rotating
table movement for contact potential measurement, in a similar.manner to that
described by Kolm(105). The gold plated ring and four gold plated discs formed
the reference surface, and the discs produced a periodic change in capacitance
with respect to the test sphere, when the turntable was rotated. The table was
positioned so that the discs could be rotated immediately beneath the metal
sphere of interest. The observed signal is proportional to the rate of change

(104)

of capacitance , which in turn is proportional to the maximum capacitance.
Consgﬂquently, by carafully reducing the gap between the sphere and gold dies,
the capacitance and hence the measured signal was increased.

The signal was measured using a solid state electrometer device, constructed
in the departmenf, with a built-in amplification stage and an input resistance
of 5 x 1O7§2. The signal was displayed on a Marconi oscilloscope Type TF 2203.

The table circular speed was 94 R.P.M., for all the contact potential
determinations. The biag voltage was applied from a 4.5V battery, to the
whole electrically isolated section of the turntable unit, and was measured
using a range box and galvanometer, having a minimum full scale range of 100mV.
The maximum noise level due to stray capacitance effects, was equivalent to
25mV at the input. Measurements to this accurancy were acceptable, since the
range of contact potential values was approximately 1V, and contact potentials
are sometimes subject to variation of approximately 100mV, due to differences
between various samples of the same materia1(101).

The measured contact potential was independent of the separation distance
between the sphere and the gold discs, confirming that stray capacitance effects
were negligible. Sensitivity of course decreased with increasing separation
distance. The contact potential measured represented an average value over an
area of the sphcre close to the discs. ‘The change in measured contact potential

values, when different parts of the sphere were placed adjacent to the discs,
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was below measurement accuracy,rindicating that the work function of each sphere
was substantially constant over the surface.

In order to determine the metal work function from the measured contact
potential, it is necessary to either assume, or measure independently, the work
function of the gola reference surface. Early measurements of the work function

of gold, indicated a value of 4.7eV , whilst later results gave a value of

5.32 eV(1O6). This difference is attributed to a chemisorbed mercury layer in
. . . ; ; (106)
the former experiments, caused by a mercury diffusion pump being used « In

general it is rather uncertain as to the actual value which should be used.
Since in contact electrification studies, it is the relative value, rather than
the absolute value for different metals, that is important, results will simply
be expressed as a contact potential relative to gold, rather than a work
function. '

The gold reference surface was chosen for its stability with time, and its
work function is not expected to vary outside measurement accuracy, under the
experimental conditions employed in these investigations. Using the technique
described, contact potential values of several metals were measured and are
shown in Table 1. These values are in reasonable agreement with previous

(107).

measurements The contact potential in all cases was found to decrease at
the rate of approximately 15mV per hour, during the first two hours of exposure
to vacuum conditions. The contact potential of aluminium changed markedly as
shown, when the oxide layer was removed by rubbing with very fine abrasive paper.
The oxide layer re-formed in a time period of less than two weeks, returning the
work function to the original value. The oxide layer effect was much less
marked with the other metals. Measured contact potential values during

experimental work, were found to lie within i 50mV of the values shown.

5. Induction probe unit.

5. 1. Mechanical construction.

The mechanical support system is shown in FIG.12a. Movement of the probe

tip was possible from outside the vacuum vessel, with controlled and measured

accuracy to 0.001 in (0.0254mm). Rotation of the control button outside the
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vessel, which had a tapped interior hole, moved a threaded rod vertically.
This was connected by a mechanical lever and pivot, to the probe tip assembly,
and .produced equivalent vertical movement, of the probe tip assembly. The
control button scale was calibrated in 0.CO01in (0.0254mm) divisions, and the
accuracy was confirmed by comparing the scale reading, with the probe tip
movement, measured using a mechanical vernier érrangement. The probe could
also be adjusted to various angular positions relative to the sphere support
unit. The angular position was maintained at 180° throughout the experiments
described. The whole probe unit was secured to the vessel 1lid by means of a
tapped brass block, which was screwed tightly to the threaded cylindrical
section of the probe unit, protruding through the 1lid.

The probe tip (FIGS 12b,12c) consisted of a 0.132mm diameter enamelled copper
wire (J), which was held in a 0.16mm diameéter hole, drilled through the 8mm
diameter brass screening electrode (H). This brass cylinder was supported on
a threaded PTFE cylinder (N), which in turn was held on an 8BA threaded rod (M).
The PTFE and brass cylinders were moved until-the probe centre yire was visually
level with the brass cylinder surface. The 8BA rod was secured by a nut into a
brass block (K). This block was supported in a PTFE block (L), compression
fitted to the brass cylinder (F), connected by the lever arrangement (P) to the
movement system (Q).

The 8BA rod and part of the brass screening cylinder, were screened further
by another brass cylinder (G), which maintained 0.5mm clearance between itself
and the inner screening cylinder. This arrangement permitted the centre
screering cylinder and probe sensing wire to be accurately lowered visually on to
dielectric specimens, and by moving upwards a known amount, controlled separation
could be obtained. The inner brass screening cylinder was connected to an
anti-microphonic coaxial cable screen, which was connected via an electrical
feedthrough in the vessel 1id to earth. The centre wire of the probe was
connected to the centre core of the coaxial cable and thence via an electrical

feedthrough to an electrometer. The vessel itself was earthed, and all other

internal metal parts were connected to a common earth point.
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The probe tip height could be varied to accomodate different thicknesses

of dielectric specimen. The probe tip design is similar to that described by

Scruton(108).

2., 5.2. Mode of operation and input capacitance calibration.

Induction probe techniques have been utilised in several previous investi-

(10,38,54,72,73,78,109)

gations of contact electrification . Various probe

(53,110-113) (110,114)

designs , and electrometer circuits , have been proposed

for charge scan measurement, whilst the theoretical relation between uniform
(61,111,113,115-117)
surface charge and the prebe potential has been derived by several investigators.

For the physical situation shown in FIG.13a the relation between probe
potential and surface charge density can be derived as follows(117). FIG.13a
shows a specimen of dielectric constant €r2’ thickness L, resting on an earthed
base plane. Parallel to, and at a distance g above the dielectric surface, is
another conductor , representing the induction prcbe. The potential of the
upper plane is measured using an electrometer of input capacitance CE’ and
gain G.

The dielectric is assumed to have a uniform surface charge density O on
the upper surface, and v’ is the potential of the upper surface of the
dielectric. It is assuﬁed that there is no volume charge distribution.

Charge densities C)b and OP are induced on the lower and upper metal
electrodes respectively, due to the dielectric surface charge. Charge densities
—(Ja and +-Oa are on the upper and lower electrodes respectively, due to the
potential of the measuring source. Except where otherwise stated, all quantities |
are expressed in units consistent with the rationalised S.I. system.

Considering cylinder A (FIG.13a), the field between the plates is uniform,
and only components perpendicular to the plates exist. From Gauss's Law(118),
D1 :—(OP—-Oa), 2.5
where D is the electric displacement.

The displacement in the conductor is equal to zero, since no steady state
electric field component can exist in a conductor. The subscript 1, refers to
the air gap region., Considering cylinder B, D1 - D2 = § 5 26 |

where the subscript 2 refers to the dielectric region,

T
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Considering cylinder C,
D, =0+ Op+ 0, - 2.7
The electric field is related to the displacement by(HS), E=_D y 28
€r€o

where E is the electric field, Eo is the permittivity of free space and Er

is the dielectric constant. In the air space €r1 =1 =
E=-av , 2.9
dy »

where y is the distance measured from the lower electrode (FIG.13a).
Integrating 2.9 over the dielectric region, and eliminating D2 from equation

. V3
2.8 gives, V —_--E2L = -—DEL . 5.10

€o E1'2

Similarly, for the air space,

d
\ -—V:—-E1g=Dlg - 2.11
€o
Eliminating V7 from equation 2.10 and equation 2.11 gives,
D2:—D1g€r2-VEc€r2 . 2.12
L L
Substituting for D2 from equation 2.12 into equation 2.6 gives,
. -1
D1=_V€o€r2_ + O 1+g€r2 : 2.13
L L
Thus from equation 2.8 with €r1 = 1.0,
L -1
E1:_V€r2+ _q- i +_g€r2 . 2.14
L & L
)
The charge on the upper plate Q = A( Op - Oa) = - AD1, from equation 2.5,

where A is the area of the upper plate.
Thus using the value of D1 from equation 2.13 gives i
0 = A_€o€r2 .V—EOEL_ :Cd(V—Ve) 3 2:15
L+ g €r2 o( r2J
where Ve is the equivalent potential of the surface charge = 0L ’ '

EOEI‘2

C, is the capacitance of the unit, = AEOE

d r2 .

L + gEI‘Z




The charge can be changed by changing Cd' The electrode forms a charge
source or sink, charging or discharging the detector circuit.
Using the detector circuit shown, consisting of an integration condensér
and electrometer, the following charge conservation equation can be derived,
dQ + CEdV =0 3 ' 2.16
where C_, is the capacitance of the electrometer input. By differentiating 2.15,

E

dQ = CddV + VdC, - VedC 2.17

d d

By substituting equation 2.16 into equation 2.17, integrating and rearranging,
the following relation between the final potential and the capacitance change
can be derived,

Vo =V (Cip - Cy ) +V (Cp+C

f ds) g 2.18

) (CE+C

(CE + Cd df)

f
where Vs and Cds are the initial potential and capacitance, and Vf and Cdf are
the corresponding final values.

The detecting electrometer was constructed in the department according to
the circuit diagram shown in FIG.14. The input lead capacitance was of the
order of 160pF as measured by a Wayne Kerr capacitance bridge, and the input
resistance was 1.5 x 1013§?. The decay time constént consequently was equal to
2.4 x 1035. This was sufficiently long to ensure that during the maximum
scan time of 4 s over charged areas, the error introduced by decay was less
than 0.2%. The speed of response of the instrument, which had a response time
constant of 1ms, was faster than the associated indicating equipment. This
consisted of one channel of the same ultra/violet recorder used for position
sensing and sphere charge monitoring. A galvanometer was used in the recorder,
which could respond linearly to an alternating frequency at least as high as
80Hz. Since the scanning traverse speed was 2.72mm s"u the rise time calcu-
lated from the response to an 80Hz signal,ccrresponds to a distance travelled
of 0.017mm. This is much less than the estimated probe resclution as derived
later, of O.5mm. Consequently the response was sufficiently fast so as not to

affect the observed charge levels.

When the probe is scanned over a charged area from a point initially very

. |
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far from the area, then C = 0, and C from equation 2.15 = AE €

af 2 T2 *
L+ gg _,
r2

ds

Using values for a typical dielectric specimen, the maximum observed Cdf for
the present experiments, assuming €r2: 6, L = 1.5 x 10—3m, F = 0.127 x 10_3m,
is found to be 8.2 x 10—16pF. The surface area assumed for the probe was

8 2

35 x}?O— m-, which was derived from the calibration results discussed later
in this section. It is apparent that Cdf is less than 0.001% of CE which was

equal to 160pF, and therefore equation 2.18 can be written as

Vo= V. Ch./Ch + 7V

it s °

If the electrometer gain is equal to G, then the observed output potential
Vj = GVf = Gvecdf/CE + GVs . The potential increment due to scanning over a
charged area, is equal to the potential when the probe is above the charged
area, minus the potential when the probe is at infinity and Cdf is equal to O.
This latter potential is GVs'

Thus, Vmg = Vj - GV = Jvecdf/cE ,
where Vﬁg is the potential increment with a probe to charge layer separation
distance equal to g. Substituting for Cd and Ve from equation 2.15 gives,

O=cCg |1+g€ 2.19

B 2 vmg
AG L

By considering the incremental potential change, as the charged area was scanned,
any problems due to the small zero drift in the electrometer were eliminated.
The surface charge density can be determined from the measured probe

potential, knowing g and L from measurement, and Er from standard tabulations,

2
if CE/AG can be determined. This was achieved by measuring the probe potential
for several different known separation distances from a 1.59mm thick dural disc,
on the dural turntable, maintained at a known potential. The separation
distance between the probe and dural disc, was determined by bringing the probe
into contact with the disc, and moving the probe up a known amount. The dural
disc was required in order to bring the table height within the probe movement
range. Having positioned the probe as required, a step voltage change was

applied to the disc from an A.P.T. Electronic Industries Model 509 voltage source.

