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In spite of the broad use of a vacuum as an

insulator, and numerous studies on the subject, there

is still no single generally accepted theory for the
mechanism of the development of discharges along a solid

dielectric placed in a vacuum. This work systematizes and
discusses the effect of some particular factors on the

mechanism of discharge and on the electric strength of

the vacuum-solid dielectric system. Results of our

investigations form the basis of a discussion of the

effects of pressure, sample length, metallization of the

surface of the contact sample-electrode, and ways of

conditioning the potential of flashover.

The results are given and analyzed of investigations

on surface strength of thermoplastic dielectrics (poly-

methylmethacrylate, polytetrafluoroethylene and poly-
ethylene) at switching and surge overvoltages, considering

the time of duration of the wave front and the number of

switching surges. The author presents his own mechanism

for the development of discharges along the investigated

materials placed in a vacuum, and derives the mathematical

dependence for the flashover potential along a .3olid

dielectric in a vacuum as a function of the time of duration

of the switching surge wave front.

Studies of the mechanism for the development of dis-

charge have been expanded by measurements of the degree

* of degradation of surfaces of solid dielectrics.

Oscillograms on the course of consecutive switching surges

are obtained and analyzed. Photographs are shewn of the

degradation of surfaces of the investigated solid dielectrics.

They were obtained by an electron microscope, with flash-

overs at direct and alternating potentials.

-~
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1. INTRODUCTION

During the last two decades, there has been broader

and broader use of a vacuum as an element of electroinsula-

tion systemE. Vacuum is used in electric power equipment, for

instance in vacuum switches, cryogenic cables and vacuum dis-

tributors, and in research instrumentation, such as vacuum

lamps, X-ray lamps, electron microscopes, accelc....tors, etc.

The operation of any electric equipment with a vacuum as

an insulator requires a vacuum chamber, whose walls are made

of some insulating material, or the construction of a passage

insulator for a metallic vacuum chamber. In some vacuum systems,
the high voltage cable has to be mechanically supported by a

solid dielectric - spaced insulator.

A solid dielectric system between electrodes placed in a
vacuum has lower electric strength than a system of two electrodes

with the same gap length between their. An understanding of

the jump (flashover) mechanism along the surface of solid
dielectrics is of considerable scientific importance, since the

*surface of dielectrics is usually the weakest Frot in vacuumJ

insulation systems.

Recent years have seen many studies of the flashoverT

mechanism along the surface of solid dielectrics in a vacuium.

Studies were also made of various factors influencing the

flashover potential, such as the type of insulation material,

the sample shape, and the type of contact between the electrodes

and the solid dielectric.

'1 In spite of the broad use of a vacuum, and many studies

in this area, there Jis still no single, generally accepted
f I theory for the development of discharges along the insulation

material placed in a vacuum. There is also no uniform view

on the effect of particular factors upon the mechanism

of this discharge, and upon the el.ectric
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strength of the vacuum-solid dielectric system.

When studying the literature in this field one can find that

there are many disagreements in reported results of the studies

of surface strength of uolid dielectrics in vv-uum performed by

different investigators. The cause lies in difftrent experimental

conditions and in different ways of conditioning the samples.

One of the factors which has not been investigated more
thoroughly is the dependence of the potential of flashover

on the type of potential applied. There have been no stud.*•s

in general with potential sir, ating the switching potential

and there have been no studies of the effect of the number of

switching surges on change of the surface strength of thermo-

plastic dielectrics.

Hence, at the present time, the topic of studies of electric
surface strength of solid dielectrics in vacuum still remains

an open topic for studies. Previous investigations involved

mainly ceramic dielectrics, and there are not many works concerned

with strength of thermoplastic dielectrics in vacuum. So far,
some studies dealt with surface strength at the direct potential

and lightning surge, and in the last years also at alternating

potential. But the literature contains only a few references

to works concerned with surface strength of solid dielectrics

in vacuum at switching potentials C52, 53, 54, 79] •

The problem of surface strength of solid dielectrics in

vacuum, and particularly of thermoplastic dielectrics at

switching overvoltages, has become now the most important ano

t up-to-date problem because of the construction of vacuum electro-

energetic facilities of high voltage, and particularly of

cryogenic and superconducting cables L40, 66] . In those
cables, vacuum forms the basic insulating medium, and solid

dielectric is utilized as a support between the conducting parts

Li, 41, 42, 43, 65].
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In Poland studies on the problem of surface strengLh of discussed

systems are carried out at the Wroclaw Polytechnic University and

Poznan Polytechnic University. However, they are mainly concerned
with electric strength of inorganic dielectrics. Habilitation work
of H. Moscicka-Grzesiak [93] and some doctoral work [86, 123,
1253 belong '. this area. The author considered it desirable to

supplement studies in this field on the premise that organic
iasulators find now wider and wider application, particularly
in electroenergetic systems, for which the problem of strength I
at switching overvoltages and at high potentials is of basic
importance. The present monograph deals with Just these problems.

The aim of this work is to learn about pheuomena of discharge
along thermoplastic dielectrics, particularly at switching

overvoltages, and to check and develop a theory of flashover
in vacuum. The second aim of this work is to obtain quantitative

data with regard to surface electric strength of thermoplastic i
dielectrics in vacuum.

The first part of this work (Chapter 2) deals with collection

and classification of literature data concerning the surface
i' strength of solid dielectrics in vacuum. On the basis of theset

data, a program is developed for realization of this work.
Chapter 3 contains a review of theories trying to explain the
mechanism of flashover along the surface of a solid dielectric
*in vacuum.

Next parts of this work describe the testing system and
"experimental procedures (Chapter 4) and contain the analysis

of present investigations of the author (Chapters 5 and 6).
These investigations comprised the electric surface strength
of thermoplastic dielectrics (polymethylmethacrylate, polytetra-

fluoroethylene and polyethylene) in vacuum at the switching
and surge overvoltages, the effect of the form of potential,

the effect of the time of duration of the front wave, and of
the number of switching surges. Moreover, the work included

-
7
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also the effect of pressure and of the time and method of cordiitioning
the samples upon the surface strength, and also degradation of

surfaces of investigated samples as a function of the number of

flas hovers.

In the nezt part, Chapter 7, on the basis of our own investi-

gations the author proposes a theory of the development of

mechanism of flashover along thermoplastic materials in vacuum,

including the mechanism of flashover at switching overvoltages.

Chapter 8 contains remarks and final conclusions. Appendices

presenting tables of the results of investigations conclude

the work.

On the assumption that there is no uniform view on the

mechanism of flashover along organic dielectrics, the author

makes an cnalysis and comparisons of literature data with the

own concept of this mechanism, based on our measurements. He

derives an analytical equation for the surface electric strength

of solid dielectrics in vacuum, as a function of the time of

duration of the switching surge wave front.

The author considers that the presented work should form

a contribution to studie3 of systems of organic dielectric-

vacuum, mainly with regard to electric surface strength at

switching overvoltages. This work also supplements and provides

a series of new quantitative data concerning surface electric

strength of solid dielectrics in vacuum.

~ *1
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2. SURFACE ELECTRIC STRENGTH CF SOLID DIELECTRICS IN VACUUM

The idea of using vacuum as an insulator originated back in
thirties of the twentieth century, hence the number of investi-
gators who carried out studies of the phenomenon of jump

(flashover) between electrodes in vacuum is considerable.

The results of studies have been reviewed in the works •25,

60, 61, 1071.
The mechanism of fla3hover in the vacuum gap is not fully

understood, since it is complex and its parameters are difficult
to control. If we introduce a dielectric between the electrodes

in vacuum$ the complexity of the system will be further increased

by new parameters which should be considered.

In the case of flashover along surfaces of solid dielectric

one should distinguish two stages of the development of mechanism:
- appearance of free electrons,

- discharging along the surface of the dielectric.

In vacuum there is no sufficient number of free electrons
to cause the flashover, hence the electrons must be supplied

to the system by a mechanism of electron emission after
application oi high potezitial.

There are possible several processes of electron emission

from the surface of metal, depending on temperature and potential
of the electric field, and depending whether the surface is bombarded

by electrons or ions. Mechanisms of the emission of electrons

may be divided into the following categories:
1) field emission,

2) thermal emission,
3) field-thermal emission known as Schottky emission,

4) photoelectric emission,

5) secondary emission caused by bombardment with electrons,

6) secondary emission caused by bombardment with positive ions.

I77A " .. ...... .•• '": ... ..,i 1I ' :
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In the investigated insulation system the initiation of
electrical discharge will occur only as a result of the field

emission of electroi3. The Schottky emission and thermal emission
acquire importance only at a high temperature, usually above
1000 K, and for this reason they have no influence in practical

high-voltage facilities, which usually work at normal
temperature.

The fact that electrons can be torn from the surface of
metals by a sufficiently high electric field has been observed

by many investigators at the end of the last century.
Fowler and Nordheim )31 ] derived Equation (2.1) for

density of the current of field emission from a cold cathode:

a 1,50-10-6 12 yi _6.[4,3.19,t3/2 -1 e(j)]j(.1 21

where: v - electric field potential at emitter in Y
$• - electron work function from cathode in eV,

9(y) - Nordheim function.

Equation (2.1) is derived for the temperature 0 K, hence its
application is theoretically justified only for pure field

emissions.

PR.H. Fowler and L. Nordheim admitted that their equation
would be somewhat dependent on temperature, but they have not

described this effect clearly [31] . The first attempt to
establish the effect of temperature on the mechanism oZ ffeld
emission was done by M.V. Houston [63] • In his work, M.V.
Houston tried to determine the change of field emission described

Sby the Fowler-Nordheim equation as a function of temperature.

The results of his investigations indicate that the effect of

temperature on emission current is very small; and decreases

-. : •- _
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with the increase of field potential. Thorough investigations
of the effect of temperature on field emission current were also
carried out by R.H. Good and E.L. Murphy L383 . Good and Murphy
expressed the emitted current in general form as a function of
temperature, field intensity and work function. Hence, they
modified the Fowler-Nordheim equation by taking account of the
effect of temperature. They determined also the range of tempera-
ture and of field intensity for various values of the work
function, at which the modified Powler-Nordheim equation finds
applica bion.

The effect of temperature on field emission was also
investigated by Little and Whitney [823 . R.P. Little and W.T.

Whitney determined experimentally that the emission current

is independent of temperature in the range up to 1000 K,

confirming thereby the original equation of the theory of

Fowler and Nordheim.

Comparison of data of various authors still leaves
unexplained discordant results of studies and discrepancies
between theoretical and experiment-l results pertaining to the

phenmenon of field emission. The results of F. Llewellyn-Jones

and D.J. Nicholas [833 , who studied the effect of temperature

on field emission curr~.nt, may serve as an example. Results of
studies at temperature 197 K and 298 K give different values

"of the emission current than those expected from calculations

according to the Schottky theory. But the measured values of

current show a reasonable agreement with calculations according
to the modified Fowler-Nordieim equation.

Therefore it may be stated that the mechanism of electron
emission from the surface of metal at normal temperature

is not yet thoroughly known. Since electron emission is the
basic phenomenon in the process of flashover in a vacuum gap,

in consequence the mechanism of flashover in vaccum also is not

-- --
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fully known. Moreover, as was mentioned before, when a solid
dielectric finds itself additionally in the vacuum gap, the
number of factors affecting the process of discharge increases
and the mechanism of flashover becomes more complicated.

So far, no satisfactory thory of the mechanism of flashover[I along the surface of solid dielectrics in vacuum has been advanced

despite the fact that many investigators studied the phenomena LŽ.I of the mechanism of flashover, and proposed their various
i 'j explanations.

It is known on the basis of experimental results that the
potential of discharge along the surface of solid dielectrics
depends on various factors, such as the type of dielectric, shape

of investigated sample, methcd of conditioning, etc. These factors
have been analyzed by Havley U60, 611] and Slivkova [ 107].

Factors which affect the process of flashover along solid

dielectrics in vacuum can be defined as connected with solid

dielectric, electrodes, and experimental conditions of studies
(Figure 2.1).

Systematic listings of the parameters of these elements are
shown in Figures 2.2, 2.3 and 2.4. These Figures contain also

references to publications discussing dependence of the process

of flashover on the above parameters.
Since studies of the phenomena of flashover along solid

dielectrics in vacuum were carried out using different dielectrics,

different types of electrodes, and various experimental techniques
and procedures, comparisons of experimental results are haphazard.

References 'L...ted in Figures 2.2, 2.3 and 2.4 were selected from

the whole Pr.-reR of publications as those which provide a possibly

accurate description of the effect offa given parameter on the

process of flashover.
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Solid dielectric

Surface electric
strength of solid -Electrodes
dielectric in vacuum

Experimental conditions
of studies

Figure 2.1. Elements affecting surface electr:ic strength
of solid dielectric in vacuum

Reference No.
hap . 20, 42, 50, 71. 90,

Geometric 93, 115, 116, l24

parameters

Surface * * 14, 67, 91, 93
-roughness

Work function
of electrons . 36, 37, 67, 93

Electrodes - Electric
properties

Secondar*- emibsion
from surface

'---of electrodes . 36, 37

Other
physical -Melting
properties temperature . . 27, 38, 42

Figure 2.2. Parameters of electrodes influencing the surface
21 electric strength in vacuum

II

........- 4-
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Refere~nce No.

-Shape . . . . . 12, 28, 89o 90, 93,
94, 1W 17 1219

Geometric 127
"parameters

Length . . . . . 13, 14, 15, 17, 30,
36, 3?, 52 53, 54,
67, 69, 0, 76, 77,78, 79t 99 ??

Roughness
of outer
surface . . . • • 36, 37, 67

I- ---&hneas of surface
*. f contact with

electrode . . . . 36, 37, r-, 53, 71,
72, 96

Volume
resistivity . . . 35, 36, 37

Scld
diel.ectric- Surface

resistivity . . . 33, 36, 379 109

Coefficient of
Electric secondary emission 13, 22, 23, 33, 36,
properties of electrons • • 37, 62, 127

Work functionIof electrons * " 127

Dielectrical 2, 3, 36, 37, 71, 72,
permeability 9 96, 97, 115

Coefficient of
dielectric losses 62, 124

Thermal
physical conductivity . . 36, 37
properties Ability 3, 36, 37, 53, 69,

(- to degas • • 79, 97, 109

Figure 2.3. Parameters of wolid dielectric affecting the surface
electric streugth in vacuum



Reference No.

Pressure and gas
composition 0 * 0 0 0 o 0 0 0 . 0 28, 36, 379 76,

100, 105, 122

High
temperature " " 35, 73, 80, 81, 109

Temperature LOW
temperature . . . 11, 42, 43, 66, 125

Time of 22, 36, 37, 53, 549
pressure 56, 71, 72, 76, 979

conditioning . . . 104

I .Value of 36, 37, 53, 54, 56,
pressure in cond. o 71, 72, 73, 76, 104

Type of cond.
Conditioning potential . . . 53, 54, 56, 78, 79

Value of cond. 26, 42, 53, 54,
potential .. . 56, 79

Experi Time of cond. . o. 53, 54
mental
cond. L Number of 16, 53, 54, 79,

flashovers . . . . 85, 86, 93

Direct 22, 26, 36, 37, 53,
potential . . . • 54, 67, 73, 79, 93

Type of 22, 26, 53, 54,
po et a po e ta . 67, 73, 93

I High-frequency
raltern. potential • 62, 67, 124

Sg p22, 26, 36, 37, 53,
Surge potential " " 549 67, 71, 72, 73,

. 79v 93

Switching overvoltage • 53, 54, 79

-Irradiation . . . . . . . . . . . . . . 36, 37, 73, 74

-Current limited with resistor . . . . . 30, 36, 37, 42,
"56, 70

Electrode surface covered with dielectr. 55, 64, 92, 93, 96,
98, 103

Figure 2.4. Experimental conditions affecting electric surf•ace- -

strength in vacuum.
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2.1. EFFECT OF PROPERTIES OF SOLID DIELECTRIC ON SURFACE STRENGTH
IN VACUUM

2.1.1. SHAPE OF SAMPLE

The diagram shown in Figure 2.3 lists parameters of solid
dielectric which have effect upon the surface electric strength

of solid dielectrics in vacuum.