The applied potential was measured using a galvanometer and range box. The
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resultiﬁg electrometer potential increment was recorded, and this procedure

wvas repeated for several probe to plate separation distances.

The charge induced on the probe
Q = -AE E, by Gauss's Law, (FIG.13b).

From the line integral of the field, E = (Va - V)/g, where Va is the potential
applied to the disc. Thus, Q = (A.Eo/g) (V- Va). This expression can be
differentiated as previously. Substituting into equation 2.16 knowing that

o

A.E() - CE , and including the electrometer gain, then the electrometer

g
potential increment Vﬁ due teo a step plate voltage change Va’ is given by

V = AGV_E .
m a_o

CEg
Thus, 1 = C 2.20
1=Cg . ‘
m AGV €
a o

A plot of 1/Vm determined experimentaliy, against the measured probe ‘to
surface separation distance is shown in FIG.15 for Va equal to 200V. As
predicted from equation 2.20, the experimental points lie on a straight line
passing through the origin. This confirms that the screening of the probe
connections was adequate. The line would pass through a finite value on the
1/Vm axis if screening was inefficient. The value of CE/AG determined from
the slope of the line drawn through the experimental results, and equation 2.20,
is 7.77 x 107%% o2,

The electroﬁeter gain was determined independently by applying a known input
signal and measuring the output potential. The gain was found to be 5.76, and
since CE was equal to 160pF, the effective probe diameter, calculated from the
value of CE/AG determined above, was equal to 0.213mm. This is of the same order
as the expected value of O.16mm, the discrepancy is due to tapering of the
drilled hole in the brass screening cylinder.

The derivation for equation 2.20 assumed a uniform field in the gap,
this was obtained by having a flat parallel screening electrode of area much
greater than the exposed probe centre core area and close to the probe potential.

The charge tracks scanned in the experimental observations typically haa

widths greater than 0.6mm, consequently the above resolution was adequate.

. :
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The eduations derived up to now have assumed that the surface charge density
on the dielectric was uniform. In actual measurements charge tracks of finite
widths were studied, and a correction for this is required, when converting

(119)

observed probe potentials to surface charge densities. Murasaki'’ has
analysed the response characteristics of an induction probe, to a single
polarity sinusoidal charge distribution. The electric field at the probe

surface can be determined by solving Laplace's equation in the air space and

the dielectric region between the electrodes, using appropriate boundary

1
conditions. The result is ( 19),
E :O 1+B 9
1g e g
Boo
280 1-+€r2g
L

for the electric field at the probe surface a distance g above the peak charge

region, corresponding to a charge distribution, O = Oe (1 + cos px1).

2
The physical arrangement is as shown in FIG.13a.

. . =i |
,sinb pg coth pL) B, = [1 +tE 8, p= 2T/ )\ »

[ L

is the distance coordinate, and g, L, €

Bg = (coshpg+€r

N is the spatial wavelength, x

1 r27

Eo are as defined previously.

The charge distributionsmeasured in the present experiments were not
sinusoidal, but consisted of a single peak, together sometimes with associated
reverse peaks (FIG.16a). Consequently the electric field value given by

(119)

Murasaki is not directly applicable. However, the equation can be

modified, to allow determination of the peak charge density from the probe
potential, for the single charged peak. The actual distribution contains
charges of both signs distributed approximately sinusoidally for one periodic
distance. Assuming initially that the charge distribution does not terminate

after one periodic distance, this can be described by O = O (k + cos PX1), as

e

2
shown in ¥IG.16b, where k is a parameter to account for the presence of a bi-polar

charge distribution. k is equal to 1.0 for the uni-polar charge distribution

(119)

considered by Murasaki , and k is equal to O for a symmetrical bi-polar

- . \
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using this

(119)

charge distribution. An analysis similar to that of Murasaki
new charge distribution, yields for the field at the probe surface, above the

peak charge region,

k + B r ‘
5, = g .
Eqg Oe[ = 2.21

2 Eor 4 Ergg]

L
This equation applies.to a bi-polar sinusoidal charge distribution.

(119)

Murasaki has shown that the average electric field over the probe

surface, is related to the point field by

Bigav = 310 PRpw Eip 2,22
pR
Pw

for a square prcbe tip, where Rpw is the probe tip width. As a first approxi-
mation the same relation is assumed for a circular probe of radius RPP. For
the conditions studied sin pRPp/pRpp is Very close to 1, and this approximation
is acceptable.

For the present experiments, V is less than 600mV, L is greater than 1.5mm,

3

and Er2 is less than 6, which gives a maximum value for V& of 2.4 x 107,

- .
6, -2 N
Since O is greater than 107 C m“, O is greater than 1.13 x 105 and V £
= P, -2
0
can be neglected in equation 2.14. Thus E, = 6] s 2.23
EO 1 + gE}j
]
By substituting for a from equation 2.23, into equation 2.19, Vmg
1+ g €r2
L

can be determined as a function of the field at the probe surface. Thus

Vmg: AGEOE1/CE ,

If the field is non-uniform then for a probe to charge layer separation distance

of g, Vmg = AGE E /CE’ and using equation 2.22 with RPw equal to Rpp gives,

o 1gAv
Vmg = AG € sin pRy, L1g. 2.24
CE R
5 op

Eliminating E from equations 2.21 and 2.24 yields

1g

T T —
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Oe EE. 1 + gE:rz-J P?PP .12 ang ] 2.25
AG L in pR k + B
S Ppp £
00

The charge density required is the value of §_, which from FIG.16b is seen to
be O_= 0 (1 +k) . - 2.26
T e
2
Thus substituting equation 2.25 into equation 2.26 gives,

0. = C,1+g€r2.pR

r pp (1 + k) |.V s 2.27

L i B, + k\| "€
sin pr Bg + )
BG)

for the charge density of the peak charge region.

&l
ol

As A approaches w, equation 2.27 becomes equal to equation 2.19 for a
uniform charée distribution, as expected. The influence on the probe potential
of charge regions distant from the probe, decreases with increasing separation
distance, and the finite observed charge yidths are much greater than the probe
diameter. Thus, it is reasonable to expect that the probe potential cofres—
ponding to the peak region of the observed finite charge width (FIG.16a) which
resembles part of a sinusnidal distribution, will be similar to the probe
potential corresponding to the peak region of a cdmplete sinusoidal charge
distribution. Therefore, it is postulated that if k is considered as a general
parameter, which describes vhe deviation of the actual finite charge distribu-
tion from the complete sinusoidal case, as well as the change from a uni-polar
to a bi-polar charge situation, then equation 2.27 can be applied to the actual
measured charge distribution. The distant regions in the complete sinusoidal
case will have some influence on the probe potential, and thus the value of k
in the finite charge width situation, will not correspond exactly to the
geometrical interpretation of FIG.16b, which applies to the complete sinusoidal
case. A means of determining an appropriate value of k for the actual measured
charge distribution, will be described in Chapter 3.

The curvature of the charge line was considered to be zero for this
derivation. This is reasonable, since the minimum charge cicle diameter was

40mm, whilst the probe resolution was 0.5mm, and the non-linearity can be shown

to be negligible for these dimensions.




The probe resolution was checked using a printed circuit board, with
conductive lines of measured width, etched into the surface. The board itself
was made of 1.5mm thick insulating material coated with copper. The etched
lines on the upper surface were joined by conducting paint at the edges, and
similarly to the reverse metallised side of the board. The board was clamped
to the dural disc surface and a high potential applied to it. The dural table
was then moved beneath the induction probe, and the output signal recorded as
the lines passed beneath the probe. For a probe to surface separation distance
of 0.127mm, approximately O.5mm of linear table traverse was required for the
probe potential to reach its maximum value. This was close to the expecféd
valug1l%)approximately 1.5 x probe diameter, that is 0.32mm. The discrepancy
is due to the probe centre core not being absolutely level with the screening
cylinder, and the tapering effect of the drilled hole.

All line widths greater than 0.5mm, gave a constant electrometer output
for the peak value, indicating the applicability of the technique to line
widths greater than O.5mm, on dielectric specimens. The resolution distance
measured above, enabled a correction to be applied to the spatial wavelengths
measured on dielectric materials. This eliminated ‘any errors due to probe tip
misalignment.

A number of different series resistors were used at the ultra-violet
recorder input, to enable selection of different full scale deflections. These
were calibrated by applying a signal from a millivolt box, directly to the
resistor, the magnitude having been accurately monitored using a digital volt-
meter.

Problems due to microphonics associated with cable movement at the electro-
meter input,were eliminated in the apparatus, since the probe was maintained
in a fixed position, whilst the sample was moved relative to it.

It is apparent that the apparatus described, fulfills all the necessary

requirements mentioned in secticn 2.1, for the experimental investigation.

Experimental results obtained with this apparatus are discussed in Chapter 3.
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CHAPTER _ 3

ELECTRIFICATION AT A SINGLE CONTACT. EXPERIMENTAL RESULTS AND DISCUSSION.

An experimental study of the dissipation processes subsequent to charge
transfer, and of some of the variables affecting charge transfer, was carried
out using the apparatus described in Chapter 2.

3. 1. Experimental techniques and materials studied.

The polymers obtained were commercial samples in most cases. Some specimens
of additive free polyethylene (L.D.) and polypropylene, and some specimens of
polyethylene +terephthalate were kindly supplied by I.C.I. Plastics Division.
The range of polymers studied is shown in Table 2 together with certain
properties of interest. The spherical contact metal or polymer specimens,
were supplied by Insley Industrial Limited. Gold, Silver, Nickel and Tin were
electroplated on to brass spheres. A list of materials used, together with
associated tolerances is given in Table 3..

Before any charging experiment was carried out, both the dielectric sheet,
and the contact sphere were cleaned with a tissue soaked in isopropanal, a fresh
tissue being used on every occasion. This cleaning technique is similar to

that employed satisfactorily by Davies(72)

(72)

for polymer specimens. As pointed

out by Davies , over elaborate cleaning techniques lead to increased

variability in the experimentally observed charging behaviour. Harper(7) has
discussed the notion of a clean surface. He concluded that all real surfaces
should be considered as brought to a standard prepared state, rather than an
absolute state of cleanliness. The cleaning technique selected, was considered
effective in bringing the materials to a standard prepared state, whilst
retaining the natural material charging properties.

In order to ensure that no surface charge was present after cleaning, the
dielectric specimens were exposed to an ({-particle air ionisation source,
which consisted of a 3M static eliminator Type 204. This reduced the surface
charge below the detection limit of the induction probe, which was approximately
equal to 4 x 1OJ7C1;2. Since the charge levels studied in these investigations

: -5 -2 i . 5
were in general greater than 10 "Cm ~, the discharging process was considered

satisfactory.

T i———
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During charging experiments, turntable rotation was initiated before contact
was made. This avoided backlash effects in the gear system, modifying charge
levels. Likewise, contact was terminated, before, table rotation was stopped.

The linear velocity values given in the following sections, are the velocities
of area elements on the dielectric surface, at the radial position for which
contact with the sphere occured. These velocities are calculated from the known
circular speed and radial position.

The charge transferred t; the contact sphere is frequently expressed as
charge (unit circumferential length)_1 in the following sections. These values
are calculated from the quotient of the sphere charge, and the contact track
circumference determined from the known radial contact position.

In all cases a fresh track was used on the dielectric specimens for each test.
This avoided any progressive effect of changing surface properties, or changing
contact area. |

Induction probe measurements were cargied out by lowering the probe on to the
surface of the dielectric, and then raising the probe to a known height. The
charge distribution normal to the charge track, was determined by moving the
dielectric radially beneath the probe, at various angular positions. This
avoided any effects due to the initial probe/surface contact. The charge
distribution along the track length was determined by manually positioning the
peak charge region directly beneath the probe,and rotating the turntable.

Preliminary studies showed that the degree to which the PTFE bearings
supporting the contact sphere shaft, were tightened, had no effect on observed
charge levels, over the tension range used experimentally.

The charge produced at a given contact, was subject to changes of up to 50%
over periods of time of the order of days, although during any one set of runs
on a particular day, the charge remained constant to within approximately 15%.
The radial position over the measurement range of 20mm to 30mm track radius,
had no effect on the surface charge density. This was confirmed by induction
probe measurements and sphere charge measuremenfs. The degree of slip during

rolling contact was constant for all traverse radii used. This was confirmed

=,
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by counting the number of sphere revolutious, for identical linear speeds, at
the extreme radial positions, over the same time interval. The number of
revolutions was equal in each case, confirming that slip was identical in each
case.

The width of the contact track was estimated by measurement with a travélling
microscope, using a light source inclined at a suitable angle, to show the
indentation as a shadow. For polypropylene under a load of 8.2N, this width
was of theorder of O.7mm, whilst for a similar load on polyethylene, the track
width was 1.2mm, in each case after 6 turntable revolutions. These values are
significantly smaller than the observed charge widths given in Table 4, and
indicate that diffusion effects or local surface conduction, probably occurred
at the charge line edges. It is also possible that charged particles attracted
from above the dielectric, contributed to this charge spreading effect. The line
widths were calculated from plastic deformation theory (Chapter 2), and assuming
increasing deformation after several contacts as discussed by Bowden(63). The
calculated values of 0.88mm for polypropylenevand 1.5mm for polyethylene using
the Yield Strength values given in Table 2, are close to the measured values.

The decay of charge on polypropylene and polyethylene was found to be
negligible over an eight hour period, under a vacuum of 10—4 torr.

Similarly over a fiftecn minute period at atmospheric pressure, no charge
decay was observed. Consequently, within these measurement times, the effect
of the variables of interest, on charge transfer, could be investigated without

interference from charge decay processes.

Any charge present on the dielectric surface adjacent to the turntable surface,
could possibly affect the induction probe measurements. However, calculations
of the expected effect indicated this to be negligible, compared with the charge
on the upper surface. This was confirmed by comparing charge traces from a
dielectric coated on the lower side with conducting paint, with those from an
uncoated dielectric. There was no difference in the observed behaviour for

these two cases, confirming that charge on the lower surface had a negligible

effect on the induction probe potentiai.
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Mechanical parameters associated with lowering the sphere on to the
dielectric, were shown to have no effect on the transient charge character-
istics. This was confirmed by modifying the sphere support system to allow
very rapid lowering of the sphere. Results thus obtained, were identical

to those obtained using manual lowering.

2. Induction probe calibration for finite charge widths.

The relation between the induction probe potential (Vmg) and the peak surface
charge density ( Or)’ for a finite bi-polar charge distribution, is given by

equation 2.27 for a probe surface to charge layer separation distance g, as

Of:f_@'(1 +g€r2),(1 + k) Vmg " 2227
AG L B + k

4

By

—~

since pR =~ 1.0:
PP

sin pRpP

In order to determine Or it is necessary to know k and the spatial wave-
length A The wavelength is defined as the distance shown on FIG.16b for ‘
a sinusoidal charge distribution. The equivalent spatial wavelength for a
finite charge distribution, modified by the probe resolution ( A of FIG.16a),
was measured on probe potential recordings. By subtracting twice the probe
resolution length, determined from the resolution test grid, the defined spatial
wavelength was obtained. This enabled calculation of Bg and hence Bg/Ba)for
a particular material.

The value of k was determined as follows. From equation 2.24 the ratio of
the electrometer potential th at any probe height g, to the potential at 0.127mm

probe height, Vm in each case for the peak charge region, is given by

d,
Xmg - E1g y where E

' E

1d s . g >
dTgtance of g from the dielectric surface and E1d is the field normal to the

1g is the field normal to the probe surface at a separation

probe surface at a separation distance of 0.127mm, from the dielectric surface.

Thus, from equation 2.21




v B 1+€ , x 0.127| |k + B _(B 3.1
mg = _1g = r2 . gl o ?
de E1d L B k + Eﬂ
B
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where Bd is the value of Bg’ for g =d = 0.127mm, and Bg and %b are as
defined in Chapter 2.
Vmg was measured experimentally for various probe heights including 0.127mm,

v

and several materials, enabling determination of vﬂg as a function of the

md
probe height. During the méasurement time, the charge decay due to conduction

effects was negligible. Various values of k were chosen for each set of experi-
mental data and substituted into equation 3.1, until the optimum agreement with
experimental. results for the lowest probe heights was obtained. All subsequent
measurements were taken in the region of lowest probe heights. FIG.17 shows
results for the materials and conditions listed in Table 4, whilst the charge
distributions for these materials are shown in FIG.18. Agreement between
experiment and curve-fitted theory is good for the parameters shown in Table 4.
This indicates that the assumed similarity between the effect on the probe of
the finite and sinusoidal charge distributions in the peak region is reasonable.
The values of k obtained, are purely curve fitting parameters, and they account
for the variation of the actual charge distribution from the unipolar infinite
sinusoidal situation. Thus, these values can be substituted into equation 2.27,
to enable determination of the peak charge density from the probe potential.
The general pattern of behaviour is as expected, an increase in k from material
B to material C, corresponds to the decrease in positive peak heights.

The values of the peak charge density calculated from equation 2.27 are shown
in FIG.18, where Cy/AG is equal to 7.77 x 107'F 6", The pesitive peak helglvhs
shown in FIG.18 for materials B and C respectively, represent extreme values
observed in practice. Consequently the corresponding k values can be considered

as limiting cases for any measurements. The average k value is 0.36, and from

equation 2.18 it is apparent that the maximum error in estimation of Or using
the average k value is 3%. Consequently for later measurements, this average

k value was considered sufficiently accurate. Similar considerations apply to

material A, polypropylene, in this case the positive peak heights are inter-
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mediate between those of materials B and C, the i value being correspondirdy
intermediate.
The charge transferred to the ccntact sphere was monitored during these
experiments, the charge (unit circumferential length)“1 is shown in Table 5
for each material. The charge (unit circumferential length)m1 is related to the
surface charge density by
9= 0O0.b , 3.2
X
where x is the length travelled, O is the uniform charge densityyover the track
width calculated from the radial charge scan (FIG.16a), allowing for the probe
resolution.
The actual charge density distribution can be considered approximately, to
consist of a triamgular shape of height Or’ and base length b, which in turn

is equivalent to a uniform strip of height Or and base length b.

2

Thus, from equation 3.2, % = Or'b .
: 2

Values of charge (unit circumferential length)—1 calculated from this
expression are also shown in Table 5. By charge continuity, thése values should
be equal in magnitude, and opposite in sign to the. corresponding quantity
calculated from the sphere charge. This is seen from Table 5 to be approximately
true in all cases, any discrepancy can be accounted for by the charge densiuvy
non-uniformity around the charge track, and the area approximation. This
confirms that the probe calibration technique is applicable to distributions ;

of a similar shape to those described.

The greatest error in using this calibration technique will arise when
calculating absolute charge density from the probe potential. The maximwn
possible error is 33% in estimating the charge density from equation 2.27, if
incorrect values of k are employed. In the following sections, where absolute
charge density values are given, the comparison between various values is of
interest and any small systematic calibration error is not of great importance.
The principal use of the calibration technique, is in Section 3.4 in relation

to the effect of gas pressure on charge levels. In this case the relative
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electric field values at different heights above the surface are of importance.
The equations in Section 3.4 involving the parameters obtained from the present
calibration, are of an identical form to equation 3.1, from which these para-
meters were derived. Consequently the calibration parameters derived, are
accurately applicable to the equations used in Section 3.4.

3. 3. The effect of the ionisation pressure measurement gauge
on observed charge levels.

Measurement of the lowest pressures in the vacuum vessel, was achieved by
means of a Penning cold cathode ionisation gauge as mentioned in Chaptef 2.
Whilst the gauge was switched on, a continuous negative current was detected
by the electrometer connected to the metal sphere. This indicated that a stream
of negative particles was produced in the vacuum vessel by the gauge head.

These particles were probably either electrons due to thermionic emission, or
negative oxygen ions formed by electron attachment(120). Although the dural
turntable provided some measure of screeniﬁg for the dielectric sheet from the

. gauge head (FIG.6), it seemed probable that the gauge could modify observed
charge levels. This was indeed found to be the case.

The effect of the dielectric surface charge layer on these charged particles,
will depend on the electric field distribution above the dielectric. A’

(121). If the distance to

similar geometric situation has been analysed by Kao
an electrode above the surface is much greater than the dielectric thickness,
then electric field reversal occurs at the edges of the charge distribution,
due to the effect of image charges in the base electrode.

This situation applies when the induction probe is far removed from the
dielectric surface. This was the case in practice, except for small areas
under the probe during scan measurements. Consequently the negative particles
produced by the ionisation gauge, would be attracted to these electric field
reversal regions when there was a negative surface charge, and could have
contributed to the observed broadening of the negative charge pecaks (FIG.18).
The electric field due to the charge itself, possibly could either attract some

positive ions from the vacuum space, which were probably present due to the

ionisation gauge operation, or causc field emission from the surface. Both of

T —




(122)

these effects would predominate at the edge of the charged areca , and
would cause positively charged regiomns.

In practice, positively charged areas at both edges are always observed at
pressures below 2.x 10—4 torr, for measured peak field strengths at the probe
surface, greater than approximately 6.41 x 1O6V m“1 for a0.127mm probe height
(FIG.18). This effect has been confirmed by a large number of experiments
with polypropylene, polyethylene and polytetrafluoroethylene, and occurs even
when the ionisation gauge~i; switched off. If the charge density is close to
the limiting value, below which no positive peaks occur, as defined by the
electric field strength above, then switching on the ionisation gauge was
found to initiate formation of positively charged regions in times less than
30s. Gas pressure of the order of 10—2torr, resulted in increased magnitude
of the positively charged areas. The positively charged peaks,;t pressures
below 10"2 torr, increased as the initial negative charge density increased.
Both electron emission from the surface, and positive ion capture, could be
responsible for the positive peaks, and the relative importance of these
mechanisms cannot be established from the observations.

The observed behaviour with positively charged surface layers was different.
For charge widths similar to those in FIG.18, small negative reverse peaks
appeared at the charge layer edges, when the gauge was switched on. The positive
peak height was reduced considerably, over a period of time of the order of
minutes, after the gauge was switched on. When wider charged areas were
observed, caused by initial surface conduction and diffusion effects, actuation
of the ionisation gauage caused charge spreading (FIG.19). In this case the
effects due to image charges must have been swamped by those due to the intense actial
charge electric field, at the edges of the distribution(122). This would have
attracted the negative particles from the vacuum space, resulting in a charge
double layer on the insulator surface. Since the central regions of the
positive charge layer, are the greatest distance from the negative layer, they
are at the highest potential, and conduction will occur preferentially from

central areas. This leads to effective charge spreading, with depletion o the
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central sections, as observed in practice.

When the induction probe was held over the charged region, no decay effects
were observed, due to the screening effect of the probe.

These observations with positive surface charges could account for the

(10 )

spontaneous decay of positive charge observed by O0'Neill on polymer
surfaces. This was unexplained, and could have been due to switching on the
ionisation pressure measurement gauge.

No reference has been made to this effect by previous inyestigators, and it~
is quite possible that some previous charge measurements, have been unintention-
ally modified by ionisation gauge pressure measurements.

In order to avoid any disturbance to the measured values by the ionisation
gauge during the present experiments, the gauge was switched off during all charge
measurements. Gas pressure was checked before and after each experimental run.

3. 4. The effect of gas pressure on observed charge levels.