The effect of the shape of samples on surface strength in

vacuum at direct potential ww investigated by Shannon C1043 ,

Watson [1273, and later by Svinjin C1 1 73 , Eastman E28] ,

Moscicka-Grzesiak [90, 93, 943 , Milton C891 , and de Tourreil [1213.

In those publications the investigated samples had different

shapes, but the majority of investigators used samples in the

form of a cylinder.
The most thorough study of the effect of various shapes of

samples on the potential of flashover was carried out by

J. Shannon, S. Philip and J.G. Trump [104] . Their investigated
samples were 25 mm long and had shapes ahown in Figure 2.5.
Values of the flashover potential of investigated samples are

presented in Figure 2.6. Samples marked by symbols A3, B1, B3 ,
C3 and C4 had the highest electric strength, exceeding 180 kV

after conditioning. The shapc of these samples either provides
a barrier for surface discharges, or lowers the potential of

electric tield at the solid dielectric-cathode junction, which

causes an increase of the surface strength of the system. The

highest surface strength is possessed by the sample of shape B
In the case of a sample with the shape of a truncated cone,

the potential of flashover changes as a function of the inclina-

tion angle of the cone, and depends on the polarity of electrodes.

The obtained results of studies indicate that the sample has

the highest electric strength when the base of the truncated cone

is placed on the cathode.
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I
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C9

Figure 2.5. Shapes of samples 25 mm long investigated by
J. Shannon, S. Philip, J.G. Trump [104]

2 .

100' i !
Al A2 A3 A4 AS BY V C,3 e&

Figure 2.6. Flashover potential for samples of various shapes
according to Figure 2.5. £104) . I - glass, 2 - first
flashover, 3 - after 10 flashovers, 4 - maximal
potential of flashover



-18-

Boersch [121 , independently of measurements of the potential
of flashover along the surface of a solid dielectric, studied the
mechanism of charging of the surface of solid dielectrics in the
form of truncated cone with different angles of inclination
as a result of the process of secondary emission. Boersch intro-

duced an electron beam onto the surface of dielectric through a gap

in cathode, On the other hand, de Tourreil [12, 121] studied
the mechanism of charging the surface through electrons emitted
at the solid dielectric-cathode junction.

2.1.2. LENGTH OF SAMPLE

Similarly to the case of the flashover potential for a -racuum
gap, the flashover potential along the surface of solid dielectrics

does not increase li'oarly with increase of the length of sample.

Increase of the potential is not proportional to the increase of
sample length, as confirmed by many studies [13, 14, 15, 17, 30,
36, 37, 52, 53, 54, 67, 70, 72•, 77, 78, 79, 89.

Figure 2.7 shows the flashover potential for.various dielectrics

as a function of sample length, as reported by several authors.

For the purpose of comparison, the results of electric strength 1
at direct (constant) potential were used, although at other types
of applied potential the character of changes in flashover
potential is similar.

The results obtained by various authors for a given solid
- dielectric and defined length of sample indicate considerable

differences in values of the flashover potential. For example,

Gleichauf [36, 37 3 obtained the flabhover potential of 50 kV
for a sample of polytetraflucroetbh-lene (Teflon) of the length
22.5 mm, whereas the author of this work £54, 79] obtained the
value of 90 kV for flashover potential also of a sample of

polytetrafluoroethylene 20 mm long.

- - o

. _ _ _ _
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I '/I"500

gloo o el20

Figure 2.7. Flashover potential as a function of the length of
sample at the applied direct (constant) potential:
1 - alundum (Al 0 ) sample, according to L303 ;
2 - alundum sam~l, according to E173, 3sample, according t0 o diSt £7] 3 gls

samlesaccrdig t C36, 371 4 - Teflon sample,
according to L54] ; 5 - Teflon sample, accordingto [371

The reported results of studies show that the length of the

sample is only one of many parameters which exert effect on the

value of potential of flashover along the surface of solid

dielectrics. Under the given experimental conditions, the increase
of flashover potential along solid dielectrics is smaller than
if it was proportional to the length of sample.

4• 2.1.3. ROUGHNESS OF OUTER SURFACE OF SOLID DIELECTRIC

The potential of flashover along solid dielectrics depends
considerably on its outer surface. Kalyatskii and Kassirov F671
have shown that the value of surge potential of flashover for

polymethylmethacrylate increases when roughness of the outer
surface of a solid dielectric is increased.

•~4 .AL.,.L



K -20-

The ef fect of surface roughness of' a solid dielectric was also
investigated by Oleichauf [ 36., 371 . The results of Oleichauf Is
experiments indicate that the electric strength of systems at direct
potential tncreases by about 40% when the surface of the same
dielectric is rough, He has not establish the effect of the
degree of roughness on tne increase o0 electric strength,

II Further investigations carried out by Gleichauf pont to the

V importance of localization of the area of roughness on solid
dielectrics. If only a part of' the surface of a glass sample was
rough on the side of cathodes then the value of flashover
potential. increased by about 33% in relation to the value of
flashover potential of a smooth sample. After the change of polarity

47

of potential at the rough surface, the flashover potential remained
the same as the one obtained for the smooth surfaca of a sam~ple. L..

The above phenomenon is explained by an increase of' the
Adsorption of water and water vapor by the rough part of the
exte.-nal su-face of a dielectric. As a result of this adsorption
tl.-.er is~ a lowering of surface resistance of a solid~ dielectric.

A lower surface resistance of solid dielectric prevents
accumulation of surface charges. As a result we obtain a more

uniform distribution of the electric field.

2.14. ROUGHKESS OF THE SURFACE OF CON~TACT fJUNCTION)
BETWEEN SOL.ID DIELECTRIC AND ELECTRODE

There are no data in the literature which would specifically
describe the effect of roughness of the surface of contact between
solid dielectrics and electrode.

Kofoid L84, 85 ] mentions briefly the presence of a gap

between a solid dielectric and cathode surface. If both surfaces
could be made ideally o mooth, the contact of these surfaces
would be also ideals and then there would be no strengthening

of intensity of the electric field in the gap, arising from

ther• i•a lowerng ofsrface rsistanc ofaslddilcrc
A oe.srac essaceo slddilcti--eet
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in-series layering of solid dielectric in vacuum.

In practice, there is no possibility of achieving such an
ideal contact. Hence, there always exist gaps between the cathode

and surface of a solid dielectric. Kofoid in his work [71, 72

assumed an idealized shape of such a gap and calculated intensity

of the field in thu gap. Calculations were based on the assumption that

thickness ;f the gap is very small in comparison with the total

thickless of a solid dielectric. He has not done, however, any measu-

rement of the intensity of field in the gap, nor of the flashover
voltage for various degrees of roughness at the contact between the

solid dielectric and electrode.

In order to avoid the presence of a gap between a solid

dielectric and electrode, some investigators [5R, 54, 71, 963
resorted to metallization of surfaces of solid dielectric.

2.1-5. VOLUME RESISTIVITY OF SOLID DIELECTRIC

The effect of volume resistivity of solid dielectrics was
investigated by Gleichauf [36, 37 ] for glass samples with different
content of sodium. The content of sodium in glass determines its
volume resistivity. After studying flashover potential for glass
samples with different content of sodium, Gleichauf concluded that
the volume resistivity of a solid dielectric has no effect on the
voltage of flashover.

Gibson [35] also investigated the effect of volume
resistivity of porcelain on flashover potential. He changed volume

4 resistivity by ch&nging the temperature. He found a decrease of
flashover voltage with increase of the temperature of porcelain
attributing this fact to a decrease in volume resistivity of f%
porcelain.

It is difficult to draw any meaningful conclusion about
the effect of volume resistivity on flashover potential along the

surface of solid dielectrics, since not many results are available

U .
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and moreover, in the opinion of this author, in studies r35, 36,
37] along with changes of volume resistivity in the investigated

samples there was also a change in surface resistance, which
was not mentioned by the authors, and which has a profound
effect upon the mechanism of flashover along a solid dielectric

in vacuum.

2.1.6. SURFACE RESISTIVITY OF SOLID DIELECTRIC

The effect of surface resistivity of a solid dielectric upon
the value of flashover voltage along a solid dielectric in vacuum
was also investigated by Gleichauf [36, 37]. He used layers of
silicon oil to cover external surfaces of glass 857 and of boron
glass Pyrex 7740. Samples of glass 857 had a low flashover
voltage as compared with gl~sses of other compositions. After
covering samales of -lass 857 with silicon oil, the value of

their flashover pote atial increased by from 25 to 65%. Gleichauf

concluded that an increase of the flashover potential was caused
by an increase of surface resistivity resultant from the coverage

of surfaces of solid dielectric with silicon oil.
This conclusion is in contradiction with results of studies

by Srivastav [110 3, who found that coverage of a solid dielectric
with semiconducting layer results in an increase of electric

strength since a reduced surface resistivity prevents accumulation
of charge on surfaces of a solid dielectric.

Fryszman [33] also found that the flashover voltage
41 increased by a factor of about 2.6 when a part of external

surfaces of solid dielectric near the cathode was covered with
a semiconducting layer.

It is obvious from the above that there is disagreement between

results obtained by various investigators, and there is lack of
meaningful data on the relation between surface resistance and
flashover potential.

r I4
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2.1 .7. COEFFICIENT OF SECONDAiY EMISSION OF ELECTRONS
FROM SURFACE OF SOLID DIELECTRIC

The effect of the coefficient of secondary emission of electrons
from surfaces of solid dielectric was analyzed by several investi-
gators, in connection with the phenomenon of charging of dielectric
surface,

Gleichauf [36, 37j mentioned a possibility of the effect
o:: secondary electron emission from dielectric surfaces on the

'I surface strength, an,4 -uggested a possibility of changing the

distribution of intensity of field caused by secondary emission,
Swhich may be dependent on the density of the dielectric. Thorough
investigations of the mechardI.ým of cagnthsufeofsolid

•:i dielectric were carried out by Boersch and coauthors [12].

A. Watson [126 1 postulates that the potential of flashover
along the surface of a solid dielectric is dependent on the secondary

emission, although his hypothesis on the appearance of primary
electrons differs from the view of remaining authors. He suggests
that primary electrona appear as a result of thermal emission

from the surface of solid dielectrics.
R. Hayes and G.B. Walker L623 studied the effect of

secondary emission on the flashover potential along the surface
of samples of titanium oxide and of titanium oxide coated with
glaze. They measured the coefficient of secondary emission and
they obtained the same value for both types of investigated
samples. The initial value of flashover voltage was 20 kV/cm

'N for samples of titanium oxide, and 22 kV/cm for titanium oxide
I covered with glaze. But titanium oxide coated with glaze showed

a noticeable increase of electric strength after conditioning,
and the value of flashover potential was then similar to that
of the sample of glass, which has the maximal coefficient
of secondary emission Z,,3. The value of da for Slaz-ed titanium
oxide measured in the work T62J was 1.2. Comparison of th.ese
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results indicates that there is no relation between the value
of the coefficient of secondary emission 3a and flashover
potential along a solid dielectric.

In contrast to the above mentioned studies, A. Fryszman,
T. Strzyz and M. Wasinski [333 suggest a possibility of
increasing electric strength through the use of a solid
dielectric with a low coefficient of secondary emission and
a low surface resistivity.

J.D. Cross L22, 2Y] for a sample used aluminum oxide,
a material of hipg density and a high coefficient of secondary
emission d 6.4 (Figure 2.8). For coating material he took
copper oxide, which has a low coefficient of secondary emission

1.25, and chromium oxide, for which 6'.- 0.97. Results
of investigations (Figure 2.9) show a noticeable increase of &he
surge electric strength for samples covered with copper oxide
and with chromium oxide. On the other hand, at direct (constant)

and alternating potential a considerable increase in strength
is observed when alundum samples aro coated with chromium
oxide.

The value of the coefficient of s~econdary emission depends
very much on contamination of the surface of solid dielectrics,
and particularly on the presence of such substances as a thin
layer of oxide and a carbon deposit. Values of the coefficient
of secondary emission are reported for pure surfaces and refer
to the room temperature. During discharges along a solid dielectric

4N••• in vacuum the condition of surface of solid dielectrics undergoes
changes, hence in the course of consecutive flashovers the
ccefficient of secondary emission also changes.

This fact is confirmed by the publication of Chatterton
and Davies L16 ] which reports changes of the coefficient of
secondary emission before and after flashovers (Figure 2.10).
The increase of surface st.-tngth as a function of the number
of flashovers is explained as due to decreases of the coefficient
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Figure 2.8. Coefficient of secondary emission d as a function
of the energy of primary electrons E143:
I - alundum (Al 0 ), 2 - copper oxide (Cu 2 O),
3 - chromium oxid; (Cr 2 0 3 )

I of secondary emission at consecutive flashovers.

The results of studies indicate that there is a dependence

between the coefficient of secondary emission of electrons from

dielectrics and the flashover potential along the surface of a

solid dielectric.
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Figure 2.10. Coefficient of secondary emission 6 as a function of
the energy of primary electrons E L163:
a) before flashovers, b) after flRshovers;
1 - organic glass, 2 alundum (Lucalox),
3 - glass (Macor)

A general conclusion that can be drawn from experimental results
is that the higher is the potential of flashover along solid dielec-
tric the lower is the coefficient of secondary emission 6f m

from this dielectric.

2.1 .8. WORK FUNCTION OF ELECTRON FROM SOLID DIELECTRIC

There are no data in the literature which would indicate any

possibility of the effect of work function of the emission of

electrons from surfaces of solid dielectric upon the potential of
flashover along this surface.

As was mentioned before, Watson C1271 suggests that the primary
electrons appear as a result of thermal emission of electrons from
the surface of solid dielectrics and not from the solid dielctric-
cathode junction. Should thie theory be right, which is however
rather unlikely, then the thermal work function oc eId play an
important role in the mechanism of flashover along the surface
of a solid dielectric,
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2.1.9. DIELECTRIC PERMEABILITY OF SOLID DIELECTRIC

Relative dielectric permeability of solid dielectric changes the
potential of electric fields in the gap between the dielectric and
electrodes and causes charges of the pre-discharge current initiated
by field emission. Many experiments were performed in order to
deternine the effect of relative dielectric permeability upon the
potential of flashover. Gleichauf [36, 371 finds that dielectric
permeability does not play any role in the mechanism of flashover.
However, many investigators confirmed a considerable effect of
dielectric permeability on the flashover potential. Kofoid [71, 7221

reports that the potential of electric fields at the cathode-dielectric
junction, deciding the emission of electrons from the cathode,
is dependent on dielectric permeability of solid dielectrics. The
potential necessary to liberate electrons increases with a decrease
of relative dielectric permeability of solid dielectrics.

Akahane et al. L2, 31 and Ohki et al. E 97 ] report that they
measured a higher flashover voltage for solid dielectrics having
a lower dielectric permeability (Figure 2.11).

Nagabhushana and Gopalakrishna [961 investigated the possibi-
lity of increasing the electric strength by the use of a thin foil
of various materials placed between a porcelain sample (E- = 7.0)
and the cathode. The obtained rosults indicate that the flsshover
potential increases when the dielectric permeability of thin foil

decreases.
Suzuki C115 ] found that a ceramic material placed in vacuum

b hs the higher value of the potential of surface flashover,
the lower is its dielectric permeability.

It follows from the above data that the potential of surface
flashover is higher in general when the dielectric permeability
of investigated solid dielectrics is lower.
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Figure 2.11. Intensity of electric field during flashover at the
surge potential as a function of dielectric permeability
of the sample C 97 T

A - Teflon =2. 0)

B.- Polyethylene 2.3)
C - Polystyrene = 3.2)

D -ABS type resin =Cw : 3.2)

E - Polycarbonates Mw = 3.2)
F - Conditioned glass (49 = 4.0)

F'- Unconditioned glass (w, = 4.0)
G - Epoxy resin A =" = 4.0)

H - Epoxy resin B = 4.2)

I - Polyamides = 4.1)

2.1.00. COEFFICIENT OF DIELECTRIC LOSSES

It is obvious that at alternating potentials, and particularly

at high frequencies, the coefficient of dielectric losses may have

large importance in the process of flashover along the surface of

solid dielectrics in vacuum. Although many investigators report

electric strengths for testing direct potential, alternating

No-A
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potential of industrial frequency, and surge potential, there are

not many works from which one could get some ideas about the effect

of the coefficient of dtelectric losses on surface strength of solid

dielectric in vacuum.
Hayes and Walker E621 and Lewis E1243 studied the flashover

potential using high frequencies, but they do not report the effect

of the coefficient of dielectric losses. It appears, however, that

at a high frequency, a considerable amount of heat will evolve

from a solid dielectric with large coefficient of dielectric losses
axid its temperature will be higher than that of a solid dielectric

having a small coefficient of dielectric losses. The use of solid
dielectrics with a high coefficient of dielectric losses may lead,

in the final stage, to the destruction of solid cuelectrics through

the strong rise of its temperature, as a result of poor heat
dissipation in vacuum.