3. 4. 1. Theoretical considerations.

When the electric field above a charged aréa of material reaghes a critical
value, determined by the system geometry, gas concentration, number of free
electrons initially present in the gas, gas molecular species, and electrode
material, then cumulative ionisation resulting in an avalanche effect will occur.
For the case of conducting electrodes and a wniform electric field, the
critical potential to initiate avalanche ionisation, and hence a spark, as a
function of gas pressure (P) and electrode separation distance (c), is given

(14,16,123)

empirically by the so-called Paschen curve . The critical potential

passes through a minimum as (cP) is increased, from below 1 torr mm.

(16)
The minimum, which occurs at a value of (c¢P) equal to 5.67 torr mm for air
at 2OOC, is anticipated on the basis of Townsend's theory of gas breakdown(15).

This theory attributes the avalanche effect, to the cumulative ionisation
resulting, when the naturally present initial electrons,(due to cosmic rays,
ultra—violet rays and radioactivity) are accelerated by the electric field, and
collide with gas molecules inclastically. When (cP) is greater than the value

at the minimum (cP)MIN, the number of collisioans made by an electron in crossing

T R TR —
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1 the electrode gap is greater than at (cP)MIN, but the cnergy gained between
| collisions and hence the possibhility of ionisation is much lower., unless the
potential is raised. For (cP) values less than (cP)MIN the reverse applies(15).
The relation between the critical potential Vc’ and (cP), for (cP) greater
than (cP)MIN, is given by Meek(16), for a number of electrode materials. There
is no observed dependence of the critical potential, on electréde material'for
several metals in air.
For the case of a highly non-uniform electric field, cumulative ionisation
is restricted to the region of greatest electrical stress, and the gas discharge
process is known as corona discharge. In this case a stable ionisation situ-
ation arises, rather than a spark which occurs with uniform electric fields.
When the electrode system consists of a wire of circular cross section,
surrounded by an outer electrode of arbitrary shape, the corona starting electric

(120)

field E for air, is given empirically by

4

1c’

B =3.22 x 10°8" + 8.46 x 10

o1 il
2 =2
- o) (Rpo) ’ 3.3

’ 298P ; :
ati si i e R s th ;
where O  the relative gas density is equal to < 760 ™ is e inner

wire radius, ) is the temperature (OK), and P is the gas pressure in torr.

The pressure dependence of the charge density on insulating surfaces.is less
well understood, partly because of the complex eleciric field non-uniformity
above the surface, resulting from the charge non—uniformity, both before and
during air breakdown(4’56’124~126). The other principle complication is that
during charging of an insulator by contact and separation, no single discharge
length can be defined, since a continuous range of lengths is available for
discharge, from zero to the final separation distance. The effective observed
discharge length, is the greatest separation distance for which avalanche
ionisation occurs, as the surfaces are separated.

(96)’ ——— (59)

Medley and W&hlin report behaviour broadly similar to
the Paschen curve, for the charge transferred to a metallic electrode during
sliding contact with a polymer. The charge was found to pass through a zero
value as the pressure was reduced from 760 torr. The Paschen curve predicts a

minimum charge value. Neo detailed examination of the final charge levels was

IlIIIIIIIIIIII ' ' ‘




(9,127)

carried out. Peterson detected a charge minimum, for an insulating
particle undergoing rolling contact with a metal cylinder, as the pressure was
reduced from atmospheric.

The relation between the induction probe potential in the present experiments,

and the normal electric field at the probe surface is defined by equation 2.24 as

Vmg = AG EOE1 g/cE 3 2.24

e i S ——

since sin pR ~ 1 for the present experiments.
SO ) -]

R
o PP

o

The functional dependence of the surface charge density on gas pressure, deter-
mines the dependence of E1g and hence Vmg on pressure. On the assumption that
discharge océurs over a polymer surface to metal sphere separation distance c,
the value of the surface charge density Oc,after breakdown is given by

the critical ai; breakdown

equations 2.21 and 2.26 with E equal to E

1g 1.¢?
f electric field.
‘r
‘ Thus oc,: (1 + k) € Bl C +Er2c) , 3.4
' k + B L
L
BCO

where Bc is the value of Bg with g equal to c¢. The sphere curvature is
; assumed to be small over the discharge lengths considered. This is approxi-
{ mately true for the discharge lengths estimated later in this section. The
electric field is considered as approximately equal to that which would exist
L if the sphere were replaced by a plane positioned at the discharge length.
E When the surface charge density is monitored with the induction probe, the
relation between the electric field normal to the probe surface and the surface

charge density OC” is given by equations 2.21 and 2,26,

T~

E1 = O/<k 4 B ) "~ 3.5
g ¢ &
By, .
(1 + k) €O<1 +E.r2g)
L

By eliminating OJ between equations 3.4 and 3.5,E1g as a function of E1c is ;

determined. Substitution of this value into equation 2.24 yields for the probe

T e e -

potential

| |

e
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If the critical breakdown electric field E

, is known as a function of pressure,
1 P

then vmg can be determined as a function of pressure. For the case of corona
breakdown, E1c from equation 3.3 can be substituted into equation 3.6

to give

k3
AGE [k +B \[1 +€ .c\/3.22 x 10°P + 8.46 x 10 (p)?
o g r2 T T
B L 760 R 2(760)z2
Vmgz < . ?
C.k + B
E( §£> L E:1'2g> 3.7
® L
at 25°C.

In order to apply the Paschen curve to equation 3.6, it is necessary to know

E as a function of Vc. The relation betweench and E

le
the approach described by Murasaki(119). It is found that for the values of c¢

1c ©an be derived using
determined in the present experiments, which will be discussed later in this
section, the electric field can be considered uniform over the air gap and
E, = Vc/c. Thus substitution of this expression into equation 3.6 yields

1c

the following expression for the probe potential

ymzereoa<+1%ﬂ%)C +Erfﬁn ,
L
CEC-+EE>(1+Er2g)c 3.8
By, L

The Paschen curve is strictly only applicable for a uniform electric field
situation. However, it is of interest as a possible means of approximately
predicting limiting charge levels in practical situations, for dielectric
material having non-uniform surface charge distributions.

3. 4.2. Experimental results and discussion.

The observed charge levels expressed as peak inductiorn probe electrometer
potentials, as a function of gas pressure, for three differenlt specimens, are
shown in FIG.20. The contact parameters and materials involved are described
in Table 6. Discharge, reducing the charge level to a value below the measure-

T

P ~ -2 ———
ment sensitivity of 4 x 10 Cm ~, occurred over a significant pressure vcange

| - | |
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as shown in FiG.20, in which each point represents the mean vaiue of five
radial scan measurements. This is in contrast to the much larger minimum value
predicted by the Paschen curve as will be shown later in this section. The
corona discharge equation predic®s very low charge levels as observed, however,
this equation does not of course apply to the region of increasing charge for
pressures below 0.3 torr. |

The charge transferred to the contact sphere (unit circumferential length)_,'1
as a function of gas pressure, after six turntable revolutionsand after one
turntable revolution is shown in FIG.21 and FIG.22 respectively. FIG. 22 is

(59,96)

directly comparable with previous results , and is in agreement with

regard to the expected pressure range, for the zero charge values. Likewise

the constant charge levels observed below 10_3 torr are in agreement with

(59,96)

and the charge levels at atmospheric pressure are of

(59{96).

previous results,
a similar magnitude to previous results It is thought that the charge
maximum observed near atmospheric pressure (FIG.22), reflects differences in
charge uniformity near atmospheric pressure.

A new phenomenom is apparent from the results of FFIG.21. The sphere charge
passes through a maximum as the pressure is increased from the lowest values,
before the charge reaches the expected zero value. The explanation for ihis
behaviour is apparent when the mean free path of gas molecules, in the minimum

range is considered. The mean free path Lm ,is given by Moore(128) as

1 -
L = ( 2/2TENd 2) L
m m

, 3.9

where N is the molecular concentration, dm is the molecular diameter, for
Nitrogen(128) d = 3.16 x 10_1Orn.

The charge maximum occurs at a pressure in the region of 0.1 torr. For this
pressure, Hﬂfrom equation 3.9 is equal to 0.76mm., The longest path length
between unscreened parts of the contact sphere, and charged areas immediately
adjacent to the contact region is approximately 15mm, which is 20L_. For
cumulative ionisation to occur it is necessary that the field should exist over

(8)

many times the mean free path length . The precise number of required path

lengths is unknown, however the order of magnitude expected is in the region of

N T ———
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100 to 1000(8). The available path length to the sphere is less than this

value, and consequently cumulative ionisabtion will occur when the contact sphere
is far removed from a particular charged area element. Most ions of the same
sign as the surface charge, produced during the breakdown process, will migrate
to conductors other than the contact sphere, under the influence of the surface
charge electric field. TIons of opposite sign to the surface charge are
attracted to the surface and neutralise the charge, until the field above the
surface is below the critical breakdown level. This neutralisation process
provides areas for further charge transfer during subsequent turntable revo-
lutions. The charge transferred to the sphere after several turntable revo-
lutions, in this case is greater than when the charge transfer process is limited
by the electric field due to the charge remaining on the dielectric surface,

as occurs for pressures below 10_2 torr.

As the gas pressure is increased, the mean free path decreases and gradually
a greater proportion of ions of the same sign as the surface charge migrate to
the contact sphere. This provides a current of opposite sign to the contact
charge separation current, and results in a decrease in the net charge trans-
ferred to the sphere. As the pressure is increased from below 10—2 torr, the
two effects firstly become exactly equal, and no net charge is observed. Even-
tually the neutralisation current decreases as the air breakdown strength
increases, leading to an observed net charge.

The effect of the gas molecule mean free path approaching the available
discharge length, has also been observed by Peterson(127). The charge remaining
on an insulating particle, rolling in a metal cylinder, was found to be signi-
ficantly greater, if a probe was positioned 4 mm. above the particle, for the
pressure range 0.02 torr to O.1 torr, than if no probe were present. The probe
limited the available discharge length, and caused an apparent increase
inthe critical air breakdown strength.

Radial and circular charge scans for various gas pressures, using

polypropylene dielectric, sample E, are shown in FIG.23 and FIG.24 respectively.

For pressures below that corresponding to the zero measured charge level, it is
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apparent that either ions of opposite sign to the surface charge are attracted
to the peak field regions at the edges of the charged areas, or field emission
is occurring. The discharge occurs at these low pressures, over discharge

(121) at the

lengths which are sufficiently long, to allow field intemsification
edge of the charged area to occur. For short discharge lengths when the
conductor above the dielectric is much closer to the dielectric surface
than the base plane,field intensification at the charge layer edges will be less

(121).

severe The observed behaviour at low pressures is consistent with the
attraction of individual charged particles or field emission, rather than the
occurrence of spark type discharges. Once the pressure corresponding to the
zero measured charge level is exceeded, local discharges become much more
numerous (FIG.24) and edge effects are no longer evident (FIG.23). The discharge
occurs over short path lengths at these pressures. The geometry of the con-
ductors for these path lengths, ensures that the peak field region is over the
peak charge region, and consequently discharge effects are evident in this peak
charge region (FIG.23), not at the edges of the charged area.

The occurrence of many discharge pulses (FIG.24) is in agreement with the

(124)

observations of Bertein , who used powder developed images tc study discharge

effects, and Mambeté%zg) wvho used photomultiplier measurements of light pulses

(54)

emitted during discharge, to examine discharge effects. Sasaki reports
charge non-uniformity similar to FIG.24 at atmospheric pressure, for a contact
force greater than 10gm, following contact between dielectric or metal rollers
with dielectric sheets.

Circular charge scans at atmospheric pressure for the other materials listed
in Table 6 are shown in FIG.25. The polypropylene sampleD behaves in a similar
manner to sample E, however polyethylene shows evidence of greater charge non-
uniformity arising from discharge effects. The radial charge scans and circular
charge scans at lower pressures are Sﬁbstantially the same for all the samples

studied. The fact that numerous discharge peaks are observed, indicates that

spark type discharges occur, probably alongside corona discharge.