2.1.11. THERMAL CONDUCTIVITY

We have not found any publication that would deal with the

effect of thermal conductivity of solid dielectrics on the potential

of flashover along solid dielectrics in vacuum.

Gleichauf [36, 37 J made a short remark that thermal conducti-

vity would have no significant effect on surface strength, if we

assumed a iast progress of electric discharge. We can admit that
the effect of thermal conductivity will be considerable in the case
of covering the surface of solid dielectrics with a seniconducting

layer, which is the cause of the evolution of heat at the applica-

tion of direct or alternating potentials for a prolonged time.

I
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2.1.12. DEGASSING ABILITY OF INVESTIGATED SAMPLE

One can distinguish two types of degassing ability of a solid
dielectric placed in vacuum, namely : evaporation of insulating

material caused by the reduction of pressure, and elimination of
gases from the surface of solid dielectrics during electric discharge.

The phenomenon of degassing of dielectrics in vacuum has a considerable

effect on surface strength, and for this reason many investigators

dealt with this problem.
Gleichauf [36, 37' studied the effect of pressure of vapors

eliminated from solid dielectrics for boron glass (7740 Pyrex) and
sulfur. These two dielectrics have similar physical properties,

except that sulfur has a higher vapor pressure. The measured potential

of flashover along these two solid dielectrics in vacuum was nearly

the same. Hence, Gleichauf concluded that evaporation of solid

dielectrics has no significant effect on the flashover voltage.

Srivastava and Tourreil [110 ] analyzed the composition of

residue gases in the vacuum chamber using a spectrometer. Their

results indicate presence of a large amount of water and vapors

of oils coming from pumps, and of other gases such as N2 , 02, CO etc.

The gas analysis reported in the work [110J was done before the

flashover. Srivastava and Tourreil L110 ] report also that the

pressure increases before the appearance of flashover, and they

analyzed also the composition of gas during this rise of pressure.

The results showed that there is an increase of the amount of all the

components of residual gas in the vacuum chamber, and particularly

of hydrogen. It is thought, on the basis of these results, that

the evolution of hydrogen may be connected with dissociation of

water vapor adsorbed on the surface of alelectrics., For practical
applications of organic material they suggest the use of Teflon,

organic glass and high-pressure polyethylene, and they reject

epoxy resins.
Kassirova and Tuzova [69 3 studied carpositions of gas evolved
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during discharges. The obtained spectrographic results indicate that

a large part, of liberated gas is the result of elimination of gases
absorbed in surface layers, such as nitrogen, water vapor and hydro-

carbon groups. A dependence between the material of the sample and

composition of the gas evolved was also observed. There can occur
decomposition of solid dielectrics as a result of electric disCharge.

Akabane et al. [3 3 also used spectrographic techniques to analyze
the composition of gas before and during the flashover along the
surface of solid dielectrics for samples of polyethylene and boron

glass.
The following conclusions were derived from studies [3

I)both the investigated dielectrics evolve gases before the

flashover.
2) during the flashover, polyethylene evolves a large amount of

3) polyethylene evolves more gases than does boron glass,
4) for glass, the amount of evolved gases decreases with

increase of the number of flashovers.

Ohki et al. [97 ] studied the surge potential of flashover
using glass and thermoplastic materials, and two types of resins.
They noticed the appearance of paths on the surface of all organic
materials after discharges. The number of discharges (flashovers)

necesanary for the formation of such a path is different for each
diele-Aric. The highest resistance to the formation of such paths

was exhibited by samples of polyethylene and polyamide. Epoxy

4 resins were in the second place, polystyrene - in the third,
while polycarbonates and polytetrafluoroethylene were the most

vulnerable to surface degradation. The results .- erning Teflon

obtained by Ohki E 97] differ from those presented by Srivastava CL"'].
Kuffel et al. t79, 5331 also observed strong erosion of surfaces

of organic dielectrics after conditioning by means of flashovers,
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4 From this review of the results of investigations one can
conclude that the phenomenon of degassing of dielectrics in vacuum

and degassing during discharges has a considerable effect on the
flashover potential and mechanism of flashover along solid dielectrics
in vacuum.

2.2.* EFFECT OF PARAMETERS OF ELECTRODES ON SURFACE STRENGTH
!N VACUUM

2.2.1. SHAPE OF ELECTRODES

Since the shape of electrodes has a considerable effect on
electric strength, a large number of investigators were concerned
with this problem, The majority of them used the sy.1:tem of flat

electrodes with edge profile of the pattern of Rogoweki, which
ensured a uniform or nearly uniform distribution of field. Some
investigators used other systems, such as coaxial cylinders [42,
1151 1161J and edge electrodes ri 15] , and placed solid dielectrics

of cylindrical shape between the electrodes. Other shapes of
electrodes were also investigated [17, 71, 909 933 attemptilig
to r~educe the intensity of electric field.-at or near the solid
dielectric-cathode junction, often by making a dent (cavity) in
the electrode.

The author wishes to draw attention to the fact that,9 from a
practical viewpoint, the concept of electrode systems is veryW
important for the increase of strength of insulation systenm.
A change of the shape of electrodes affects the field distribution
not only at or near the electrode-dielectric junction, but also

A ~along the surface of solid 'dielectrics. Hence, when analyzing the

4 mechanism of flashover we have to take into account the shape of
electrodes. For instance, if we have an electrode with cavity
and a part of solid dielectric is located in this cavity, then
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there will be a component of the field perpendicular to cylindrical

surface of dielectric, even in the absence of surface charge.

2.2.2. ROUGHNESS OF ELECTRODE SURFACE

Discharge in vacuum gaps depends strongly on roughness of

the surface of electrodes. However, surprisingly little information

can be found about the effect of the roughness of electrodes

in the case of flashover along solid dielectrics in vacuum. Roughness
'I !and microscopic protrusions are always present on the surface, even

when electrodes appear to be smooth and polished. The field intensity

is increased at sharp edges and may be sufficiently high to cause 1
field emission at or near the solid dielectric-cathode Junction.

From this aspect, many authors assumed that a rough surface of

electrodes is the reason for lowering of flashover potentials

and in their studies they tried to eliminate the roughness of
electrodes. However, Kalyatskii and Kassirov U 67 1 found that

there was no considerable difference in the surge potential of

flashover along the samples of polymethylmethacrylate located
between rough and polished electrodes. It was not reported how

the surface was polished or made rough; hence it is difficult

to make any comments and judgement on the cited observations.

Moscicka-Grzesiak [ 91, 93] reported results of measurements

of flashover potential along a ceramic insulator 25 mm long
as a function of the unevenness of electrode surfaces (Figure 2.12).

The flashover potential becomes smaller with an increase of the

height of protrusions Rz. The effect of electrode smoothness is

different for particular materials.

"I. - : , - .L ,•i . , . . . " • :i - - . . .. . . . . . . o . ; . . .

S.....~~~~ ~~~ . p.' .,,• .-
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Figure 2.12. Flashover potential U• and voltage of the first
flaahover as a functi&n of the value of height of

protrusions of surface R_ for steel, aluminum,usual copper and vacuum cappor Ul 93j

,• 2.2.3. WORK FUNCTION OF ELECTRONS FROM ELECTRODE

i•: As was already mentioned, theoretical value of the current

l;• of field emission depends on the work function of electrons from
S~the material of cathodes at a given temperature. However, experi-

IQ

mental results indicate that the flashover potential for a vacuum
Sgap is not directly dependent on the work function, although the
effect of electrode material on flashoveor potential is evident.

'. In the case of flashover along solid dielectrics, experimental

data published by Gleichauf [36, 371 and by Kalyatskii [67]
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IIindicate that the work function of electrons !rom the material

of electrodes has no significant effect or the flashover potential.
The results of Moscicka-Grzesiak (Figure 2.12) also show that the
work function of electrons from electrode has no significant effect
on the potential of flashover, although there is an effect from the

kind of electrode material.

The amount of information pertaining to the effect of the

material of electrodes is very limitedl end it is perhaps too early

to conclude that the work function has no effect on the potential
iI of flashover. It is possible that the effect is not visible

in the pr3sence of more dominant factors, which appear in connection

with the presence of solid dielectrics between electrodes.

2.2.4. SECONDARY EMISSION FROM ELECTRODES

In addition to the primary emission of electrons from cathode,
such as the field emission or thermal emission, there is also
the possibility of the secondary emission of electrons as a result
of the bombardment of cathodes with ions or of the action of photons.

When anodes are subjected to bombardment with electrons having
a suitable energy, we may have emission of secondary positive

ions and X-ray radiation.

The phenomena of secondary emission from electrodes may have

a certain effect on the process of surface flashover.

2.2.5. MELTING TEMPERATURE OF THE MATERIAL OF ELECTRODE

Similarly as in previous Section 2.2.4, no dependence between
the melting temperature of the material of electrodes and flashover
potential was established experimentally. Erven et al. [27]
suggest that metals with low melting temperature (copper, nickel,
aluminum etc) suffer a more intense damage to a@odes during
a spark discharge.
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Graneau [42 7 remarks that titanium is a good material for

electrodes, since it has a high mechanical strength and a relatively

high melting temperature,

2.3. EFFECT OF THE PARAMETERS OF EXPERIMENTAL CONDITIONS

2.3.1 . PRESSURE AND COMPOSITION OF GAS

Several investigators studied the effect of pressure on the

potential of flashover along solid dielectrics r28, 36, 37, 76,
100, 105, 1221] and their results indicate that the pressure

has no significant effect on the flashover voltage in the range
from 133.322x10-4pa to 133.322x10"7 Pa (from 10-4 to 10-7 Tr).

Eastham [28] found no noticeable effect of the admixtures
of other gases, e.g. C12, SF 6 , 02, on flashover potential. The

gases were introduced into the vacuum chamber, and the pressure

rose from 133.322x10" 6 Pa to 133.322x10- 4 pa (from 10-6 to 10-4 Tr).

Gleichauf f36, 37J reports that he found no effect of

pressure, in the range from 5x10"6 Tr to 5x10"3 Tr, on flashover

potential of investigated samples.
On the other hand, Ramm [ 100] shows that for a pass insula-

tor 65 cm long placed in vacuum the flashover potential depends
on pressure (Figure 2.13). Quantitative values of strength are
also dependent on mounting of protective corners (edges), hence
on distribution of electric field, although the curves U = f(p)
for insulators with corners and without corners have similar shape.

Smith [1051 investigated surface strength for surgepotential 30 us for a sample of the shape of cones, and found

no effect of pressure in the range from 10-4 Tr to 102 Tr; but
at further rise of pressure the electric stzýigth of samples

decreased rectilinearly.

Tyman C122] studied surface strength as a function of

pressure at alternating potential for a ceramic sample 5.7 mm
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"Figure 2.13. Flashover potential as a function of pressure
for a pass insulator placed in vacuum E1003
I - corner (edge), 2 - with corners, 3 - without
corners, 4 - test supply potential 600 kV

long, and did not observe any changes in electric strength
in the range from 10"5 Tr to 10-3 Tr.

On the basis of results of our studies 76 the author

considers that the pressure plays a considerable role. The results

of invezstigations F76] will be discussed in Section 5.1.

Similarly, the composition of gas must also play some role.

This view is based on the observed phenomenon of un-conditioning.

It is known that the value of flashover potential increases with

the time of voltage conditioning. If samples are conditioned by

means of a high potential and then the potential is removed for

some time, the sampleswill partly lose the properties of conditio-

ned samples, there will be un-conditioning. The phenomenon of

unconditioning is not fully understood. It would be justified

to assume that at least a part of the phenomenon of un-conditioning

is connected with re-adsorption of gases by surfaces of electrodes

and solid dielectrics. Moreover, the surface of solid dielectrics

] .... . .. . -A&•
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adsorbs particularly strongly those gases which have a large

dipole moment, e.g. water vapor, substances with low vapor pressure.

These gases act as contaminants and they play important roles in the
process of flashover. The degree of adsorption increases with
increase of pressure, hence the pressure anC gas composition may
have an effect on the process of conditioning and un-conditioning.

2.3.2. TEMPERATURE OF THE DIELECTRIC-ELECTRODES SYSTEM

Several authors were concerned with the effect of temperature,

both high and low, on surface strength of solid dielectrics in

vacuum. By the terms "high" and "low" temperature we understand
the temperature higher or lower than the normal temperature.

Srivastava C 1093 reported that the flashover potential
did not suffer a noticeable change when the dielectric was heated

by means of an infrared radiator.

Gibson E35 2 studied the phenomenon of ageing of porcelain
samples subjected to the action of direct (constant) potentials

at temperatures up to 2000C. He noted a lowering of the potential
of flashover along the dielectric with the rise of temperature.

The effect of heating (up to temperature 800°C) on flashover
potential along solid dielectrics was studied also by Kondratov 73]

on samples from porcelain and steatite. The results of his studies

(Figure 2.14) show that the surface strength first goes down, as
the temperature increases, and then slowly increases as the

temperature goes up. The minimum strength lies at about 120-150°C
for both samples. Above the temperature 450°C tie flashover

potential was very low, and the samples often suffered damage.

Kuffel and Matsuyama D80, 811 reported results of the
effect of temperature which are similar to the results of Kondratov.

Measurements on samples of boron glass were carried out in the
range from 20 to 150 0 C. The minimum in the flashover potentials

occurred for the temperature from 80 to 1000 C.

!
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Figure 2.14. Flashover potential as a function of the temperatureof solid dielectric and electrodes (731 :
1 - porcelain sample, 2 steatite sample,

samples h8 ated for a long time at the
temperature 800 C before placinf in the chamber

There are very few publications dealing with the effect of
low temperature on flashover potential.Fram a practical viewpoint,
ins+itutions concerned with cryogenic cables and vacuum insulation !•
have special interest in surface strength at the temperature of
liquid nitrogen.

Graneau [42, 43] carried out investigations of flashover
potential along solid dielectrics at the temperature of liquid
nitrogen. Measurements were done on a system of coaxial electrodes
made of aluminum.

It is difficult to evaluate the effect of temperature on

surface strength on the basis of analyzed investigations, since
they involved different electrode systems and different insulation
materials.
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2.3.3. CONDITIONING

The flashover voltage along solid dielectric in vacuum increases
at first as a function of the number of discharges. Later it reaches
a constant value at consecutive flashovers. This phenomenon has
been called the conditioning.

The conditioning of samples is a very important factor, deciding
the value of flashover potential, hence many investigators dealt

with this problem C22, 269 36, 42, 54, 76, 79, 97, 104_.
The effect of conditioning partially disappears when solid

dielectric which is in vacuum is disconnected from the potential

for some time. This phenomenon has been called the un-conditioning.
The degree of un-conditioning depends on previous treatment of
solid dielectric and electrodes. After un-conditioning, the flash-
over voltage after consecutive discharges usually increases
relatively faster than in the previous conditioning of the new
sample.

The rate of conditioning of samples is dependent on the kind
of solid dielectric, as well as such factors as the kind and value
of applied potential. Moreover, the tim:.3 of conditioning is ----

influenced by the height of applied pressure, the value of resistance

put in series with investigated systems, etc. Glass and ceramic
samples show a slower conditioning than samples from thermoplastic
dielectrics.