The induction probe electrometer potential is shown in FIG.26 as a function of
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pressure, for values above the pressure corresponding to the zero measured
charge level. Also shown in this diagram are predictions from equation 3.7 for
corona breakdown with Rporequal to half the charge line width, and equation 3.8

(16)

for the Paschen curve, using values for VC given by Meek . Bg/Ba)was
assumed to be 0.604 corresponding to the earlier derived value for polypropylene

(Table 4),vhilst k was taken as 0.5 since no reverse peaks at the edges of the

charge region were evident in this pressure range. Using a value of Eg equal
B
(69]

to 0.72 derived for polyethylene (Table 4), results in a maximum decrease in

the predicted potential of 4% relative to the prediction for polypropylene.

This is less than the experimental data scatter, comsequently only the polyprop-
ylene predictions are shown. The charge levels are substantially independent

of the dielectric material (FIG.26), which is as expected since the dielectric
comstants of polypropylene and polyethylene are nearly equal (Table 2). Both the

Paschen curve and the corona relation, overestimate the breakdown electric field,

if a constant discharge length is assumed as shown. This result is in agreement

(127)

with Peterson , who found that the Paschen curve was an overestimate

for the brealdown potential, when examining charge on an insulating particle.

By assuming that the diécharge length is equal to O0.3mm for pressures up to
260torr, and thereafter decreases as shown in FIG.27, the corona prediction

closely approaches the observed values, as shown in FIG.26. Likewise the Paschen
curve prediction is closer to observation, when the discharge length is chosen

to minimise the probe potential predicted by equation 3.8. The discharge lengths
required are shown in FIG.27. The deviation of observed charge levels from

those predicted by the Paschen curve, is a reflection-of the difference in the
discharge behaviour of insulating and conducting material. This difftrence is probably

associated with the electric field non-uniformity during discharge of insulating

material, and a difference in the electron emission characterisitics of

insulators compared with conductors.

The discharge lengths in FIG.27 are seen to decrease with increasing pressure.

This is expected, since at a constant temperature, the gas molecule mean free
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path is inversely proportional to pressure, and a minimum number of mean free
paths lengths is required for cumulative ionisation(S). The values required
by the Paschen cﬁrve and the corona relation, deviate mosh markedly at low
pressures, when the discharge lengths are the longest, and the electric field
uniformity required for the Paschen curve is least likely to be observed.

The time required for charge neutralisaticn(15), can be shown to be of the
order of 10_2, which is sufficiently small to ensure that table movement has
little effect on neutralisagion for the velocities studied.

The critical electric field values observed in this section for atmospheric
pressure, will apply to practical situations involving localised charged areas
on dielectric surfaces. The electric field distribution for any practical
situation must of course be calculated independently. The Paschen curve
provides an order of magnitude assessment of the charge level gemaining after
discharge effects, but will not provide ah accurate prediction. The corona
discharge conductor velationship, provides a more accurate charge level assess-
ment, provided the charge dimensions are known.

Although no measurements were carried out for pressures above atmospheric,
it is apparent by extrapolation from FIG.27, that air breakdown processes will
still be of importance for pressures several times atmecspheric. This suggests

3
that the postulate of Cole(4')

, who assumed air breakdown effects to be
negligible, for pneumatic transport at three atmospheres pressure, is not
necessarily correct.

In fact, it is probable that charge levels obtained under practical con-
ditions, will invariably be limited by air breakdown processes. It is this
factor which is instrumental in providing the possibility of attainment, and

utilisation, of well-defined charge levels under practical conditions. -

3. 5. Decay of contact charge.

3. 5.1. Theoretical considerations.

The decay of surface charge, deposited by corona discharge on insulating

; 1-95,130,131 -
surfaces, has been analysed by several inves‘bigators(9 23, 830,13 ). The

potential of the initially more highly charged surfaces, was found experimentally

—
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to reduce to a value below that of the initially less highly charged surfaces,

(130).

after a certain time interval This behaviour has been termed the "cross-—

4
over" effect(13'). The conduction effects subsequent to charge transfer, obey
the same defining equations for corona and contact charging, although the charge
injection parameters and mobility parameters, may be different in each case.

Wintle(91)

has presented an analysis of the decay of surface charge initially
present to a depth (I on an insulator surface. This analysis applies to the
geometrical situation shown in FIG.28a, for which it is assumed that the
electric field above the dielectric is zero.
The initial electric field distribution in the insulator is given by,
E2 = Ezsy for y<Q, E2 = E2S fory>qQ ,

where E2 =n e( n is the initial concentration of injected charge
s s~ , s d

E:1'2E:o

carriers, e is the magnitude of the elementary chape.

The assumptions made are as follows. (1) Total charge injection is instan-
taneous. (2) Thermally generated carriers, deep trapping with no subsequent
charge release during the period of interest, and diffusion effécts can be
neglected. Consideration of Poisson's equation, the continuity equation, the

conduction equation, and the displacement current,yields for the subscquent

behaviour, E, = E,y  n= n X , for y < A+ E, U . 3.10 |
(a+ Lzsut) (L + h2sp,1;) |
and E2 = E25 , n=0, for y>U+ EzskLt, 3.11

where |L is the charge carrier mobility.

The induction probe potential when positioned over a volume charge distri-

bution, has been given by Wintle(116) as,
Ly
r dyf‘ en(y")dy’
Vmg: o) o 5 312
€., 60(1 + ?.E.)
C4

where CE is the measuring electrometer input capacitance,

Cl is the capacitance of the surface charge defined ia equation 2.15. This
:

applies to a geometrical situation corresponding to FIG.28hb.




The ratio of CE/Cd was shown in Chapter 2 to be greater than 1000 during
measurement under the present experimental conditions, consequently 1 + CE/Cd |
is equal to CE/Cd within 0.001%. Substitution of the required value of carrier |
concentration from equation 3.10 or equation 3.11 into equation 3.12, enables |
equation 3.12 to be integrated. Performing the integration, and including the

necessary electrometer gain, results in the following expressions for the probe

potential,
Vmg - Vmgs 1 - (C( + E utj , for t< (L "C{.) y 313
2L Ezsp‘-
v =V L , for t> (L -Q) ’ 3.14
mg mgs ir—_Ir—
2(QL+ E, |Lt) s

where the probe potential at t = O is given by,

= @ = b/ L
Vngs = GAn eQL E, IC,G
Co( € g + L) G
Thus, 1 =2Q +2C Ut , for t > (L -Q) . 3.15
Vmg Vmg% CdGL2 E'2s M |

The time taken by the leading edge of the charge layer to reach the base plane,

the transmit time t is equal to (L -Q) . These relations for the case of

L’
EZsll

the initial penetration depth (I equal to O, have also been derived by Batra(93)

for surface charge decay on photoconducting insulators, ﬁsing the concept of
flow lines. Equations 3.13 and 3.14 predict that the probe potential will fall

linearly, reaching half the initial value when t = tL’ and henceforth will

decay in inverse proportionality with time, independent of the initial charge
level.

An alternative explanation of the observed charge decay has been advanced

(117)

by Van Turnhout , who considers decay to be due to a combination of ohmic

conduction and dipole polarisation. This results in a prediction, that the

observed decay will be the sum of two exponential terms. Results given by

(132)

for charge decay on fabrics at atmospheric pressure, support this

(132)
prediction. However the measurement technique used by Ramer did not produce

Ramer

the well-defined geometrical situation assumed by Van Turnhout. Also, further

R BT,
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possible complications due to air ionisation effects, and surface conduction,
render interpretation of these results in terms of the theory, very difficult.

Similar problems arise, when theoretical interpreation is attempted of the

(109).

decay of highly non-uniform charge levels measured by Murasaki

(38)

Davies has investigated contact charge decay on glass and polyethylene,

under the well defined geometry considered by Wintle(91) . A theoretical treat-

(38)

ment is given , which is wvalid if the charge layer remains close to the

>

dielectric surface. The relation between surface charge and time after

(38)

contact, is given by Davies as

1 =1 % t‘L ’ - 3.16
o) O 2€ € L
S. o r2

where O is the surface charge density at time t, OS is the initial surface
charge density. This applies to the case of a negligible concentration of
thermally generated carriers.

Using the value of C, from equation 2.15, and the relation between surface

d

charge density and probe potential from equation 2.19, equation 3.16 can be

expressed as

%: = CE EO €r2 " }J,CEt . 3.17

2
mg GC L O 2GC, L

(38)

The induction probe potential, was observed by Davies for some specinmens,
to be hyperbolically related to time, as predicted theoretically (Equation 3.17)
-when the intrinsic carrier density is negligible. A transit time was not

identified in these studies.

5.2. Experimental results and discussion.

With the intention of determining a theoretical approach relevant to contact
charge decay, charge decay on Nylon 66 and Viton@Dsynthetic rubber, was
examined in the present experiments. These two materials were suitable for
study, using the apparatus described in Chapter 2, since¢ decay times were con-
venient for measurement purboses. The technique employed, was initially to
charge the dielectric materials, using rolling contact with a metal sphere.

The charge decay was then observed, by moving the dielectric beneath the

induction probe at known time intervals after termination of charging. To
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ensure that the field above the dielectric was zero, the charged area, was in
general maintained at a sufficient distance from the probe tip, to reduce the
field above the surface to negligible proportions. During scanning measure-
ments, this requirement was of course no longer fulfilled, and the presence of
the probe reduced the conducticn rate. However, since the proportion of time
spent by the charged area beneath the probe tip screening, was less than 2% of
the total measurement time, any error due to this factor was negligible.

The electrometer potential spatial distribution during a scanning measurement,
is shown in FIG.29 for two samples of Nylon 66 and two samples of Vito&ﬁk
Sample G (Table 7) was given a surface wash immediately before the.charging
experiment, causing increased charge spreading due to enhanced surface conduc-
tivity. The contact line width was estimated, by independently measuring the
indentation, to be 3.2mm for Vito&ﬁ)and 0.7mm for Nylon 66. The charge widths
of FIG.29 are significantly greater than the contact line widths, and fhe
specimen thicknesses which limit the area over which volume charge distributions
influence the probe. Thus charge spreading occurred, which indicates the
presence of surface conduction or diffusion effects. No further charge spreading
along the surface was observed for measurement times between 45s and 3600 s,
indicating that surface charge spreading occurred very rapidly after termination
of contact.

The charge decay situation measured subsequently, corresponds to that of a
surface charge layer moving through the dielectric, under the action of its own

(91) (38)

field, as discussed by Wintle and Davies The charge layer widths for
Nylon 66 and Vitoég)are greater than the values conusidered in section 3.2.
Consequently the error introduced by considering the charge distribution to be
approximately uniform and Bg/Bm equal to 1.0 is small, and this assumption is
made. Electric field‘non—uuiformity will exist in the dielectric however, and
may modify equations 3.10 to 3.17. Since the observed behaviour with Nylon €6

samples G and H is very similar, and the charge line widths are very different,

it is reasonable to assume that the field non-uniformity does not have a signi-

ficant influence on the decay behaviour. Some error is introduced into the




mobility calculation discussed later, by assuming Bg/Bq;iS equal to 1.0 for
sample H. A maximum error of 7% for the calculated electric field will result,
which is perfectly satisfactory when order of magnitude values are required.

The electrometer potential corresponding to the peak charge density, is shown
as a function of time after contact in FIG.30a, for two samples of Nylon 66,
and FIG.30b for two samples of VitoSEQ The linear dependence éf potential
on time, predicted by equation 3.13, before reaching the transit time, is only

observed for Nylon 66 sample H. Equation 3.14 predicts that the measured

potential should vary inversely with time, when t is much greater than _ O,
E L
2s

and that the extrapolated plot of the measured potential against the inverse

of time to infinite time, should pass through the origin. If, deep trapping

(92)

, with no subsequent release during

(92)

the period of interest, or partial charge injection were occurring, the

of charge carriers in the insulator bulk

linear section would extrapolate to a finite potential value for i/t equal to
zero(gz).