Conducting paths and canals appear on surfaces of solid
dielectrics, particularly organic ones, during the flashover,

4! and the surface of solid dielectric undergoes degradation. This

phenomenon is very undesirable. Hence, it is adviseable that in
the case of organic dielectrics the conditioning be performed
without discharges, and rather by keeping samples under po÷ •tial
which is somewhat lower than the expected flashover poten.... .,

in order to save samples from degradation. The conditioning without
discharges at a constant value of potential is called the
conditioning by means of field emission [56, 94
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2.3.4. TYPE OF APPLIED POTENTIAL

A large number of works concern the effect of the type of
applied potential on the value of flashover potential for various
solid dielectrics in vacuum. The majority of investigations were
carried out for constant (direct) potential, but also other types
of potential are represented.

The value of flashover potential for a given type of applied
potential depends on the material of samples and method of conditio-
ning. For various materials the flashover voltage is the greateEt
for constant or surge potential. Kofoid r72preports (Table 2.1)
that the flashover voltage for steatite samples is the highest at

surge potential, but for zirconium porcelain - at constant potential.
On the other hand, barium titanate has the flashover voltage the
same at alternating potential 60 Hz and at surge potential.

Kondratov £73 3 reported flashover voltage as a function of
the length of solid dielectric for three types of pvtential
(Figure 2.15). The flashover voltage of investigated samples
is the highest at the impulse (surge) potential. The surface
strength at the constant and alternating potentials is similar.
For samples of saall length (4 mm) the strength at constant
potential is somewhat higher than at alternating potential. At
impulse potential, the highest and the lowest values of flashover
voltage are given.

Cross [222 and Sudarshan [1143 studied the flashover

voltage (Figures 2.8 and 2.9) of alundum (AI2 03 ) samples covered
with copper oxide (Cu2 O) and chromium oxide (CryO3 ) using constant,

•4 alternating and lightning surge potentials. For alundum samples
not covered with oxides the flashover voltage after conditioning
was nearly the same. After covering of alundum sample with copper
oxide (Figure 2.9b) the flashover voltage at surge potential
increased about twice. The coating of sample with chromium oxide
(Figure 2.9c) caused nearly threefold rise of strength at constant

MI
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Table 2.1
Flashover voltage for ceramic samples F72j

Flashover voltage, kV

Material Direct Alternating Surge
(constant) potential potential
potential 60 Hz 1. 5/40 jus

Steatite > 40 44 50

Zirconium porcelain •40 36 40
Rutile 20 18 13
Barium titanate 6.5 7.5 7.3

Length of sample 1.17 cm, pressure 10-4 Tr

kV U
kkv U V

I
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Figure 2.15. Flashover voltage as a function of the length of
sample at the temperature 200C C73] : a) constant
potential, b) alternating potential 50 Hz, c) impulse
potential O.I/I 8 0yus; maximal values, --- minimum
values; 1 - glass, 2 -s'eatite, 3 -alundum ceramic,
4 -glazed porcelain
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potential, while the flashover voltage at impulse potential was
the lowest.

kor impulse potentials the value of flar'iover voltage usually
goes down as the time of duration of the impulse wave front increases.
Kalyatskii and Kassirov [67 ] found that the change of strength
as a function of the time of duration of impulse wave front (Figure

2.16) depends on the kind of material and the length of samples.
The above remarks indicate that it is very difficult to make

unequivocal conclusion about the effect of the type of potential
on flashover voltage.The effect depends on many factors L54]
mainly the type of dielectric, method of conditioning, length
of samples, temperature..I

2.3.5. IRRADIATION

Using quartz glass and boron glass Gleichauf [36, 37]
found the lack of changes in surface strength for direct (constant)
potential when the samples were subjected to the action of ultraviolet
rays. He showed that the flashover potential remains constant,
unchanged for the investigated solid dielectrics.

Kondratov et al. [743 obtained reduction of flashover I
voltage (Figure 2.17) for impulse potential a few jus long,
after irradiation of samples before the application of test
potential. The authors [74] explain this phenomenon as the
effect of charge on surface of dielectrics, which is formed during
irradiation.

4 The charge accumulated on the surface of solid dielectrics
causes an increase in the conductance of samples. For impulse

potential whose duration is larger than 10-5 sec, the charge on
surfaces of solid dielectrics created as a result of secondary
emission (caused by test potential) is considerably higher than
the charge generated by ultraviolet radiation. This is the reason
why Gleichauf F36, 37J did not observe the effect of irradiation

on surface strength for constant potential.
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Figure 2.16. Voltage of flashover along solid dielectrics 9.5 mm
long in vacuum as a function of the time of duration
of the impulse wave front - 673 : I - Teflon,
2 - organic glass, 3 polyvinyl chloride, 4 - epoxy
resin; I, 119 111, IV values of flashover voltage
at direct (constant) potential
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Figure 2.17. Flashover voltage for impulse potential as a function
of the length of mica sample U74• : 1 - sample
without irradiation, 2 - irradiated sample

9;
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2.3.6. IN-SERIES RESISTANCE IN THE TEST CIRCUIT

The discharge current and discharge energy depend on the
parameters of circuit of high potential, such as the source powers
resistance connected in series with investigated object, capacity
of the systems resistance of connecting elements# including
grounding. If the energy of discharge is large, craters may appear
on the surface of electrodes. At the same time, however, discharge
current may smooth out the surface of electrodes by melting sharp
protrusions, which causes an increase in flashover voltage for
the vacuum gap.

The phenomenon of self-cleaning of electrodes as a result
of discharge current is the same as in the system of electrodes
without solid dielectric. The effect of resistance connected
in series with investigated objects is very large, particularly
on the process of conditioning. However, the number of publications
dealing with the effect of resistance on conditioning is small [56]

Gleichauf 736, 37] found that the character of discharging
is irreproducible when a resistor limiting the current to values
below 1 A was connected in series with the investigated system.

The basic difficulty when applying resistors connected
in series lies in determination of the value of flashover

tential. For a criterion of flashover the majority of investi-i
gators accept the appearance of a bright spark, or a sharp drop

of potential at the source.

Line 30 and Graneau £423 report in their works that
I have not found any larger damage to the surface of solid
u-electric and electrodes at high discharge currents. This is

:1 explained by the fact of increase of the value of resistance
connected in series, as a result of the skin effect, since discharge

in vacuum is a very fast process.

Nevertheless, a degradation of the surface of all solid
dielectrics does take place during the surface discharge. The
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extent of the degradation of surfaces depends on the kind of material,
type of potential, and primarily on the power of source ard value

V of resistance connected in the circuit.

2.3.7. DIELECTRIC COATING ON ELECTRODES

Several authors [92, 93, 96, 119]3 investigated the possibility

of increasing the electric strength of systans with solid dielectric
by coating the electrodes with solid dielectric, and they gained
a considerable increase of strength of such a system (Figure 2.18).

However, after the flashover the coating of such a system has
microcrevices which may reduce the electric strength of the

system.
In view of some authors [55, 64, 98] the effect of insu-

lating coatings on electrodes is of particular significance for
increase of electric strength of the system only in the case of
the first few discharges, since the next flashovers will involve
already the coatings with microcrevices. The increase of electric
strength depends on thickness of aielectrics, its tightness,,
dielectric permeability, and primarily the power of source ancd

resistances connected in series with investigated systens.

2.4. DIRECTIONS OF STUDIES BY AUTHOR

As follows from the presented analysis of published work,
the results of studies of the surface strength of solid dielectrics
in vacuum are often contradictory, and the published data are not \
sufficient to attempt a synthetic presentation of the problem of

electric stre..g.n of this system. One can find also the nearly
total lack of studies concerned with surface strength of solid

dielectrics in vacuum at switching potentials. This unsatisfactory
state of knowledge in this area was a reason for undertaking

the present work by the author. Studies of surface strength were
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Figure 2.18. Values of flashover voltage corresponding to the
consecutive discharges: I - noncoated electrodes,
2 - electrodes coated with Araldit lacquer, 40 Pm.

limited to thermoplastic dielectrics because it is anticipated
that just they will find broad application in cryogenic

systems [42, 433
On the basis of literature surveys, the following theses

concerning the investigated system were postulated:

1. Surface strength of insulation materials in vacuum at
switching potentials depends on the time of duration of the

front wave of switching surge.
a. With the increase of this time the flashovor voltage

should decrease, which tp caused by accumulation of a larger
charge on the surface of solid dielectrics.

b. For long times of duration of the wave front of switching
surge, a part of the charge should disappear frcm the surface

-I of solid dielectric through surface conductance, resulting

in an increase in flashover potential.
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c. Considering the factors listed in Points la and 1b,
the flashover potential along solid dielectrics: in vacuum

should haves similarly to the case of insulators in air,
a minimum in the function of the time of duration of surge

switching wave front.

2. Insulation materials in vacuum suffer degradation dependent

on the number of flashovers. Energetic actions connected with
the progress of discharges along the surface of solid dielectric

lead -%.o degradation of thermoplastic materials in vacuum
as a function of the number of discharges, and to the appearance

of canals conducting during the flashover.

a. If consecutive discharges damage strongly the surface
of thermoplastic materials then the surface strength will

be affected by way of conditioning: type of potential,
value of potential, number of discharges.

b. Deterioration of insulating properties of thermoplastic
dielectrics will be different for particular dielectrics.

The following program was outlined to confirm the postulated
theses:

1. Preliminary investigations:

a. Determination of the effect of pressure on surface strength.

b. Determination of the effect of metalliz~ation of solid

dielectric-electrode contact on surface strength.
c. Study of the effect of conditioning parameters on surface

strength: type of conditioning potential, number of

flashovers, time of intervals between flashovers.
2. Proper studies:

a. Study of surface strength as a function of the length

of solid dielectric for three materials.
- ib. Study of surface strength for direct (constant), alternating

and lightning surge potentials.
c. Study of surface strength for switching surges with



I,
I - 50 -

different times of duration of the surge wave front.

d. Study of the degree of degradation of samples as a function4 of the number of flashovers.

3. MECHANISM OF THE DEVELOPMENT OF FLASHOVER ALONG THE SURFACE
OF A SOLID DIELECTRIC IN VACUUM

In spite of a large number of investigations carried out
in the past there is still lack at present of one concordant view

on the mechanism of flashover along solid dielectrics in vacuum.
For a better picture of the above problem we shall outline several
hypotheses proposed by various investigators.

All the hypotheses concerning the mechanism of the develop-

ment of flashover in vacuum have one feature in common - the use
of electrodes as a source of charges which condition flashover
in vacuum. If between electrodes in vacuum there is a solid
dielectric, then an additional source of charges may be provided
by layers of gas adsorbed by surface, as well as the volume of
solid dielectric.

The first description of causes which condition the surface
flashover in vacuum was given by Gleichauf [36, 37 . He found
that on increasing the potential between electrodes and solid

dielectric there will appear a pre-discharge current. This
-11 -pre-discharge current was in the range of 101 to 10-7 A,

and single short impulses, called microdischarges, were up to 10-3 A.
A further increase of potential between electrodes leads to
discharge (flashover). During this increasing of potential there
occur single su-face discharges, characterized by faint flashes

on the surface of solid dieLectric. Gleichauf studied the effect

"of pressure and roughness of electrodes, and of roughness of
solid dielectric on the value of flashover potential. He found
a large effect of the method of conditioning the samplei.e. time
and value of applied potential, on the value of flashover voltage.

I4



However, apart from determination of quantitative relationships

regarding flashover potential, Gleichauf did not attempt to explain
the mechanism of flashover along the surface of solid dielectrics
in vacuum.

One of the oldest theories of the mechanism of surface flashover
in vacuum belongs to Kofoid [71, 72]. He postulated that the
flashover begins from the emission of negatively charged particles,
mainly electrons, as a result of the increase of field in the gap

between cathode and solid dielectric. Electrons emitted from the
site of solid dielectric-cathode Junctions collide with the surface

of solid dielectric and surface of anode. They liberate from the

anode positive ions and X-ray and ultraviolet radiation, which

in turn hit the surface of cathode and solid dielectric, causing

further emission of electrons. Kofoid found that there is emission

of electrons at the site of solid dielectric-cathode junction,I and his theory about liberation of X-rays and ultraviolet rays

from anode was confirmed experimentally by Gleichauf £36, 37J.
However, his hypothesis does not explain the phenomenon of

accumulation of positive charge on the surface of solid dielectric.

Fryszman et al. [331 proposed theory similar at least with
respect to the initial state of discharging, that is the emission

of electrons from the site of the solid dielectric-cathode

junction. Next, electrons colliding with the anode or with the surface of solid

dielectric in the vicinity of anode cause the appearance of a

positive charge from the side of anodes. The theory of Fryszman,
Strzyz and Wasinski assumes that the surface of solid dielectric
(Figure 3.1) in the vicinity of anode becomes gradually charged

I positively and reaches the potential of anode, It means that the

surface of solid dielectric charged positively functions as a part

of anode and increases the field density along the surface of
solid dielectric. As a result, electrons are emitted with greater

ease from the site of junction of solid dielectric with cathode.

I
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Figure 3.1. Distribution of charges on the surface of solid
dielectric, according to the theory of Fryszman,
Strzyz and Wasinskl [33] : 1 - cathode, 2 - source
of the emission of electrons, 3 - surface charge,
4 - anode, 5 - area of increased field density,
6 - ceramic sample

The charged surface gradually spreads in the direction of the cathode

until the field density becomes sufficiently high to initiate the

flashover along the surface of solid dielectric. When the electric

arc forms, the positive charge disappears and the field intensity

decreases to such an extent that the arc becomes extinguished.

If a solid dielectric is exposed to many flashovers, its surface

will become covered with a thin layer of metal evaporated from

electrodes, which prevents accumulation of charge and in this way

the flashover potential gradually increases. However, this theory

does not agree with results obtained by Gleichauf, who found that

the flashover potential along solid dielectric increases with the

increase of surface resistance of solid dielectric.

Watson [1272 studied the mechanism of flashover using

short-lasting impulses and found that the rate of development of

flashover is very high, and time to flashover is of the order of

10 ps. He suggects the appearance of thermal emission, which

liberates electrons from solid dielectric. This causes positive
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charging of the surface of solid dielectric. Positively-charged tO

surface of solid dielectric attracts electrons, hence there is

an increasing number of electrons hitting the dielectric.

As a result of secondary emission there i the growth of positive

charge on surfaces of solid dielectric leading to flashovers.

The theory advanced by Watson differs from other theories about

the inintial emission of electrons. The hypothesis by Watson

does not explain the nonlinear character of flashover potential

as a function of the length of solid dielectrics.

Bugaev et al. [14, 15] report that flashover voltage

at constant potential depends on the pressure of residual gas.

4 IThey assume that there is always a thin layer of gas adsorbed

on the surface of solid dielectric. They carried out investigations*1 of pre-discharge potential-current characteristics shortly before

the flashover, and they studied the rate of the development of

arc anCd its geometrical shape. On the basis of obtained results

and assumption of the presence of gas adsorbed on the surface

of solid dielectric they calculated pre-discharge current and

obtained the value I A, the result in agreement with the value

obtained experimentally. Hence Bugaev, Iskoldskii and Miesiac

established that the discharge starts in the layer of adsorbed

gas, and the flashover voltage depends upon the ability to adsorb 1

gas by insulating material.

The first works which stated a dependence of flashover voltage

on the phenomenon of secondary emission of electrons from the
4 surface of solid dielectric were publications of Boersch et al.

S12, 5811 . In the last decade, Cross, Srivastava, De Tourreil
and Sudarshan •20, 23, 110, 111, 114] developed a theory of

the mechanism of charging the surface of solid dielectric

through the secondary emission of electrons.

According to Boersch, Hamisch and Ehrlich L12, 58] ,

primary electrons, which are in the system as a result of field

"emission, collide with the surface of solid dielectrics, causing
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secondary emission of electrons from surfaces of solid dielectric.
As a result of this secondary emission, a charge is formed on the
surface of solid dielectric, dependent upon the coefficient of
the secondary emission of electrons 6 (Figure 3.2.).

to
cats

I.I

E, Exe, En OV
Figure 3.2. Coefficient of secondary emission of electrons 6 I

as a function of the energy of primary electrons

The coefficient of secondary emission of electrons is a function I
of the energy of primary electron. To the coefficient of secondary

emission 6 = 1 correspond two values of the energy of primary
electron, denoted by EI and EII (Figure 3.2.). The surface of

II
solid dielectric, which is under electric potential (constant
supply of electrons), will be charged positively or negatively
depending on the energy of primary electrons. For E, -c Ep < EI

Sthe coefficient of secondary emission of electrons 6> 1, and
4] the surface of solid dielectric is charged positively. If the

energy of primary electron E is smaller from E1 or larger the.-ii
p

4. the coefficient of secondary emission of electrons d 1,9 and

the surface of solid dielectric is charged negatively.
The works [12, 5811 show change of the charge density

:I
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Figure 3.3. Change of the charge density on surface of solid
dielectric as a function of the angle of inclination
of solid dielectric for varicus values of
test potential [12, 58

on surface of solid dielectrics (Figure 3.3) as a function of the

values of applied potential and the angle of inclination of the

surface of solid dielectric to electrode.

In the mechanism given by Boersch, Hamisch and Ehrlich,

the surface of solid dielectric is first charged positively

(if 6> I) at the cathode, and then the positive charge moves

in the direction of anode. It is assumed that routes of

electrons causing the secondary emission are the same.

, . .. "
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Cross and Srivastava, using an electron beam, also performed

measurements of charge density on the surface of solid dielectrics
formed at various potentials of electric field. The obtained
experimentsl charge density was similar to the calculated density.
According to Cross, the charge density on surface of solid dielectrics
is different at particular points of insulator. Sections of solid
dielectric may be charged positively or negatively, since this

K depends on the type of solid dielectric and on the energy of
electron hitting the surface of solid dielectrics.

The authors of the work [114 1 carried out studies of the

effect of the coefficient of secondary emission of electrons

on flashover voltage (Figure 2.9) and distribution of charge

on surface of solid dielectrics for three materials having different

coefficients of secondary emission of electrons. They found that

the charge distribution is dependent on values of applied potential,

L Icoefficient of secondary emission, and the angle of inclination

of the surface of sample to electrode. For the time of duration

of potential of the order of a few us, the charge has no time

to get established, hence we have an increase of flashover voltage

for surge potentials.

The basic difference between the theory of Fryszman F33]
and theories of Boersch [12, 58] or Cross [20, 23, 110, 111, 1141
is the placement of positive charge on surface of solid dielectrics

and the direction of its spreading. Fryszman postulated that the

positively-charged part of surface of solid dielectric is first

formed in the vicinity of the anode and then spreads in the direction

of cathode. Theories of Boersch and Cross make opposite assumption

that the surface of solid dielectrics near the cathode is charged

- Y positively, and then the charged surface extends towards the
anode. The process described according to t'he model of Fryszman

* requires a longer time to reach the flashover than the processes

according to Boersch or Cross.

1 I
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Examining gases which were evolved shortly before the flashover,

Akahane et al. [2, 33 found that they originated from solid
dielectrics. They postulate that electrons emitted at the site

of solid dielectric-cathode surface junction Iiberate gas adsorbed

by the surface of these materials. A local increase of the pressure
of gas at the surface of solid dielectric is the reason of flashover
caused by charge accumulated on the surface of solid dielectric.

According to the theory of Akahane, the flashover voltage
decreases with the amount of gas adsorbed by solid dielectrics,
and with the amount of electrons emitted at the site of junction.

In order to check this hypothesis, Akahane measured the flashover
potential for polyethylene samples which had been heated for

various periods of time, and found that the value of flashover
potential goes down if the time of heating increases to 100 hours,
and then reaches a constant value (Figure 3.4). He postulates also

that the lowering of flashover potential depends on the oxidation

connected with heating. This theory is similar to the theory

proposed by Bugaev, and it contains the same problem of the presence"-

of gas on surfaces of solid dielectric.
Avdienko and Malev ý7, 8, 9 3 advanced a mechanism of surface

flashover suggesting the gas model of flashover. They think that, I
as a result of desorption of gas from surfaces of solid dielectric,
there will be formed a layer (cloud) of gas at the surface of thel

solid dielectric. Under the effect of applied electric fields
the emitted electrons will cause ionization of gas particles

"in this gas layer, causing an increase in the number of electrons
and consequently leading to appearance of a plasma channel which
joins the two electrodes. The potential of surface flashover
was calculated as a function of the amount of evolved gas. The

effectiveness of desorption of outer layers of gas , according to

these authors, should be higher than that from inner layers.

It follows from this that, at the same field potential, the
amount of desorbed gas as a function of time decreases, and

*, , L.,-..; . ,I.:.'
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Figure 3.4. Flashover voltage as a function of the time of heating
of polyethylene samples at the temperature 1000C [3j
sample length 2 mm.

surface strength increases. Such a process takes place during
conditioning of samples. The proposed mechanism explains the reason
for shortening of the conditioning time after thermal degassing
of samples, and an increase of potential of the first flashover
after a prolonged pressure conditioning.

Anderson and Brainard 14, 53j suggest a mechanism of the
development of surface flashover in vacuum as a result of the

secondary emission of electrons and desorption of gas from surface
of solid dielectrics.. This mechanism is based on the phenomenon of
electron-stimulated desorption. In the given mechanism of flashover
in vacuum it is assumed that after the application of potential
there occurs charging of the surface of solid dielectric with
positive charge, and the accompanying cascade of electrons,
as a result of the secondary emission of electrons, has a constant
value through a large part of time before the flashover.

Bombardment of the surface of solid dielectrics with electron
cascade causes the desorption of gas, which is partly ionized
since it is mixed with a large number of electrons in cascade.
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The electric field at the cathode edge of solid dielectrics becomes

strengthened as positive ions accumulate, which in turn increases

the degree of gas desorption and ionization. Processes of increase

of the number of electrons lead to flashover. The proposed model

of discharging allows to foresee the time to flashover and the
dependence of flashover voltage on the length of solid dielectrics.

Bugaev et al. in works [14, 15 , and Akahane et al. 1 2, 33

pointed to the importance of desorbed gas, and gave mechanism of the

development of electron cascade; in the mechanism the authors

assume that the discharge develops itself within the thir: layer

of gas adsorbed on surface of solid dielectrics.

Avdienko and Malev [7, 8, 9] suggest the mechanism of

surface flashover, in which the discharging takes place in the layer

of desorbed gas. They do not take into consideration, however,

the secondary emission of electrons at the surface of solid

dielectric.

Anderson and Brainard U4, 5] explain the mechanism of the

development of surface flashover in vacuum as a result. of the

secondary emission of electrons and desorption of gas from the

surface of solid dielectric.4
•I

iI
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*APPARATUS, EXPERIMENTAL PROCEDURE AND TREATMENT

OF RESULTS

4.1. APPARATUS

Investigations were carried out in a vacuum chamber

where vacuum was obtained by means of a system of pumps,

enabling to reach the vacuum of about 133.21x10 7 Pa (10-7 Tr).

The system of vacuum pumps consisted of a rotational pump with

the rate of pumping 190 1/min and an oil diffusion pump.

General view of the test stand together with measuring instru-

ments is shown in Figure 4.1.

Vacuum measurements were made by means of an ionization

vacuum gauge with Penning type sensor placed in the base of

vacuum chamber. Since it was found that the value of flashover

voltage in the range of pressure from 133.322x10- 6 Pa to
133,322xi0-4 Pa (from 10-6 to 10-4 Tr) remained nearly indepen-
dent of pressure, the measurements of flashover voltage were

done at the pressure 133.322xi0"5 Pa (10-5 Tr).

Diagram of the vacuum chamber is shown in Figure 4.2.

The chamber consists of a glass cylinder of height 40 cm and

diameter 30 cm, closed at both ends by means of stainless steel

plates. The chamber was made hermetical by means of neoprene

gaskets lubricated with special silicone grease.

Flat electrodes were made of brass covered with nickel.

The diameter of electrodes was 15 cm, and the edges had

curvature according to the formula of Rogowski, ensuring the

uniformity of fields at sample length up to 30 mm.

4 As a solid dielectric placed between the electrodes

for investigations we used: polymethylmethacrylate (organic

glass), polytetrafluoroethylene (Teflon) and polyethylene.

These materials have a large potential for application in

cryogenic cables [42, 43J since they possess a high electric

__________
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Figure 4.1. Test stand together with measuring instruments:
vacuum chamber. a system of vacuum pumps, vacuum
gauge, oscilloscope of company Tektronix type 585 A,
voltage regulator, voltmeter

strength and it is relatively easy to obtain any planned shape

of the insulator. Electrical properties of investigated materials

are presented in Table 4.1. The samples had cylindrical shape

of diameter 25 mm and of length 5, 10, 15 and 20 mm.

To ensure good contact between investigated samples

and the electrodes, the ends of cylindrical samples were

polished and then covered with a layer of silver by the method
of vacuum evaporation. Moreover, a good contact between electrodes

and silvered surface of solid dielectrics was obtained by means

of pressure on the upper electrode equal to 196.133 kPa

(2 kG/cm2 ). Before placing in vacuum chamber the samples and
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Figure 4.2. Vacuum chamber with a system of flat electrodes and
solid dielectric between electrodes: I - electrodes,
2 - investigated sample of solid dielectric, 3
insulators supporting the lower electrode, 4 - glass
cylinder, 5 - metal plates, 6 - to vacuum pump,
WN - high voltage

electrode . 'e washed with trichloroethylene and then dried and

wiped with linen (lint free) material.
As a source of high voltage of alternating type we used

a test transformer 300 kV, 50 kVA; a system of rectifiers was

connected to obtain direct potential. In order to reduce the
shorting current during the flashover, we applied a resistor

of value 2 M.Q . The state of shorting of the system was interrupted
after 9 ms.

One of the main aims of investigations was to check the
effect of the shape of wave simulating the switching overvoltage

on the flashover potential. As a source of switching voltages

we used a generator of switching surges with time of duration
of the surge wave front from 1.2 Ps to 600 ps and the time to

half-peak from 50 Ps to 3000 Ps. The switching surge of required
shape was obtained from a two-step generator (Figure 4.3) by

changing the resistances R1, R2 and capacity C1 in the circuit.

Capacities C and C formed a capacity divider, which supplied
2 3

the oscilloscope of company Tektronix type 585 A, with long glow

I

*2i
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Table 4.1

Electrical properties of investigated insulating materials

Polymethyl Polytetra Poly
Property methacrylate fluoroethy ethy

(organic glass, lene lene
No. Plexiglass) (Teflon)

1 Dielectric strength
(kV/mm) 48.2 37.7 35.5

2 Dielectric permeability
"at f = 60 Hz 3.7 1.95 2.26

3 Coefficient of dielectric
losses tg J. at f = 60 Hz 0.0622 0.0003 0.0004

4 Volume resistivity
(L . cm) 1013 1017 17

5 Surface resistivity 15 16 16
(a cm/cm) 1.2"10 10 10

serving to register the course of surges.

An electromagnetic voltmeter cl. 0.5 supplied from resistance
divider (distributor) served to measure values of direct and
alternating potentials. The error in measurements of direct and
alternating potentials ,.6 of the order of 1%. Values of lightning
surge potential and switching potential were measured by means
of a spherical sparkmeter, whose maximal measurement error is 3%,

Outside the vacuum chamber there was placed a Video type
camera coupled with magnetoscope, monitor and a photographic
camera.

For studying the degree of degradation of the surface of
investigated samples we used an electron microscope type SUPER
MINI-SEM , produced by Japanese company JEOL, and an optical
microscope.

Spectrographic analysis was done by means of a spectrograph

type SPECORD 71 IR.

S;,.. . _ I- - • , .
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Figure 4.3. Generator of switching surges: TG- trigatron, I -

spherical sparkmeter, K - vacuum chamber with system
of electrodes and solid dielectric, C- generator capacity
0.25 P7, R - charging resistance 3.5 k ,R - resis-
tance forming the course of surge from 520 &'to 600 ks.,
R - resistance forming surge wave front from 5 kd to
160 k a, Z =R - cable impedance ,5 D , C - load
capacity 0.605. (not used for normal surgi wave
1.2/50 P), C, - divider capacity 0.0001 p,,
C3 - divider gapacity 0.1 10 , M - D.C. source

4.2. EXPERIMENTAL PROCEDURE ,

It is a known fact that the method of joining the solid

dielectric with electrode [71, 72J has a large influence on
the pre-discharge mechanism and the flashover potential. Prepara-
tion of samples under uniform conditions and elimination of air
space between solid dielectric and electrodes enables cne to obtain
Sresults with relatively small scatter. According to many authors

L 36, 69] the lack of good contact between solid dielectric
and electrode makes it impossible altogether to carry out

I :reliable measurements. Hence, as was mentioned in Section 4.1,

the investigated samples had silvered surfaces of contact with
electrodes and there was a constant press applied to electrodes.

As follows from the above, different values of flashover
potential may be obtained depending on the way of joining solid
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dielectrics with electrodes, e.g., solid dielectrics may be even
inserted into the electrode (Figure 2.5). However, at a good
contact of solid dielectric with electrodes the scatter of measu-

rement results should be small.

Preliminary experiments have shown that the time of degassing
of the chamber with the sample, counting the time from the moment
of obtaining vacuum to the moment of applying the test potential,

has a large effect on value of potential of pre-flashover
discharging and on the degradation of sample. For this reason,
after placing sample in the chamber the whole system was subjected

to degassing for the period of 24 hours at the pressure 133.322xi0"6

Pa (10-6 Tr).
The investigated samples were made from synthetic materials

which had relatively low melting temperatures, hence it was

not possible to apply the technique of heating samples uuring

degassing. At the time of measurements the temperature was
293 + 2 K (20 t 20C).

Usually, the first measurements gave lower values of the
flashover voltage. For this reason and in view of conditioning
requirements it was decided that only after 10 flashovers the

readings would be taken for 10 consecutive flashovers, which

gave results with small scatter. An example of the increase of
flashover potential as a function of consecutive readings is

shown in Figure 4.4 and Table 4.2.
In order to obtain concordant and reproducible values of

the flashover potential each new sample was conditioned by the
application of direct or alternating potential of values somewhat

above of which the pre-flashover discharging takes place,

that is about 70% of flashover potential. This potential was
maintained until the pre-flashover discharging completely
subsided, for the period of 15 minutes. Next, the test poteaitial,
direct or alternating, was gradually raised by about 2 kV every H
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Fig. 4.4. Flashover voltage as a function of consecutive
flashover for five v~rious samples. Alternating potential,
pressure 133.322xl0- Pa (10- Tr), samples of polymethyl-
methacrylate 10 mm long (see table 4.2).
Key; (1) Number of flashovers.
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Table 4.2. Flashover voltage as a function of -onsecutive
flashovers for five various samples of polymethyl-
methacrylate 10 mm long. Alternating potential, condition-
ing with alternating potential.

yrz3. 8Izo Pbka -~ d~

3 ,0 •3,0 33,0 3592 3ý,6 32,56m
4 33,2 31,2 35O 35,0 34,O ý3,36 "UPC

5 33,8 35,6 33,6 356, 37,0 35,176 t *ajr a
6 37,2 40,0 36,4 39,0 39,0 38,32

7 37,0 41,0 38,O 39,6 42,0 39,52

8 40,0 *4,0 43,0 42,8 0,.4 42,2*

10 *3,0 44,6 *6,6 46,6 48,6 45,88

11 46,6 49,0 .7,0 42,0 , O,0 46,52

12 *4,0 46,6 49,4 *5,0 50,4 *7,08
113 45,6 45,6 45,4 48,6 51,4 47,3i2

i15 '18,2 48,2 51,8 54,0 54,0 51,24

18 47,3 9,0 46,0 ,8 1, 0 U470. 4 %0 6

20 59,0 5295,0 51i,2 7 54,0 502,96

Key: (1) Consecutive flashover; (2) Flashover voltage;
S(3) Sample; (14) Average value.

a 0

iJ

. I-.. -'

18 4,0 Qo 5*2 4,8 190 9,0 upaain

19 '0 50,56
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second, until the flashover occurred.

In order to obtain reproducible results of measurements at

normal surges and switching surges, the samples were first conditio-

ned with direct or alternating pctential in the same way as in

the test with direct or alternating potential, that is to say

they were allowed to have the first 10 flashowers using the direct

or alternating potential. Next, 10 normal surges or switching

surges were applied at each potential level in one-minute time

intervals. The voltage was increased gradually by about 5% of

the value of flashover potential, beginning at about 70% of the

expected flashover potential, as is illustrated in Figures

4.5 and 4.6.