The measured peak potential is shown plotted against the inverse of time in
FIG.31a for Nylon 66, and FIG. 31b for Vito&fz The linear section observed
for the largest time values is in agreement with the prediction from equation
3.14. The potential is zero when extrapolated to 1/t equal to zero, consequently
neither incomplete injection nor deep trapping are significant, and the
prediction of equation 3.14 is correct.

Equations 3.15 and 3.17 predict that the reciprocal of the measured
potential should be linearly related to time. Equation 3.15 applies to values
of time greater than the transit time, and equation 3.17 applies tc time values

(92)

after charge deposition. Tield dependent mobility , concentration dependent

(92)

, and the presence of a significant concentration of thermally gener-

(38,92)

mobility

, all result in the prediction of a non-linear relation

(38,92)

between the inverse of probe potential and time . It is apparent from

ated carriers

equation 3.15, that extrapolation of the experimental straight line, for the plot

of the inverse of the measured potential against time, to t equal to O, allows

determination of the initial charge penetration depth (.
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The reciprocal of the measured peak potential is plotted against time in
TIG.32a for Nylon 66 and FIG.32b for Vitoéﬁz FIGS. 32a and 32b confirm the
hyperbolic behaviour predicted by equations 3.15 and 3.17. [t is nol possible
from FIGS. 32a and 32b to distinguish the transit time. This is expected due
to the form of the predicted behaviour before the transit time, from equation
3.13. The observation of a hyperbolic relation, indicates that field dependent
(92), concentration dependent mobility(gz)

(38,92) y

are unimportant in the specimens studied.

mobility , and thermally generated
carriers

The initial penetration denth ( can be calculated from the intercept of the
lines in FIG.32, using equation 3.15, and the value of Vmgs from FIG.30 by extra-

polation to t equal to O. Values calculated using this method are shown in

(133)

and Teflon(134l

Table 7. These values are larger than those found in Mylar
using capacitance techniques. The independent observation that the charge trans-
ferred (unit circumferential length)—1, rémained approximately constant for Nylon
66, regardless of the number of turntable revclutions, indicates that the surface
charge must have initially, rapidly dissipated into the polymer or across the
surface. This is consistent with the large penetration depths palculated, and
the initial surface charge spreading observed (FIG.29). The charge (unit circum-
ferential length)“1 fer Viton@Ddecreased with an increasing number of turntable
revolutions. This is presumably because the much larger contact area in this
case ensures that the electric field due to the initial contact charge, is suffi-
ciently strong to influence subsequent charge levels, even though charge move-
ment into the bulk and across the surface has occurred.

The value of the carrier mobility can be calculated from the slope of the lines
in FIG.32, using equation 3.15 or equation 3.17. Likewise the carrier mobility
can be calculated from the transit time expression, knowing the previously deter-
mined value of (I, and the value of Vmgs from FIG.30 by extrapolation to t equal
to O. The transit time is taken as the time at which the measured probe

potential, has decayed to half the value for t equal to zero.

Since potential measurements were not made for t equal to O, mobility

"calculations from the transit time are subject to much greater errors,




than calculations from the line slopes in }FIG. 32, which do not require
measurements at © equal to O. The results of the mobility calculations are
;hown in Table 7. Agreement between the mobility calculated from the transit
time, and that from equation 3.15 is good. This is expected, since both methods
of calculation are based on the same theoretical approach. The values of
mobility from equation 3.17 are however four times longer than those calculated
using equation 3.15. The discrepancy is due to the fact that equation 3.17 is
derived on the assumption that the charge remains close to the upper surface
of the dielectric. For this to be the case, charge decay would have to occur
by ohmic conduction. This has already been shown not to be the situation. In
fact, the surface charge migrates under its own field Vo the base plane, and
does not remain near the upper surface of the dielectric. Consequently the
mobility calculated from equation 3.15 is considered more realistic, since this
equation is based on the assumption that the charge is distributed throughout
the dielectric.

The mobilities calculated, vary with the initial surface potential. This is
not anticipated on the basis of equation 3.15, and is contrary to the obser-

(93)

vation of Batra for photoconducting insulators: The initial potential in
the present experiments, was established by contact electrification, which was
subject to change, due to the effect of unknown variables. Nylon 66 sample G
was given a surface wash very soon before the contact charge application, and
this is responsible for the difference in charge levels compared with sample H.
The specimens of Viton@)were tested several days apart, unknown variables
altering the contact charge levels. In these cases the mobilities of charge
carriers were also observed to change. Apparently the charge carrier mobility
is functionally related to the contact charge magnitude. An increase in the
mobility is accompanied by a decrease in the initial contact charge level
(Table 7). The possibility that there is a functional relationship between
material conductivity and initial contact charge levels has recently also been

(57).

indicated by Williams

The intial penetration depth CL.is less fur samples of higher initial surface
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charge density (Table 7). This is contrary to the observation quoted by
Wintle for corona charged specimens(91). No "cross—over" effect was observed
with contact charged specimens (FIG.30). Thus, the corona deposition mechanism
is apparently responsible for the "cross-over" effect. This is further confirmed

by the observation that the sign of contact charge has no effect on the decay

mechanism (FIG.32), whereas the sign of corona deposited charge affects the

decay process(135). Likewise, lhe dependence of corona charge decay on the
gaseous atmosphere during corona(135), suggests that the corona deposition i
(93) ﬁ

mechanism is important. Batra has shown that corona charge injected instant-
|

(91)

aneously into a photoconductor, obeys the theory of Wintle , and it is

probable that the corona deposition mechanism with other insulators, influences
the injection and trapping processes.
No evidence was found to suggest that the charge decay in the present experi-

ments could be represented by the sum of two exponentials, and the theory of

(117)

Van Turnhout is considered inapplicable.

(136)

Arridge has examined charge diffusion along the surface of nylon fibres

at atmospheric pressure, and for various relative humidities. The measured

diffusion coefficient can be expressed as a mobility using the Einstein

(136)H e D

relation, , where ) 1is the temperature, &) is the diffusion

kny
coefficient in the sggface aqueous layers, and k*3 is Boltzmann's constant.

7
By extrapolation of the results given by Arridge(1’6), the diffusion

coefficient in the surface aqueous layers at 20% relative humidity is 10—9 mzsﬂt

consequently the mobility at 20°C calculated from the Einstein relation is

o mz\f_1 s—1. This value, a factor of approximately 4000 greater than

4 x 10
the mobilities found in the present experiments under vacuum conditions, is
attributed to diffusion in surface aqueous adsorbed layers. This illustrates
the overriding importance of surface diffusion in certain other circumstances,
and charge decay experiments performed under ambient conditions are subject to

553) (137)

this effect, as shown by Sasak . Lock however reports that ambient

conditions had little effect on charge decay on polyethylene, a high resistance

material. Thus, surface diffusion effects do not always dominate under ambient




conditions.

When the induction probe was held over the surface charge layer, in the
bresent experiments, the initial charge decay rate was found to decrease. This
is as expected, since close proximity of the probe results in a decreased
electric field in the dielectric, and the assumption of zero field above the
surface of the dielectric no longer applies. This effect confirms that charge
decay is due to charge movement in an electric field, and not to charge move-
ment in a concentration graaient (diffusion). Further confirmation is provided
by the observation, that lateral charge spreading was not observed during the
measurements, after the initial charge spreading prior to the first measurement.
Charge spreading would have been expected if diffusion effects were important.

The charge decay rate was also observed after several turntable revolutions
during the charging cycle. After the initial rapid decay rate'the probe
potential decay was found to follow an equation of the form Vm = %a’ where
a<1.0, and H and a are constants. The experimental results are shown in FIG.33
where the potential and time are plotted on logarithmic coordinates. The wvalue
of the exponent a, is 0.69 for nylon, and 0.73 for Vitoﬁgz This departure
from the value of a equal to 1.0, which was found for one turntable revolution,
is due to the situation after several turntable revolutions resembling a case
of discrete partial injection. The decay rate is expected to have a complex
dependence on the circular speed and number of turntable revolutions.

The mobility values calculated in the present experimental work can be
compared with resistivity values. By definition, resistivity r = (neLL)—1.

Thus for two materials A and B,zé = nB}lQ .

g My Ha

It is postulated that during resistivity measurements of insulating polymers ,

the concentration of charge carriers is dependent upon the injection process

(138)

and not the intrinsic carriers in the matverial. The work of Yahagi

concerning conduction in polyethylene indicates that this postulate is reasonable.

The values of n will be equal for two identical measurement situations, invol-

ving different dielectric materials. Consequently r, = }lB

rg My

. 3.18
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(91)

Wintle has quoted a mobility value for polyethylene of approximately

10—15m2V—'1s—1 at room temperature, whilst the resisitivity of polyethylene is

approximately 1015§2m. The resistivity of Nylon 66 is in the range of

011

1 - 1014§2m (Table 2), whilst that of Viton@bis of the order of 2 x 1011g2m

(Table 2). The measured mobilities from Table 7 for Nylon 66 and Vitoég)are

=11 2.~-1 -1
m

approximately 10 vV s . Consequently the postulated relation 3.18 can

be satisfied.

(139)

This confirms the conclusion of Jonscher and Davies(38), that high

resistivities of polymers are caused by extremely low carrier mobilities, rather

than small absolute numbers of carriers. The reasons for this low carrier

(139)

mobility are still not entirely clear, although Jonscher considers that

the low transition probability for hopping between the localised sites in the

material is responsible. The conduction process has been shown to be consistent

(140)

with electron hopping models by Davies , who found the temperature depen-

dence of mobility, to exhibit thermal activetion characteristics. The charge
(140) (137,141)
carriers are trapped at both grain boundaries , and terminal vinyl groups ,

(141) (137)

and iodine impregnation , or oxidation reduces trapping and increases

mobility. Thermal activation characteristics have 'aliso been discussed by

(142)

Seanor .

3. 6. The effect of metal work function and the mode of contact
on observed charge levels.

The charge transferred (unit circumferential 1engthﬂ,to metal spheres of
vgrious work function values, after one turntable revolution, is shown in FIG.34
for polypropylene dielectric, and FIG.35 for polyethylene (L.D.) dielectric.
Results for both rolling and sliding contact are shown. Induction effects due
to the remaining dielectric surface charge, introduced a systematic error of

less than 5%. The metals used were Aluminium, Brass and Stainless Steel, besides

which Gold, Silver, Nickel and Tin were used, electroplated on to brass.
Contact potential was measured using the method described in Chapter 2.

From these results, it is apparent that there is no systematic effect of

work function. PMMA and Nylon 66 exhibited similar characteristics, in that no
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effect of work fFunction was observed. 1]
It has been suggested, that for contact forces of the order of 40gm, oxide
N , . (143)
layers may have a significant effect on charge transfer . In order to
assess the impatance of oxide layers in the present studies, charge transfer
from oxidised and oxide free aluminium surfaces was examined. The contact

potential of aluminium relative to gold, changed from 0.63V to 1.15V when the

oxide layer was removed with very fine abrasive paper. No corresponding change

in the charge transfer characteristics, with respect to polypropylene was
observed. This confirms the previous results, in that no effect of work
function was observed.

The fact that contact electrification is independent of metal work function

(10,38,52,59,72-74,78) | .

is contrary to the observations of several workers,

(50,75,77,82)

Previous results have been

(38,59)

agrees with some previous studies.
discussed in Section 2.1. Some previous workers report using average

values for the charge transferred, following a number of observations, when

investigating the effect of work function. This approach assumes that

fluctuations in charge levels over a time interval, are of a random nature.
The present experimental studies indicated the occurrence of some non-random
fluctuations due to unknown variables, and it is considered inappropriate in
this instance to calculate the average charge levels. These non-random f{luctu-
ations apply to time periods of the order of days.