Experiments were performed on 5 samples for each length $
of sample and type of test potential. Ten measurements were made -

for each type of test potential, and thus the value of flashover

potential for a given measurement point is determined as an average

value from 50 measurements.

Figure 4.4 shows as an example the flashover voltage

as a function of consecutive measurements for 5 different samples

of polymethymethacrylate of length 10 mm.

4.3. TREATMENT OF EXPERIMENTAL RESULTS

Treatment of experimenteal results was based on statistical

analysis C112] which permitted to obtain representative data.

The obtained results of the conducted studies of surface

electric strength of solid dielectrics in vacuumn are random

events, characterizing distributions of variable random results

of measurements (measurement domains). The obtained completed

set of results for one measurement is a random sample from the

general population.

General values obtained in measurements can be represented as:
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Figure 4.5 (left). Oscillogram of consecut ve switching surges
50/250 us, pressure 133.322x1WO 4 Pa (10-5 Tr), sample

of polymethylmethacrylate 5 mm long.
Counting from top to bottom: I - 18.0 kV, first surge;
2 - 18.0 kV, tenth surge; 3 - 22.0 kV, first surge;
4 - 22.0 kV, tenth surge; 5 - 26.0 kV, first surge;
6 - 26.0 kV, tenth surge; 7 - 28.0 kV, first surge;
8 - 28.0 kV, tenth surge; 9 - 29.5 kV, first surge -
- flashover; 10 - 29.5 kV, second surge - flashover

Figure 4.6 (right). Oscillogram of consecutive swi'ching surges

80/700 ps, pressure 133.322xiO0Ppa (10-, Tr), sample
of polymethylmethacrylate 5 mm long.
Counting from top to bottom: 1 - 13.0 kV, first surge;
2 - 13.0 kV, tenth surge; 3 - 17.0 kV, first surge;
4 - 17.0 kV, tenth surge; 5 - 20.0 kV, first surge;6 - 20.0 kV, tenth surge; 7 - 21.0 kV, first surge;
8 - 21.0 kV, tenth surge; 9 - 22.5 kV, first surge -

- flashover; 10 - 22.5 kV, second surge

i. . -. ' , -."...
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H+

where: xi - value obtained in i-th measurement,
- corstant part of measured quantity,
- actual (real) value of measured quantity,

e - systematic error of measurement,

£61 - accidental (random) error of measurement.

Appropriate apparatus, materials and methods of measurement
were used to reduce systematic errors.

For consideration of random errors we took the model of
the normal distribution of errors, since such type of distribution
is taken as a rule in statistical analyses of the results of

measurements in similar experiments.

For the accepted normal distribution of errors, the values
of measurements xi for each measurement nest will also be subject

to normal distribution described by the function:

9 lXI) 6•eV - 1

where: s - standard deviation of errors.

The obtained rcsults of measurements as a sample of general

population do not provide the real values but they only supply

information for their estimate.

Arithmetic mean was determined from a sample which is not

limited by estimating the value of the expected population:

23......

nI

.4 ~ . -
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Unlimited estimators of variance were obtained from the

formula:

2

where: 5- arithmetic mean of sample

xi. value of i-th measurement

n - number of items in sample.

The level estimate was also made. It allows to determine
confidence levels of the parameters of distribution, that is

such levels around the values of measurement results that the

probability that the expected value~and value of varianze of

general population s would lie in this range, and the pro.Ebi)ity

had a given value called the confidence level.

For the normal distribution of random variable of measure-

ment, when the value of standard deviation (a) of the population

is unknown and we only have its estimate, the confidenze level

is described by expression:

where: E(x) - expected value,

tp - random variable in t-Student distribution (the

value of tp is found in tables for the accepted

6 = 1-p and for degree of freedom v = n-I),

1 = i-p - level of significance,

p - confidence level.

We applied g, statistics to check the hypothesis of the

normal distribution of measurement results. To reject values of

measurements considerably differing from other values we used

the method of Dixon. This method assumes the normal distribution
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of t he resul t s of measuremen t s, and consists of lining the results
in increasing order after rejecting the minimal values, and in
decreasing order after rejecting the maximal values. Testing of
the hypothesis about normal distribution of measurement results
was done at the level of significance 6 = 0.05. The obtained results
gave no reason for rejecting the hypothesis.

Average values of measurement results are shown in graphs.
In several cases the extreme values were rejected. Confidence
ranges of average values of measurements lie within the maximal
limits for the accepted levels of confidence:

ag .O411; p0,99 0.9" 1 + 1023 .
.•et b•,O51 P a 0,951 0,972 1 + %o•0 1t . OP a 0,96 0.972 i + 1.02 i8

Confidence ranges for variance are, respectively:

a a0*1; 0.7093 42 143??7 82
a .t 0,05% 0,6604 42 # 1.457 e2 9
CSa 0,014 0,5?-10 e2 + 1,I.W . @2 .

In this work, on selected graphs we are giving relations
between values arising from measurements by means of analytical

equations. The mathematical form of dependence between empirical
variables is not known. It was necessary, therefore, not only to
determine equation constants but first to choose the most suitable
form of the equation.

When choosing the form of an empirical equation representing
the experimental data we tried to find a equation expressing best
the relations between variables, having physical reason, and also
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having possibly the smallest number of constants. The method of

least squares was applied to determine constants of the equation.

5. RESULTS OF OUR INVESTIGATIONS OF THE SURFACE ELECTRIC
STRENGTH OF THERMOPLASTIC MATERIALS IN VACUUM

5.1. " 'FECT OF PRESSURE ON FLASHOVER POTENTIAL

As was already mentioned in Section 2.3.1., Ramm ýI003
observed the existance of the effect of pressure, in the range
from 133.322xi0"6 Pa to 133.322xi0" 2 Pa (from 10- 6 to 10-2 Tr),

on electric strength of the system solid dielectric-vacuum.

Ramm did not carry out detailed investigations, but he noted

unly a change of electric strength of pass insulator in vacuum

as a function of pressure.

For determination of electric strength of the system

F solid dielectric-vacuum we measured and then analyzed the effect

of pressure in the range from 133.322x10- 6 Pa to 133.322x10" 2 Pa

(from 1- 6 to 10-2 Tr). Samples from polymethylmethacrylate,

polytetrafluoroethylene and polyethylene of length 5, 10, 15

and 20 mm were used in investigations. Measurements were carried

out using the following potentials: direct, alternating 60 Hz,
surge !.2/50 ps, and switching surge 50/250 i's and 400/2000 Ps.
In order to obtain reproducibility of results of investigations

we carried out conditioning of samples according to Section 4.2.
Figure 5.1 presents dependence of flashover potential

at direct potential as a function of pressure for samples from

polymethylmethacrylate of length from 5 to 20 mm. For all the

1 lengths of investigated samples the flashover voltage showed the

tendency of going down as the pressure increased from 133.322xi0"6

Pa to 133.322x0"4 Pa (from 10- to 10- Tr). The lowering of

electric strength of the system in this range of pressure is

4 - .-
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rather small. Then the flashover voltage increases strongly and

reaches the maximum value at the pressure of about 666.61xi0"4 Pa
(5x10" 4 Tr). In turn, the flashover voltage goes down and falls
to the value nearly zero.

Measurement of the electric strength of systems at pressures

from 133.322x10-3 Pa to 133.322x10 2 Pa (from 10-3 to 10-2 Tr)
is practically impossible, since already at several kV there
occurs an incomplete discharge and the whole interior of the
chamber glows with light-blue color. The intensity of this glow

$ increases with the increase of applied potential, and the most
pronounced glow appears on the surface of solid dielectric,
particularly at the site of the dielectric-electrode junction.

An attempt was made Lo utilize thiý phenomenon of glowing
for the conditioning of samples. Such conditioning of samples
by means of glow resulted in a reduction of the scatter of
measurement. However, this method was abandoned because of
difficulties with determining unambiguosly the parameters of
conditioning.

Measurements of electric strength of the system solid r

dielectric-vacuum were intended to be carried out for various
types of supply potential. Hence we performed measurements of
flashover voltage of investigated systems as a function of pressure

for all types of test potentials. Figure 5.2 shows results of
conducted investigations of flashover voltage as a function of
pressure for a sample from polymethylmethacrylate 10 mm long.

Dependence of flashover potential as a function of
pressure at alernating test potential is the same as at direct
potential. For the surge wave 1 .2/50 vs the flashover voltage

has a constant value in the range of pressure from 133.222xI0"6 Pa
Sto 133.322xi0-4 Pa (from 10-6 to 10-4 Tr), and then falls down

at the pressure 133.322xi0"3 Pa (10-3 Tr), but does not show

the characteristic rise. For the investigated switching surges

I/



-75-

~k 4

100

Sf'60

0 0- 0. O"to-$ 1"2"g r~ Tr

1W.32,'O0e 03. 316%.0,4 =326%10-8
133.32?*0 133=322-10V

Figure 5.1. Flashover voltage as a function of pressure for samplesfrom polymethylmethacrylate. Direct potential.sample 5 mm long, 2 - sample 10 mm long,
3 - sample 15 mm long, 4 - sample 20 mm long

the flashover voltage has a constant value in the pressure range
from 133.322xi0-6 Pa to 133.322xi0"4 Pa (from 10-6 to 10-4 Tr).
The characteristic rise of strength at the pressure 666.610xi0"4 Pa
(5xi0"4 Tr) does occur for switching surges, but this rise is
very small.

Experiments were performed on samples from polytetrafluoro- - /
ethylene and polyethylene and the same dependence of flashover

voltage as a function of pressure was found as in the case of
samples from polymethylmethacrylate.

Figure 5.3 shows the course of switching surge 400/2000 ýis
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Figure 5.2. Flashover voltage as a function of pressure for samplesSfrom polymethylmethacrylate, at various types of
potentials. Length of sample 10 mm; I -direct (constant)
potential; 2 -alternating potential 60 Hz; 3-
normal surge 1.2/50 "; 4 - switching surge 50/250 pe;
5 - switching surge 400/2000

during flashover at various pressures, for samples of polytetra-

"fluoroethylene 5 mm long. The voltage of switching surge is
considerably higher than the flashover voltage, hence the first

ignition occurs at the surge wave front, and there are several
ignitions in the period of one switching surge. The flashover

voltage at the pressure 133.322xiO-6 Pa (10-6 Tr), Figure 5.3a,

and at the pressure 133.322x10- 4 Pa (10-4 Tr), Figure 5.3b, is
practically the same. The lowering of flashover potential occurs

at the pressure 133.322xi0"3 Pa (10-3 Tr), Figure 5.3c.

Figure 5.4 illustrates good reproducibility of results.
It shows three consecutive switching surges. The flashover voltage

remains constant at a given pressure during first flashovers,

until the effect of sample degradation appears.
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1(L

Figure 5.3 (left). Oscillograms of switching surge 400/2000 xs
at the time of flashover. Polytetrafluoroethylene
sample 5 mm long. Scale: 100 Us/cm, 50 V/cm.
a) pressure 133.322xI0-6 Pa 1

(a.070 Tr),
b) pressure 133.322xi0- pa (104 Tr):
c) pressure 133.322xi0 3 Pa (10 Tr).

Figure 5.4 (right). Oscillograms of switching surge 400/2000 us
at the time of flashover. Polytetrafluoroethylene
sample 5 mm long. Scale:.20Obis/cm, 50 V/cm.
Pressure 133.322xi0- 5 Pa (10-5 Tr).
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The conducted experiments confirm that the surge potential

of flashover for the system solid dielectric-vacuum in the range

of pressure from 133.322xi0"6 Pa to 133.322xi0-4 Pa (from 10O6 Tr
to 10-4 Tr) does not undergo change.

The above statement allows to carry out investigations

of the electric strength of the system during the occurrence of

pre-flashover discharges, which change the pressure in the chamber

only to a small degree. The pressure at which such experiments

were conducted was chosen to be 133.322xi0-5 Pa (10-5 Tr), since
efficiency of the system of pumps was of this order that it allowed

to maintain constant pressure of 133.322xi0- 5 Pa 1IO5 Tr)

during the not too strong pre-flashover discharges.

5.2. EFFECT OF METALLIZATION OF SURFACE OF THE DIELECTRIC-

ELECTRODE JUNCTION ON THE VALUE OF FLASHOVER VOLTAGE

Many investigators consider that, from the viewpoint of
the development of flashover, of particular importance are

conditions at the cathode and on surface of solid dielectric-

cathode Junctions [14, 36, 37, 71, 72, 76, 962 • It was found
that when the surface of cathode is rough the flashover potential

along the sample is considerably reduced, whereas the effect of

the roughness of anode is small [141 . This phenomenon is

connected with nonuniform distribution of the potential of electric

field.

Nonuniformity of the distribution of electric fields is

caused by:

1) appearance of crevices on the surface of solid dielectrics, which

causes an increase of the potential of fields in the crevice

(crack): in places of insufficient contact between the sample

and electrode (in crevices) there is a manyfold increase of

the field potential, depending on dielectric permeability

of the solid dielectric,

. - - - ,
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2) presence of impurities on surface of solid dielectrics with different

surface resistance, which causes various local drops of potential

during the flow of applied current,

3) presence of impurities in solid dielectrics with different

dielectric permeability, which changes the field distribution,

causing local discharges,

4) nonuniform distribution of charges on surface of solid dielectrics

under the effect of high-voltage polarization of dielectric

and secondary emission of electrons.

The strongest effect on nonuniformity of distribution of

electric field is exerted by the presence of crevices (cracks)

at the solid dielectric-electrode junction. In order to eliminate

these crevices, surfaces of samples in contact with electrodes
in investigations conducted by the author were metallized

(Figure 5.5).
The effect of metallization of the surface of contact

of the sample with electrodes on the flashover voltage will be

illustrated on example of measurements of flashover voltage on

samples from polymethylmethacrylate. Metallization of the surface

of samples was done by evaporation of silver in vacuum. Before

measurements, the samples were conditioned with alternating

potential. Investigations were performed using three types of

test potential: direct, alternating and surge potential.
Figure 5.6 shows the surface strength as a function of

the number of flashovers for 5 metallized samples and 5 nornmetallized

samples from polymethylmethacrylate of length 20 mm. The strength

of both metallized and nonmetallized samples increases as the

number of flashovers increases. Values of flashover voltage for

nonmetallized samples have a considerably higher scatter, which

makes it difficult to obtain reproducible results of studies. The

flashover potential of metallized samples is lower than that of

nonmetallized samples. After 10 flashovers, the flashover voltage

e . . .. --
S.
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"1 01

Figure 5.5. Junction of electrode with solid dielectric:
a) nonmetallized sample, b) metu.ilized sample.
I - solid dielectric, 2 - electrodes,
3 - metallized surface.

becomes stabilized.

In turn, Figure 5.7 presents average values of the flashover
voltage for 5 samples metallized and nonmetallized, of the length

10, 15, 20 and 30 mm. All these experiments indicate that the
surface strength of metallized samples is lower than the strength

of nonmetallized samples.

Figure 5.8 shows the voltage of flashover along the surface

of solid dielectrics as a function of the length of sample. The
points on the graph represent average values of 10 last flashovers

counnting from eleventh to twentieth, for 5 nonmetallized and
5 metallized samples of given length. The graph shows that for

all the investigated lengths of samples the flashover potential
of nonmetallized samples is higher than that of metallized
samples.

4 For better presentation of the effect of metallized surface
of solia dielectric-electrode junction on surface strength,

the author introduces the coefficient I , callsd the coeffi-

cient of lowering surface strength of solid dielectric because of

i-7
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Fig. 5.6. Surface strength of 5 metallized samples and 5 non-

metallized samples from polymethylmethacrylate as a function

of the number of flashovers. Length of - mple 20 mm.

Alternating potential.
Key: (1) Nonmetallized sample, 2) metallized sample; (3)

Number of flashovers.
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Figure 5.7. Average surface strength of 5samples from polymethyl-
methacrylate as a function of the number of flashovers
(abscissa). Alternating potential.
1, 39 5, 7 - metallized samples; 2, 4, 69 8 - nonmetallized
samples; 1,9 2 - samples 10 mm long; 3, 4 - 15 mm long-;
56 -20 mm long; 7, 8- samples 30 mm long

metallization of the surface of solid dielectric.

The coefficient I is given the form:

i4 iu.

j_(4
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where: Xsr met. - average value of flashover voltage for
5 metallized samples of solid dielectric
of a given length,

Xsr niemet. - average value of flashover voltage for

5 identical nonmetallized samples.

It is seen that the flashover voltage for metallized
samples at alternating potential (Figure 5.9) is lower than the
flashover voltage for nonmetallized samples, by about 30S for
samples 10 mm long and by about 20,% for samples of length 30 mm.
'W;ith increase of the length of solid dielectrics the effect of

metallizetion of the surface of solid dielectric becomes smaller

and smaller.

In general, discharges begin at the solid dielectric-

cathode junction, it means there where the electric field

intensity is the greatest. The source of emission of electrons,

which initiate the discharges, are microedges (micropeaks). These

microedges have the highest effect at the border of solid dielectrics

where they seriously reduce the surface strength. A thin layer

of silver on the surface of solid dielectrics provides microedges

from which the field emission of electrons ensues.

Thus, metallization of the surface of solid dielectrics

eliminates crevices between the solid dielectric and electrode,

but it also introduces microedges at the site of solid dielectric-

electrode junction. The presence of microedges has a considerable

effect on lowering of surface strength. As the length of solid

dielectric increases, the value of flashover voltage of metallized

1 samples approaches the value of voltage of non.aetallized samples.

Studies of the effect of metallization of the surface of

solid dielectric on surface strength at di.rect(constant) potential

and surge potential reveal a similar tendency of changes of the

coeffi.cient (Figure 5.10 and Figure 5.11) as "-t alternating potential.
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ligure 5.8 (left). IFlashover voltage as a function of the length
of sample from polymethylmethacrylate. Alternating
potential; I - nonmetallized samples; 2 - metallized
samples.

Figure 5.9 (right). Coefficient of lowering of surface strength
because of metallization of the surface of samnle-
electrode junction as a function of the length of
sample. Sample from polymethylmethacrylate.
Alternating potential.

As a result of metallization of the surface of solid
dielectrics, the surface strength at direct potential decreased

by about 40% for samples 10 mm long and by about 30' for samples

with length of 30 ft. The lowering of strength at direct potential

is greater than at alternating potential. Because of a strong \ iL-

electric field, silver ions migrate in one direction on the

surface of solid dielectrics. It may be assumed that during studies

at direct potential some permanent changes have occurred at the

surface of solid dielectric, and that silver ions have changed

the charge distribution on the surface of solid dielectrics.
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Figure 5.10 (left). Coefficient of lowering of surface strength
because of metallization of the surface of the sample-
electrode junction as a function of sample length.Sample from polymethylmethacrylate. Direct potential.

Figure 5.11 (right). Coefficient of lowering of surface strength
because of metallization of the surface of the sample-
electrode junction as a function of sample length.
Sample from polymethylmethacrylate. Surge potential.

The lowering of surface strength because of metallization

of surface of solid dielectrics at surge potential for a given

length of samples from 10 mm to 30 mm amounts to 8%. This is
caused by the fact that for this type of potential the charge

on surfaces of solid dielectric created by the secondary emission

of electrons will have no effect. Hence, at the surge potential
the effect of space charge, arising as a result of field emission

from microedges (silver layer), on the flashover potential is

small since the space charge has no time to form.

All further experiments in this work will be carried out
on samples with metallized surface of dielectric junctioa, because

of a smaller scatter of measurement results than with nornetallized

samples.
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5.3. EFFECT OF CONDITIONING ON VALUE OF FLASHOVER VOLTAGE

The majority of investigators of this problem concluded

that measurement results of the value of flashover voltage depend
strongly on the method of conditioning of sample. So far, however,

no standardized way of conditioning has been defined.

In some works E25, 59, 61, 102, 107] it was shown that

the conditioning of electrodes is the most important factor

deciding about flashover voltage in the system of electrodes in

vacuum. Much less information is available concerning the effect

of electrodes and their conditioning on flashover potential
when a solid dielectric is placed between the electrodes in vacuum.

Some conducted experiments indicated that conditioning of the

surface of solid dielectric has decisive effect on the value of
flashover voltage, whereas the effect of conditioning of the

surface of electrodes is relatively small, as long as the surface

of electrodes remains smooth and clean. Conditioning of the surface

of samples has also a strong effect on intensity of pre-flashover
discharges, which increases as the length of solid dielectric

increases.

On the basis of the literature review and our investi-
gations it was concluded that the following parameters of
conditioning exert large effects on the surface strength of solid
dielectrics in vacuum:

1) value of pressure and time of pressure conditioning,
2) type of conditioning potential,

3) value of potential and time of potential conditioning,
4) number of initial flashovers and time between them.

As stated in Section 4.2, investigations of surface

strength of solid dielectrics in vacuum were conducted at the
pressure 133.322xI0 5 Pa (0- 5 Tr), on the basis of studies of

surface strength as a function of pressure, described in Section 5.1.

For the conditioning pressure we adopted 133.322xiO-6 Pa (106 Tr),
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which could be obtained with ease by our system of pumps. Measure-

ments of surface strength after conditioning of samples at higher

pressure were characterized by the occurrence of more intense

pre-flashover discharges than after conditioning at the pressure
133.322xi 0-6 Pa.

Preliminary experiments showed that not only the pressure

of conditioning but also the time of conditioning at a given

pressure have effect on the value of initial voltage for pre-fla-

shover discharges, the intensity of these discharges, and the

surface strength. On the basis of a number of experiments it was

established that for the investigated materials the value of

initial voltage for pre-flashover discharges and of surface

strength becomes stabilized at the pressure 133.322x10-6 Pa (10- 6 Tr)

when the time of conditioning is longer than 18 hours. In order

to obtain uniformly stabilized effect of pressure conditioning

we adopted for further studies the time of conditioning 24 hours

at the pressure 133.322x0-6 Pa (10-6 Tr).

After the first flashovers new samples showed a lower

value of the voltage of flashover along the surface of solid

dielectric, and values of voltage of consecutive flashovers showed

large differences. Only after a few flashovers the value of

flashover potential exhibited tendency to become stabilized.

The effect of conditioning by means of flashovers, shown

in Figure 5.12, gives consecutive values of flashover potential

at direct potential (d.c.) obtained for a sample from polymethyl-

methacrylate 5 mm long. These experiments were performed after

keeping the sample in vacuum at 133.322xiO"° Pa (10-6 Tr) for the

period of 24 hours, i.e., after the accepted pressure conditioning.

The value of flashover voltage increases as the number of -

flashovers increases, which indicates the fact that the conditio-

ning also takes place throughout the flashovers. After ten flash-

overs the surface strength became constant, hence we 4ecided that

for calculation of the average value for a given sample we shall
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Figure 5.12. Flashover voltage as a function of consecutive
flashovers (abscissa). Direct potential (d.c.),
sample from polymethylmethacrylate 5 mm long,

pressure 133.322xi0"5 Pa (10-5 Tr).

consider values of potential from 11 to 20 flashover. Earlier
flashovers occur at lower voltages which is caused probably by
small impurities or uneven spots on the surface of the solid
dielectric or electrode.

Further measurements have shown that the value oC flashover
voltage depends also on the time of interval between consecutive
application of potential. If the time of interval was about one
minute, the next valueE of flashover voltage were lower, and
in some cases even be' 50% of the value of previous flashover

" voltage. In order to tin reproducible results of measurements
.4• at direct (d.c.) pote- al and alternating (a.c.) potential,
:'• it was necessary to prolong the interval between consecutive

application of potential to 10 minutes. Such a long period
without potential suggests a possibility of the action of space
charge, acc'imulating on the surface of investigated samples,
on the lowering of value of flashover voltage.
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Figure 5.13. Consecutive values of flashover voltage at direct
itential along polyethylene sample 5 mm long.

a) unconditioned sample, after placing the sample
for a period of 24 hours at 133.322x1I 5 Pa,

b) interval in measurements for 24 hours,
sample placed in vacuum 133.32xI0- Pa,

c) interval in measurements for 24 hours,
sample conditioned with alternating ootential
of 20 kV for the period of 30 minutes

With lightning surge potential and simulated switching

overvoltages, measurements have shown also a considerable scatter
of the value of flashover voltage for unconditioned samples.

The occurrence of pre-flashover discharges was also observed

at surge potentials. Their presence could be evidenced by
a temporary rise in pressure in the chamber, and by a glow
during pre-flashover discharges. Similarly as before, in order

to obtain reproducible results of measurements, before the
application of surge and switching surgr potential, samples

were conditioned with direct or alternating potential in the same
way as before the test with d.c. or a.c. potentials.

In order to determine whether the sample retains its / •7
acquired surface strength as a result of conditioning throughout



the fl~ashoverss we carried out experiments which are illustrated

in Figure 5.13. After the first ten flashovers the measurements

were interrupted and the sample was left in vacuum for the next
24 hours. Then measurements were continued, and it was found that

the flashover voltage for the first flashovers was lower after

this interval (Figure 5.13b), evidencing a partial loss of proper-

ties imparted by conditioning. For this reason, after conditioning
one should not make any interruptions (intervals) in a series of
experiments.

The effect of the type of potential on conditioning is

shown in Figure 5-13c. After consecutive 10 flashovers at direct

potential, that is together after 20 flashovers, the experiment

was interrupted again for the period of 24 hours, the sample

remaining in vacuum without application of potential. In turn,

alternating potential of the value of 20 kV was supplied t 'o the

sample for the period of 30 minutes. The next ten flashovers at

direct potential are shown In Figure 5-13c. The value of flashover

voltage has not changed in comparison with previous value,

and remained constant considering rather small scatter.

Studies of surface strength at alternating potential

indicated that one can get different values of flashover voltage

when conditioning is done with alternating instead of direct

potential. To confirm the effect of the type of potential on

conditioning parameters we compared the conditioning of samples

by means of direct and alternating potentials.

The effect of the type of conditioning potential on

flashover voltage is illustrated in Figure 5.14. The graph
shows flashover voltage at surge potential 1 .2/50 pia for ten

consecutive flashovers after the application of condition-in*T

with direct potential (d.c.) or alternating potential (a.c.).

The conditioning by means of direct or alternating potential

consisted of raising potential by 2 kV every minute to the value

of about 700% of the expected flashover voltage. The potential
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Figure 5.14. Effect of the type of conditioning potential and
of 10 flashovers at the given conditioning potential
on the test surge 1 .2/50 Me flashover voltage.
Polyethylene sample 5 mm long; I - sample conditioned
with direct potential, 2 - sample conditioned with
alternating potential.
Ordinate: Up, kV; abscissa: n, number of flashovers

was maintained for 15 minutes, and then was raised to 10 flashovers

still at the direct or alternating potential, respectively.

In turn, surge potential 1.2/50 4s was applied to the sample

and its value was raised up to the flashover. Surges were applied

to samples every 1 minute. No repeat conditioning with d.c. or

a.c. potential was done after each flashover.

As is seen from Figure 5.14 the application of alternating'

potential for conditioning is more effective than of direct

potential, and a steady value of flashover voltage was attained

after 5-6 flashovers. It was observed that flashover voltage,

determined on the basis of values from 11-th to 20-th flashover,
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has a higher value when the conditioning of sample was done with

alternating potential.

The effect of conditioning with direct potential and

alternating potential on the value of flashover voltage was also

checked on samples from polytetrafluoroethylene (Teflon), and

results of studies of flashover voltage as a function of the

length of sample are presented in Figure 5.1-5 and Appendix 1.

The graph shows the effect of conditioning with direct potential

and' alternating potential not only on the surge voltage of

flashover but also on the flashover voltage at direct potential

and alternating potential. Each point in Figure 5.15 represents 'A
an average value for 5 samples. The method of conditioning was

the same as that given for Figure 5.14.

As is seen from Figure 5.15, conditioning by means of
alternating potential has a distinct effect on the value of
flashover voltage, •articularly in the case of surge potential,

for which the flashover voltage obtained after conditioning with

alternating potential is nearly twice as high as the flashover

voltage of the same samples conditioned with direct potential.

The effect of conditioning with alternating potential is even

clearer for samples from polytetrafluoroethylene (Teflon) than

for samples of polyethylene.

Comparison of potential conditioning at various types

of potential leads to the conclusion that alternating potential

causes the most effective conditioning and leads to the most

constant value of flashover voltage.
A The effects of conditioning with various types of

potential, various values of voltages, and various time of

conditioning, can be explained by changes of the state of surface

of solid dielectric caused by pre-flashover discharging. On the

one hand, pre-flashover discharges cause desorption of gas;

on the other hand, they are the cause of deposition of electrode
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Figure 5.15. Flashover voltage at d.c. potentials a.c. potential
and surge potential as a function of the length
of sample for polytetrafluoroethylene (Teflon)

*2-- after conditioning with d.c. and a.c. potential.

1 - Surge 1.2/50Ois (a.c. conditioning)

2 d.c. potential (a.c. conditioning)

3 a.c. potential (a.c. conditioning)

4 d.c. potential (d.c. conditioning)

5---- surge 1.2/50.Ps (d.c. conditioning)

a.c. potential (d.c. conditioning)
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material, arnd they result in formation of a thin cazbon layer.

Studies r16] have shown that the coefficient of secondary j
emission decreases as a function of the number of flashovers

(Figure 2.10). Value of the coefficient of secondary emission
will, thereforeq change with conditions of potential conditioning.

Flashover voltage depends on the coefficient of secondary emission
hence flashover voltage is a function of parameters of potential

conditioning. When parameters of potential conditioning change,
the obtained values of flashover voltage will be different,

but general relations will not change.

With d.c. and a.c. potential, the occurrence of pre-flash-
over discharges was observed on all new unconditioned samples
at a voltage exceeding about 50% of flashover voltage; these
discharges were seen both at the site of junction of electrodes
with solid dielectric and orz. the surface of solid dielectrics.

In the case of d.c. pot-ential, the intensity of
pre-flashover discharging was the highest in the proximity of the
anode. These discharges were characterized visually by the form

of glow, and were disappearing with time. The frequency of their
occurrence decreased with the time of the application of
potential and usually after a few minutes these discharges
completely disappeared.

One could observe also a series of discharges which began
on the surface of solid dielectric and ended at some other point
of the surface of dielectric without closing the gap between
the electrodes, Such discharges were probably connected with the
surface charge on solid dielectrics.. Both the intensity and
frequency of occurrence of discharges starting on the surface

of solid dielectric increased with the length and roughness of

outer surface of solid dielectric. Generally it is assumied that

the action of high volta.-e leads to gradual. removal of rougcrne~s

of outer surface of solid dielectrics.
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[ Samples subjected to action of a.c. potential had a stronger
intensity of pre-flashover discharges than identical samples
at d.c. potential. For samples of length 10 mm and longer,
pre-flashover tascharges keep occurring until the time when
the potential reaches the value of flashover voltage.

5.4. EFFECT OF THlE LENGTH OF SAMPLE ON VALUE OF

I FLASHOVER POTENTIAL

One of the significant factors deciding the surface strength
of solid dielectrics in vacuum is the length of sample. Studies
indicate that the effect of the length of sample of solid dielectric
on flashover voltage is dependent on the type of potential

Values of flashover voltage as a function of the length
of sample from polymethylmethacrylate are presented in Appendix 2

and in Figure 5.16, which shows surface strength of. the investi-
gated system at direct potential, alternating potential 60 Hz, I
surge potential. l.575ups , and switching surges with different

periods of time of the surge wave front. Values of flashover

voltage are average values of results obtained for 5 samples,
following the procedure given in Section 4.2. For each type of
potential the flashover voltage increased with the length of the

* investigated sample. However, this increase of flashover voltage
as a function of sample length is different for particular types
of potential.

As follows from Figure 5.16, the percentage increase of
flashover voltage with increase of the length of sample is the
smallest for alternating potential. For switc hing surges the
increase of flashover voltage becomes larger with shorter periods
of time of the surge wave front. The largest increase of flashover
voltage as a function of the length of sample was found to be
for surge potential 1.2/50 .
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Figure 5.16. Flashover voltage as a function of the length of
solid dielectric for various types of potential.
Sample from polymethylmethacrylate, conditioned
with direct potential.