The reason for the discrepancy between the present findings and those of ; |

10 52,59,72-74,78 . |
(10,38,52,59,72-74,78) is not clear. Three possible explanations ]

other workers
are as follows.
(a) If the polymer effective work function is separated by a large energy
gap from the metal work function, then the metal work function would have little
5 : . . (12,38)
effect on the charge levels, even if electron transfer were occurring .
Thus, if the polymers used in the present studies, possessed different energy

structures compared with those employed previously, so as to cause a large work

function difference between metal and polymer, then the present observations are

in accordance with expectation.
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(b) The charge levels in the present study could be sufficiently high to
initiate field emission. This would limit all charge levels to the same value
regardless of metal work function. The electric fields observed in the present

1

- gbudies are of the same order of magnitude as the 107 Vm  value at which

point field emission is initiated(13).

(¢c) The mechanism responsible for charge transfer in the present studies
could be different from that in previous work, where‘the‘metal werk function
had an effect on charge traﬁsfer. Thus ionic charge transfer may be dominant
in the present investigation. whereas electron transfer was possibly of primary
importance in some previous studies.

It is not possible to decide which of these explanations is applicable, on
the basis of the results available.

O'Neill(1o) reports finding a large degree of scatter in th; observed charge
levels with highly resistive polymers, as was found in the present studies
(FIGS.34,35). This was attributed in part to the non-uniformity of the surface

charge characteristics(1o). FIG.36 shows a typical circular charge scan for

the polypropylene dielectric, from which it is apparent that the charge is in
fact fairly uniform in its distribution. The oscillations of large period are
due to non-uniform dielectric thickness, which changed the probe to dielectric
surface separation distance. The degree of uniformity shown in FIG.36, is
typical for the materials studied, and the non-uniformity does not appear to be
sufficient to explain the scatter of experimental data, although non-uniformity
will make a significant contribution to experimental data scatter.

Charge levels with sliding contact are in general between 20% and 100% higher
than the values with rolling contact. The observed surface wear was signifi-
cantly greaterAwith sliding contact. The difference in charge levels could.
be due to:—- (a) material transfer effects, (b) a greater real contact area with
sliding as opposed to rolling,.or (¢) a difference in the chargng character-
istics of the bulk and the surface of the polymér. Effect (¢) would arise due
to abrasion occurring during sliding. This would expose the polymer region

below the surface to contact with the metal. TIf the charge characteristics of

T ——_—————
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this region are different from those of the surface, then a modification of
b

observed charge levels compared with rolling contact, would result.

v The general pattern of behaviour with respect to different metals, is the
same for both modes of contact. Since the frictional force during sliding and
rolling contact, will probably differ by a factor of two to three orders of

(7,63)

magnitude for the same normal force, it is apparent that the charge

transfer characteristics are not directly correlated with the frictional

(132)

characteristics. This is in agreement with an observation of Ramer , that
charge transfer between sliding insulating fabrics, is not correlated with the

coefficient of friction.

3. 7. The polarity of charge transferred for a dielectric/metal contact,
and the effect of additives in the dielectric.

The polarity of charge acquired by various polymer sheet materials, after
rolling or sliding contact with several metal spheres, is shown in Table 8.

Table 8 also shows which of these polymers have a polar structure.
(10,50,59,85)
The charge signs are in agreement with several previous investigations ,

" .,
(72) reports charge sign reversal with a change in metal work

: function. Seanor(144)

although Davies
indicates that some of the polymers in Table 8, have
work function values in between those of the metalé used, which would produce
charge sign reversal with changes in metal work function.

It is apparent that the polymer has a significant influence on the contact

(40)

charge sign. 7The theory of Garton , which has been presented on the basis

inapplicable as presented, and different work fuﬁction values for the different

that polymers all behave identically with respect to metals, appears to be
polymers would be required. The polar polymers shown in Table 8 charged

positively whilst the non-polar polymers charged negatively.

|
| o
i The polar polymers all contain the functional group - C - (Table 2). The

carbon oxygen double bond has a lighly asymmetric charge distribution(145). The
strongly electronegative cxygen atom retains a significant negative charge.

l Nucleophilic addition could take place to the carbon/oxygen double bond, from

aqueous solvents which may contact the polymer at some point in its history.
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This could leave ionic groups on the surface to participate in charge exchange
processes. Likewise, the hydrogen atoms on the (I carbon atoms, are particu-
larly susceptible to attack and may participate in charge exchange processes, L
either directly, or indirectly having reacted chemically to form a mobile ionic

group. The polar behaviour of the polymer, may be the explanation of Coehn's

Law(146), which states that when two insulators are contacted, the material

with the higher dielectric constant is charged positively. This has been shown

(7)

not to be universally applicable . However, several polymers do conform to

(147) I

, and previous explanations of the law have been

(147).

the predicted behaviour
based on ionic image charge attraction
An alternative explanation is that the charge characteristics are in fact
correlated with the polar behaviour of the material, rather than the dielectric
constant. Since a high dipole moment corresponds to a high dielectric constant,
but the reverse is not necessarily true, the polar behaviour could account for
both the agreement with Coehn's Law(146), and the discrepancies. However, it

appears that the chemical structure of the polar group is important, since PVC

which is polar, but does not possess the - ¢ = functional group, charges

negatively with respect to most metuls(72’73).
A Ty . i . (146) . o _
qualitative interpretation of Coehn's Law in terms of material work
function for electron transfer has been given by Ruppel(148). It is not possible

to distinguish between the various interpretations at present.

The charge transfer characteristics between three additive free polyethylene
(L.D.) samples, polymerised in different ways, and metals,were found to be very
similar to the those  of commercial material containing additives. This
similarity of behaviour was also observed with additive free and commercial
polypropylene, and indicates that, in these cases, the basic polymer chemical
structure, determined the charge transfer characteristics, rather than the
presence of additives, or polymerisation characteristics of the polymers.

8. Contact electrification of two dielectric materials.

Sliding a dielectric sphere over a dielectric sheet was found to produce very

low charge levels, an order of magnitude less than with rolling contact. With




sliding contact the electric field due to the initially formed charge on the
sphere, reduces to negligible proportions further charge transfer, as the
contact path length is increased. VWhen the sphere is allowed to rotate, any
charged element on the sphere surface, experiences a field directed towards the
sphere support during part of the sphere rotation. Consequently charge leakage
occurs to the support, and a net charge is observed, as shown in Table 9, for
several dielectric combinations. From these results, and those of Table 8 it is
possible to order the matergals in a Triboelectric series as shown in Table 10.
Since the magnitude of the charge levels is dependent on the contact area
and sphere conductivity, direct numerical comparison ofvalues is only possible
for contacts having identical values of these parameters. The sign of charge
transferred is consistent with polar materials charging positively as

discussed in Section 3.7. From numerical comparison of the charge

transferred to the Vito&g)sphere which defines identical area values for
different dielectric sheets, it is apparent that the polymer sheet material in
contact, has a significant influence on observed charge levels.

The observation that charging occurs between samples of the same material,
indicates that different specimens of the same material may have different
contact electrification characteristics. This could either reflect differences
in the bulk structure, or the surface properties. Due to this disparity
between different specimens of the same material, it would appear unlikely that
a theory based on electron energy structure, which assumes constant parameters
for any given material, would have wide practical applicability. However, since
in practical situations charge levels are invariably limited by air breakdown
effects, the only charge parameter which can be influenced by material properties
for a given contact area, is the charge polarity. Thus a knowledge of the
geometrical situation, together with the air discharge limitations, and the
sign of charge produced on a given polymer, furnishes a complete description of
practical charging characteristics in many circumstances.

(12,38,39) furnished to date are useful, in that by also -

. . : . (38,72,73,144)
establishing experimentally, effective dielectric work functions )

N e s R R R R R

The theoretical models
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some indicalion of the expected polarity of charge transfer with particular
materials under practical conditions can be obtained. However, the observed
variability of charging characteristics for different samples of the same
material, places severe limitations on the applicability of the thcoretical
models. The observation of Section 3.7 that polar polymers charge positively
with respect to metals, whilst non-polar polymers charge negatively, permits
an immediate prediction of the expected charge sign with respect to metals,
if the polymer chemical structure is known. Greater accuracy in prediction of
the sign of charge for a given pair of materials in practical conditions,
requires a degree of uniformity with respect to charging characteristics, which
may not always exist in practice.

9. Contact electrification as a function of the normal contact force.

The charge (unit circumferential 1ength)-1, transferred to a gold sphere in
contact with a polypropylene dielectric, is shown as a function of the square
root of the normal force in FIG.37. The linear relationship observed is in
agreement with the results of W&hlin(sg) for normal forces beloy 1.5N, and
sliding contact. The linear relationship indicates that the charge transferred
is directly proportional to the real area of contact, since this is directly
proportional to the square root of the normal force, for plastic deformation,
or elastic deformation of a large number of small asperities (Section 2.1).

The present results indicate extension of the linear region to much larger
contact forces than those observed by W&hlin(sg). The surface cﬁarge density
during the present experiments was constant to within 5%, as determined by
measurements using the induction probe. The non-linear behaviour observed

by Wﬁhlin(59) for a contact force of 3N is presumably due to extraneous
material transfer effects.

The observed linear dependence of charge transferred, on the square root of
the mnormal force, indicates that effects such as hysteresis energy dissipation

(63)

processes, which are partly responsible for rolling friction , and

(63)

frictional forces due to plastic deformation , are not important for charge

transfer. These effects would produce non-linearity in the charge transferred
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(F)% relation. These findings are in agreement with one of the conclusions
of Section 3.6, that frictional effects are not of overriding importance for
charge transfer processes. Further confirmation that elastic deformation was
not of principal importance, was provided by the observation that no change in
the charge transferred was found, when the contact sphere diameter was changed
from 19.1mm to 12.7mm for the otherwise identical contact conditions of FIG.37,
and a contact force of 10N for both spheres.

10. The effect of the time of contact on contact electrification.

A typical example of the charge transferred to a metal sphere in contact
with a polyethylene (L.D.) dielectric specimen, as a function 6f the contact
path length, is shown in FIG.38a. A typical result for a Nylon 66 dielectric
specimen is shown in FIG.38b. The behaviour with polyethylene is consistent
with increasing contact area during repeated traversals, as described by

Bowden(63)

for plastic deformation. The charge deposited, reduces subsequent
charge transfer to a very small level after several turntable revolutions,
since only a sméll amount of charge spreading occurs. The charge on Nylon 66,
on the other hand, undergoes rapid diffusion or surface conduction immediately
following deposition, as mentioned in Section 3.5. Thus charge transfer is much
less influenced by the éharge already deposited, than is the case with
polyethylene. (FIG.38).

The charge (unit circumferential length)m1 transferred to the contact sphere
after one turntable revolution, as a function of the reciprocal of the linear

velocity, is shown in FIG.39a for Nylon 66 and polycthylene (L.D.). The time

of contact (tb) is related to the linear velocity by, ¢, =d =, where d  is

dx

dt
diameter of the approximately circular contact region between the sphere and the
dielectric (which is equal to the contact track width), and (dx/dt) is the
linear velocity. Thus the abcissa in I'IG.39a is directly proportional to the

time of contact. Each point in FIG.39a represents the average of four measure-

ments for polyethylens, and two measurements for Nylon 66. The maximum

deviation is also indicated on the diagram. Allowance was made for the slow
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‘ ' response of the electrometer when the chaige levels were calculated, as
| described in Chapter 2, for all results in the present section.

| The charge transferred can be represented by an equation of the form
| /1

| Q4 =q.(1-¢ ), 3.19

| where q is the charge (unit circumferential length)—1, q. is the charge (unit

T :

circumferential leng‘bh)—'1 at t =, ‘[b is a charging time constant, tb is the

time durng which any particular area element of the polymer surface is in contact
with the metal sphere. ’

The time constant is dependent upon (a) mechanical transient contact area
behaviour, (b) conduction effects, (c) charge transfer transient effects. Con-
duction effects are anticipated in two principal forms, (1) as the time of
contact decreases, the time for charge spreading to the observed charge widths
decreases, and the charge injected may thus decrease, due to a& increase in the

| opposing electric field. (2) As the linear velocity increases, the time.for
conduction to occur back to the contact sphere, from nearby charged areas,
effectively decreases and the net contact charge transfer increases(96’149).
The time for the charge spreading process to occur is unknown, since high
field conductivity and diffusion effects may influence this quantity.
\ An approximate estimate of conduction transient effects back to the sphere

can be obtained from the charge decay time constant(1)o)

€r2€or. This is
between 4.4 s and 4.4 x 1035 for Nylon 66, and orders of magnitude greater
for polyethylene, using the bulk resistivity and dielectric constant values m
given in Table 2. Once the contact sphere is further from any element of the
charged arca than the base plane, the electric field will be principally
directed into the base plane. The time taken to travel this length of 3mm.
at the slowest linear velocity, is 5.83s. This is much less than the expected
decay time constant values for polyethylene and Nylon 66. Consequently charge
decay back to the contact sphere, will probably not be important.

Since polymers are visco-—elastic, the area of contact is dependent upon the

(63)

time after loading Related effects are observed in complex time dependent

(151)‘

A . y -1 , -
frictional behaviour, at speeds above 200mm s during sliding contact

n | \
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This could reflect complex time dependent real contact area behaviour, which
may also be expected with rolling contact.
: . 7. =2 (152) .

Amorphous polymers have a viscosity in the region of 100 N g m at room
temperature. The surface deformation time can be estimated very approximately
from the quotient of polymer viscosity and the modulus of elasticity. Using
the modulus of elasticity values of Table 2, this yields a time of 56ms for
polyethylene and 6.5ms for Nylon 66. The contact region during motionis not a
(153)

precise circle , however, for the high viscosity materials studied, the
assumption of a circular contact area is reasonable. The measured contact track
widths for polyethylene and Nylon 66 are 1.2mm and O.7mm respectively, and the
contact track width is equivalent to the instantateous contact circle diameter.
Hence, using the surface deformation times calculated above, the critical linear
velocity reciprocal atl which point area effects should become important, is
47s mm_-1 for poiyethylene, and 9s mm—-1 for Nylon 66. The value calculated for
polyethylene, coincides approximately with the wlocity reciprocal for which
charge levels start to decrease on polyethylene (FIG.39a). quever the value

\ for Nylon 66 is much less than the critical value shown in FIG.39a. This

\ suggests that the viscoelastic behaviour is not responsible for the decrease in
charge levels, but owing to the highly approximate nature of the calculations,
this conclusion is only tentative.

Thus the only one of the mechanisms which appears likely to affect the
charge injection process, is the intial charge spreadiné. A further possibility
is that the actual charge transfer process determines the observed transient |
characteristics. There is no means of distinguishing the relevant mechanism
using the present results. Indeed the initial charge spreading could be
responsible for determining the total charge transferred, and could therefore
be considered as a basic part of the transfer mechanism. Thus, the transient
characteristics appear to be associated with the basic charge transfer
mechanism. The time constant for charge transfer, the timevto transfer 63.2%
of the final charge, is equal to 8.1ms for polyethylene and 9ms for Nylon 66

from IFIG.39a. These values are calculated assuming the previous contact circle

I,
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diameters. The time constant for Nylon 66 would lead to an injection time,
much less than the transit time discussed in Section 3.5, and is consistent
with the conclusion drawn in Section 3.5, that charge injection is effectively
instantaneous with respect to the transit time.

Some previous studies have shown that contact time has little influence on

(59)  3ms(154) s (155)

charge transfer, down to values of 60ms . . The first
two results are consistent with the present observations, and the discrepancy
with regard to the third is probably due to a different charging technique
(54) (156)

of corona charging, which was employed. Sasaki and Javadi report
noticing a decrease in the charge transferred with decreasing contact time, for
contact times down to approximately 12ms, in accord with the present results.,

(157) (82) . . - .
Jewell~Thomas and Wagner feund a maximum in the charge transferred to
a rolling dielectric sphere in contact with a metal. Although conduction

effects obscured the time constant, the charge reduction for short contact

times is consistent with the present results. Results from the contact of

(158)

(159)

monofilaments are contradictory. Levy reports a decrease in charge transfer

with decreasing contact time, and Hersh reports either no effect of contact
time, or an increase in charge transfer with decreasing contact time, depending
on the material. Temperature effects probably modified these results. The

g .. (160) a
present results could account for the observation of Nanevicz , that the
charge transferred to a projectile fired through an ice fog, increased with

(59)

increasing residence time from Ims to 3ms. All results except those of WAhlin

(82)

and Wagner were carried out at atmospheric pressure, and air breakdown
processes may consequantly have influenced the observations.

The effect of contact time on the ratio of charge transferred after one
turntable revolution to that transferred after several turntable revolutions,
was also studied in the present experiments. FIG.39b shows this ratio for
Nylon 66 and polyethylene (L.D.), and the same number of observaticns as FIG.39a.
The results for Nylon 66 are consistent with the rapid initial charge conduction

/diffusion effect, resulting in charge transfer occurring under essentially l

identical conditions, for every revolution. With polyethylene (L.D.) little 1




charge spreading occurs, and the total charge transferred recaches a limit
before twelve turntable revolutions. Thus the ratio of IFIG.39b closely
resembles FIG.39a.

Time constant values of the order of 10ms, found for the present experiments,
are much less than the values anticipated from electron transfer theories
considering the polymer bulk (Chapter 1). Several minutes are required for
charge equilibrium unless the energy barrier for charge transfer is very small.
Thus, it appears probable, that either electron transfer to surface states on

the polymer is occurring, or ionic transfer is dominant.
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CHAPTER 4

A THEORETICATL, CONSIDERATION OF CONTACT ELECTRIFICATION
AND CHARGE DISSIPATION OCCURRING IN A VIBRATED BED

1. Introduction.

Studies of particulate electrification in the past have often concentrated

on specific particle handling situations. Electrification associated with

(43,161-164)

pneumatic transport has been the subject of several studies An

increase in the solids loading ratio and the gas flow rate have been found to

lead to increases in (a) the current flow to earth from an isolated section of

(43,161) 162) (163)

pipeline , (b) the potential( of and the current flow to earth

from, a metal probe located in the pipeline and (c) the charge per unit mass

of powder collected after pneumatic transport(164).

The obserﬁed functional
dependence of the equivalent charging current in each case, was different, but
the general trends were similar.

The potential of a metal probe immersed in a fluidised bed has been studied

{(165-168)

by several workers The potential was found to increase to a limiting

value with time, after fluidisation was started. Increasing the fluidising air

(166-168) (166) to 30%

(166,168) all

velocity , decreasing the fluidising air relative humidity

relative humidity, and increcasing the bulk particle resistivity,

(167)

resulted in an increase in the probe potential. Ciborowski however
observed a maximum probe potential as the air humidity was increased. The
position of this maximum was dependent upon the material being studied, and
occurred at 70% relaﬁive humidity for vinyl polyacetate and 15-20% relative
humidity for sand, in each case at 20°¢.

(157,169) indicate that

Studies of particle flow along inclined metal chutes
charge transfer is always dependent on the time of contact,whilst velocity
during contact, and the mode of contact affect charge levels with certain

materials.

In all these cases, conduction, induction and air dissipation processes, as

well as contact charging, can affect the observations. Induction and dissipation
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(43,157,161-169)

processes have not been considered explicitly in the studies mentioned,
consequently the results are not applicable to general particle handling
situations.

In many practical particle handling situations the bulk voidage is suffici-

ently low to permit continuous contact paths to exist through the material.

Typical cases are:— fluidised beds, vibrated beds, particle drying equipment,

powder flow along chutes and movement inside hoppers and bunkers. Air break-

‘ down processes (Chapter 3) impose an ultimate limiting value on the charge

density, whilst conduction effects may limit the charge density to levels below

the breakdown value. Since interparticle charging effects will tend to

‘ produce a net charge of zero, for a given particle mass, the principle net
charge generation processes, during particle handling, are linked to contact

y and separation of the particles with boundary surfaces.

‘ Some understanding of the electrification behaviour of general particle

i systems, with continuous contact paths, can be obtained using a suitable

simulation experiment. This experiment must utilise well defined contact and

separation with a boundary surface, in order to define the charge generation

process. Comtinuous contact paths must be maintained to ensure that conduction

effects closely resemble those encountered in practical situations. Ideally, the

charge measurement system, should allow interpretation of the importance of

dissipation processes. With these ideas in mind, the system chosen as a simu-

lation of bulk handling processes, was a vibrated particle bed.

E Sinusoidal vertical motion imposed on a platform, which supports a vessel

| containing granular material, will cause the particle mass to 1lift from the
vessel base when the acceleration reaches a critical value. For beds of large
particles, where air percolation effects do not greatly modify the bed beha-

viour, the critical acceleration is equal in magnitude, and opposite in

(170).

| direction to the gravitational acceleration Circulation patterns develop

(170)‘

in the bed at this point, and the bed viscosity decreases markedly The

(171).

bed is said to be vibrofluidised in this state For 210-355 |Lm diameter

,(170)

particles, the bed voidage decreases by less than 15% at 50Hz and a

T hmmm——"———
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platform acceleration of 7ga, where g, is the acceleration due to gravity.
The particle bulk undergoes repeated contact and separation with the vessel
base, during vibration, and continuous contact paths are preserved. Electri-
fication occurs due to the impact, and can be measured.

The bed support vessel, used in the present experiments, copsisted of a
metal base, and perspex walls. This enabled measurement of the alternating
current induced in the base by the moving charged particle bulk. In order to
study conduction effects, a plane metal perforated electrode was inserted into
the bed, parallel to the base. This caused further charging, and defined a
one dimensional conduction path. By connection to a suitable electrometer, a
net conduction current could be measured. The immersed electrode perforations
were chosen to be sufficiently large to allow the screen +to have a
minimum modifying influence on the bed displacement behaviour. Charge genera-
tion and dissipation, were studied as a function of vibration amplitude and
system geometry.. The particle bulk resistivity is of great importance in
determining the observed behaviour, and the effect of this variable was also
studied.

The relation between_the measured quantities, and the charge generation and
dissipation processes, is derived in the remainder of this chapter for
various bulk resistivity regimes.

4. 2. The induced potential due to a moving charged particle mass.

The physical arrangement and electrical circuit shown in FIG.40 are considered.

This circuit assumes that the measuring instrument input capacitance is much

(172)

smaller than the cffective capacitance cof the charge layer . The capa-

citive reactance of the measuring instrument input is assumed to be much

(172)

greater than the measuring instrument input resistance . These assumptions
will be shown to be valid in Chapter 5. Similar situations with different

charge distributions and geometrical considerations, have been analysed by

(173) (117)

Sessler for electrel microphones, and Van Turnhout for charge measuring

instruments.

The physical situation considered is that of a vibrated powder bed, moving




vertically between a base plate, and a parallel upper electrode.

By charge conservation,

‘ dQ3 + i.dt = O, 4.1

3
where QB’ the charge on the base plate = AﬂO3,

Ab is the effective area of the base plate which has a surface charge density 03.
| Ab is assumed to be equal to the lower bed surface area<AH.

i, is the current flowing through the electrometer resistor R, in time dt.

| 3
i, = V3/R , 4,2
where V3 is the potential of the base plate.
Thus from equations 4.1 and 4.2 V3 = =R dQ3 . 4.3

db

By Gauss's Law, Q3 = Ab EOE 4.4

3 b

where E, is the electric field in the air gap region below the lower bed surface.

3

E, is given in Appendix 1 by equation A.1.8. Eliminating E, from equations

3
A.1.8 and 4.4 gives,

0y =[A, €, - plafly + & - 0, L viggy ¥ ¥y 4.5

l?1 = Eﬁ.+ g%J E:o 2€;4 Eﬁ Er4
Er4

where g4 is the air gap between the upper bed surface and the upper electrode,

g, is the air gap between the lower bed surface and the base plate, L1 is the
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