1 - direct potential

2 - normal surge 1 .2/50 us
3 - alternating potential 60 Hz

4 - switching surge 35/80 u s

5 - switching surge 50/250 vs

6 - switching surge 80/700 . s
7 - switching surge 150/1800 u s

8 - switching surge 400/20OO jis

9 - switching surge 600/300C us
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All the investigated samples which had been conditioned with
direct potential showed the highest flashover voltage at direct
potential. The conditioning with direct potential cau~es the
appearance of a path of least resistance on the surface of solid
dielectrics, and for this reason the surge voltage of flashover
is lower than the flashover voltage at direct potential.

Appendix 2 gives the obtained relations describing the
flashover potential as a function of the length of sample forJ

various types of potentials, and lists values of the flashover
voltage calculated using the derived equation.

The obtained equations, given in Appendix 2 and further

in Appendices 3 to 9, are approximated by equation of the type:

y a xb (5.1)

that is

where: U - flashover potential
p

d - length of sample
- constants,

This type of equation represents best the obtained
results of investigation.

The calculated values of flashover voltage, using the
derived equation,, lie within a90-.parcent confidence level. Analysis

of equations given in Appendices 2 to 9 shows that surface
strength at direct and surge potentials is a function of the

product of approximately square root of the length of sample 7
of solid dielectric and a constant coefficient describing the
type of dielectrics method of conditioning , and the shape of
applied potential.

Figure 5.17 and Appendix 3 show the obtained characteri-
stics of flashover potential as a function of the length of

sample at direct, alternating and surge 1-2/5C us potentials

-MOM
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Figure 5.17. Flashover voltage as a function of the length of sample:
< polymethylmethacrylate QI 29 3)

i polytetrafluoroethylene (49 5, 6)- polyethylene (7, 8, 9)

- 6

S~for samples of polymethylmethacrylate, polytetrafluoroethylene

and polyethylene. These samples were conditioned by means of

direct potential.
The percentage increase of flashover voltage as a function

of the length of sample for investigated materials is nearly the
same. Polymethylmethacrylate is characterized by the highest
surface strength in vacuum. The strength of polytetrafluoroethy-
-lene at direct and surge potentials is only slightly lower than

the strength of polymethylmethacrylate. The flashover voltage of
investigated samples at alternating potential is much lower than

*1•••L•••
same Poymehylmtharylte s chraceried b th hihes
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the flashover voltage at direct and surge potentials. For poly-
tetrafluoroethylene and polyethylene the flashover voltage is

nearly the same and increases only slightly as a function of the

length of sample.
For comparison of the strength of given solid dielectrics

we carried out also measurements of flashover voltage for samples

conditioned with alternating potential (Figure 5.18 and Appendix 4).

The obtained values of flashover potential for investigated

dielectrics are higher than the correspcnding flashover voltages

for samples conditioned with direct potential.
Flashover voltages for samples of polytetrafluoroethylene

and polyethylene conditioned with alternating potential showed
little difference, similarly to the Lase of samples conditioned

with direct potential, although the flashover voltage for samples
of polytetrafluoroethylene is always higher than that of poly-

ethylene. For investigated samples the flashover voltage at direct

potential is much lower than the corresponding value of surge

potential. The ratio of surge potential of flashover to direct

potential of flashover is about 1.25 for all investigated samples.

We measured also the flashover potential for polytetra-

fluoroethylene and polyethylene at switching surges and after
conditioning with direct potential. Experimental results and

values of flashover voltage calculated according to the proposed

equation are given in Appendices 5 and 6. Similarly to the case
of polymethylmethacrylate, the surface strength of both dielectrics
at switching surges also increased as a function of the length

of sample.

Surface stren~gth at various types of potentials (direct,

surge 1.2/50 ps, alternating, switching surges) after conditio-

ning with alternat:-g potential is shown for polymethylmethacrylate
in Appendix 7, for polytetrafluoroethylene in Appendix 8, and for

polyethylene in Appendix 9. The same relations for investigated
solid dielectrics as a function of the length of sample and the

type of potential as after conditioning with direct potential
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were observed. For all types of potentials the surface strength
after conditioning with alternating potential is higher than after

conditioning with direct potential.

5.5. EFFECT OF THE TIME OF DURATION OF SWITCHING SURGE
WAVE FRONT ON VALUE OF FLASHOVER POTENTIAL

In order to make evaluation of the effect of shape of

switching surge on the value of flashover potential, we performed

experiments with polymethylmethacrylate at switching surges with
various times of duration of the wave front and of the peak of
surge. Results of mesurements are presented in Figure 5.19 and
in Appendix 2.

For the sake of comparison we have given also values of
flashover potential for direct, alternating and surge potentials.

As the graph shows, surface strength at surge potential is higher

than the strength at switching surges.

For analysis of the effect of the time of duration of LTX5"j
switching surge wave front, the data from Figure 5.19 are plotted
in Figure 5.20 as a function of the time of dura`ion of wave

front. At switching surges the flas'-over voltage decreases as
the time of duration of the wave fr'ont increases. The minimum

s stxength for a sample with length of 5mm and 10 mm occurs for
potential with time of duration of switching wave front 80 as.

For waves with longer time of duration the flashover voltage
increased somewhat. As the length of investigated sample is made

longer, the minimum value of flashover potential is shifted in
the direction of longer times of duration of the wave front,
and for samples 15 mm and 20 mm long the minimum flashover

voltage occurs for switching surge 150/1800 us. The percent
lowering of the value of flashover voltage with the time of
duration of wave front is the largest for the longest samples,,

MAW I
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Figure 5.19. Effect of the shape of potential on value of flashover
voltage. Sample from polymethylmethacrylate, conditio-
ned with direct potential:
1 - direct potential
2 - normal surge 1.2/50 ,is
3 - alternating potential 60 Hz
4 - switching surge 35/80 p s
5 - switching surge 50/250 P s
6 - switching surge 80/700 us
7 - switching surge 150/1800 us
8 - switching surge 400/2000 us
9 - switching surge 600/3000 us

Flashover potential as a function of the time of duration
of surge wave front, with lines marking its maximum and minimum
values, is shown in Figuro 5.21.

The effect of the time of duration of switching surge
wave front on surface strength was also examined for samples of

polytetrafluoroethylene (Figure 5.22) and polyethylene (Figure
5.23). Character of changes is the same as for samples of poly-
methylmethacrylate. The appearance was noted of the characteristic

A minimum of strength at the time of duration of switching surge- wave front 80 us for samples 5 mm long, and at 150 Ps for samples
of the length 20 mm. For all the samples one observes a shift
of the minimum of strength as a function of the time of duration

~ I
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sample increases.

In the opinion of the authors change of flashover voltage

as a function of the time of duration of switching surge wave front

is caused by surface charge which accumulates on the surface of

solid dielectric. As the time of duration of the wave front increases

the charge accumulating on surface of solid dielectrics becomes

larger and larger. The appearance of charge on surface of solid

dielectric is the result of the secondary emission of electrons,

~. .~



-104-

h i I "V0!l! J IIIl IIIIL ''

! -- 1o - --

S4

T ,

HIII,

Figure 5.21. Flashcver voltage as a function of the time of duration
of switching surge wave front, showing the maximum
and minimum values. Sample from polymethylmethacrylate,
conditioning with direct potential.
1 - length 5 mm, 2 - length 15 mm

and the density of charge on surface is dependent on value of

the coefficient of secondary emission 1 as a function of the

energy of primary electrons Ep, or function of the value of
potential. Concurrently with increase of the time of duration

of the surge wave front, there grows the amount of gas evolved '77
from the surface of solid dielectric, which forms a thin sheath •

around the solid dielectric. Electrical discharges develop in

this gas layer. Increase of i.,hickness of the gas layer

S• I
... "-m*••-o- -• :•
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It explains the observed fact that the surface strength as a function

of the time of duration of switching surge wave front increases

when the time of duration of wave front is larger than the time

at which the minimum occurs for given length of sample.

A further confirmation of the proposed mechanism of the

development of discharge for investigated materials is provided

by analytical relition (5.2) developed by the author. This relation

for flashover potential along the surface of solid dielectric in

vacuum as a function of the time of duration of the surge wave

front is as follows:

S" for
o(5.2)

where: •i'- coefficients characterizing the type of solid

dielectric and the method of conditioning,
d - length of sample,

2 t- effect of the length of sample,

OY '- a factor causing the lowering of strength as

a function of the time of duration of surge wave
front, connected with charging of surface of dielectric!J -a factor causing increase of strength, connected with

suzface conductance of solid dielectric and with

rate of draining of the charge,
-IA4- constants connected with type of material, length of

sample, conditioning factors,

* - time of accumulation of surface charge, above which

there is the effect of the rise of surface strength

connected wich rise of surface conductance of

eolid dielectric,
- time of duration of the surge wave front.

"I
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Figure 5.24. Flashover potential as a function of the time of
duration of switching surge wave front.

#N * - effect of the accumulation of charge on surface of J
v ¢=o~.lt*b*) -solid dielectric,

effect of surface conductance of solid dielectric
on draining of charge,

- time after which the draining of charge from surface
of solid dielectric begins.

Figure 5.24 is a graphical interpretation of the relation (5.2).
In order to obtain U or tmin it is necessary to calculate
the derivative of function Up with respect to t, since the
remaining factors in the equation, i.e., *1,V,2 are constants

for a given type of dielectric and method of conditioning, and
Ti, e* * depend on the length of sample d. Hence for a given

sample, i, r*, v , g are also constants.

S= f1 (d) type of dielectric, conditioning,
% = f(d) type of dielectric, conditioning,

= f 3(d) type of dielectric, conditioning.
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Hence the general equation appears as follows:

For a given "d" and * ) •., the derivative after transformation

is expressed by equation:

4~e del .j~ 9-'111 ~ s1) (5.14)

The condition for extremes dU/dt u 0

From which after transformation one obtains equation fot train:

• •(5.6)

After substituting t into Equation (5.3) one obtains the
relation for U min

p mn
Tables 5.1 and 5.2 give values of flashover potential

obtained experimentally and calculated according to Eouation (5.2)
Investigation was also made of surface strength for three I

studied solid dielectrics on samples conditioned with alternating
potential. The obtained results of surface strength are shown

in Figures 5.25, 5.26 and 5.27. As follows from Figures and

Tables, character of the surface strength for given solid dielectrics
as a function of the time of duration of switching surge wave

front after conditioning with alternating potential is the same

as after conditioning with direct potential. As given in Section
5.3, the type of conditioning potential :ffects the state of surface

. of solid dielectric which, in turn, affects the coefficient of

secondary emission.

I
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Table 5.1. Flashover potential obtained experimentally and potential
calculated for various times of duration of the switching surge wave
front for polymethylmethacrylate, polytetrafluoroethylene and
polyethylene. Conditioning with direct potential.
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Table 5.1 Cont'd.

loom U*wam as WWM -W-la No"& V a#

?C@aen %min eisel U.M a PSa

44 C&I It, 'to lea

ia.P OG* O , o0 ao 1 0,o943 6i. 4%4b 45.0 36.1O0 •,.. ,,

1,2W 00630 lepol a 0,0t0,00)3 7,* 5,1 *I,4 4 4,09 , 1,l

189W 0.60 16.30 o,o 9 JU 9, Oall 6, 9 , " 0,9 ",1 ' 51,6 58 ,.2

1,9000 0,451 ., 0,0 0,00..3 3914 19.3 25'" 20.6 ý1" 2'), 5

"An0? 0," $0 SO, m 000,005) 54'aJ 4%, 6 4, 1 3,) 310,• , 31. 6, 4 .190006 0,1" iWS0 o'O o'a= 02 5g ,

ii ~~~. is ii.71__f4r4__

Key: (1) Type of dielectric- (2) Length of sample in mm; (3)
Measured potential in kV; (41 Time of duration of the surge wave
front, in us; (5) Coefficients for equation (5.2); (6) Calculated
potential in kVI (7) Time of duration of the surge wave front, in
us; (8) Polymethylmethacrylate; (9) Polytetrafluoroethylene;
(10) Polyethylene.
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Vi Table 5.2. Flashover potential obtained experimentally and potential
calculated for various times of duration of the switching surge wave
front for polymethylmethacrylate, polytetrafluoroethylene and
polyethylene. Conditioning with alterna•ing potential.
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Table 5.2. Cont'd.
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Figure 5.25. Flashover potential as a function of the time of
duration of switching surge wave front. Polymethyl-
mlorethacylate sample, conditioned with alternating
potential. 1 -length 5 mm, 2 - length 10 mm,
3 -length 15 mm, 4 -length 20 mm
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Figure 5.26. Fl.ashover potential as a function of the time of
duration of switching surge wave front. Polytetryl-
fluohoetylene sample, conditioned with alternating
potential. 1 length 5 mm, 2 - length 10 mm,
3 - length 15 ram, 4 - length 20 mm
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Fig-ure 5.27. Flashover poteintial as a function of the time of
duration of switching surge wave front. Sample from
polyethylene, conditioned with alternating potential.1 - length 5 mm, 2 - length 10 mm, 3 - length 15 me,
4 - length 20 mm
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• The effect of the time of duration of the ridge (peak) I
of switching surge on flashover potentiaa was not systematically

Sinvestigated, since flashovers usually appeared at the peak• of
surge or near it. Only in a few cases we observed that flashoverom

occurred on the ridge (slope), a few microseconds behind the peakl.

o Tf the surge. oo

tii
:4*
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6. DEGRADATION OF SURFACE OF SOLID DIELECTRIC

CAUSED BY FLASHOVERS

Studies of aurface strength of solid dielectrics in vacuum

have shown that the flashover voltage as a function of consecutive

flashovers has no constant value. It was observed that after 25-30

flashovers, surfaces of the sample of solid dielectric suffered
a strong damage, and the potential of flashover had smaller and
smaller value (Figure 6.1). The degree of degradation of a given

sample depends, in addition to the number of flashovers, also on
S~such factors Re the method of conditionings type of applied

potential, pobver of test source, and resistance connected in
series with investigated object.

Studies of the degradation of surfack; of solid dielectrics

caused by flashovers were conducted at direct potential. As a source
of potential we used a test system 90 kV with power 1 .3 kVA, and
resistance of value 600 W. was included in the circuit of the

souarce anc, semple of dielectric. The state of shorting of the
* system was interrupted after 10 me.

71*

36 40• ., . 2 - . . ..- -

No. of flashovers

Figure 6.1. Flashover voltage as a function of consecutive
flasovers. Direct potential, pressure 133.322x10- 5 Pa
(10 - Tr), polymethylmethacrylate sample 5 mm long
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The mechanism of degradation of solid dielectrics in vacuum
is not yet fully known. In this work the data concern the degra-
dation of three investigated solid dielectrics: polymethylmetha-
crylate, polytetrafluoroethylene and polyethylene. Our studies
of surface degradation of solid dielectrics are carried out
on the basis of analysis of the oscillogram3 of the course

of switching surges, photographs of the surface of solid dielectrics
magnified by means of an electron microscope, and measurements

of infrared absorption spectra.

6 1. OSCILLOGRAMS OF SWITCHING SURGES CORRESPONDING TO
CONSECUTIVE FLASHOVERS

From a large number of recorded oscillograms of switching
surges corresponding to consecutive flashovers we chose a few

characteristic ones for our analysis.

To determine the effect of consecutive flashovers on
value of flashover voltage, we applied to the insulation system
switching surges of constant value of potential sufficient tc
cause a flashover. Figure 6.2 shows oscillogram of consecutive
switching surges 600/3000 Ps of potential with value 28.0 kV.

As the Figure shows, the first flashover3 did not cause lowering
of the value of flashover voltage. Moreover, not all surges with I
the same value of potential caused a flashover along the surface

of solid the dielectric.
Figure 6.3 illustrates the case in which after the first

flashover (which occurred for surge 2 at the given potential)
there are two further flashovers; these flashovers are at lower
value of surge. The surge 3 applied to sample caused only one
flashover, which appeared at the peak (ridge) of surge.

In the majority of cases the degradation of the surface of

solid dielectric does not occur violently (suddenly), but there
happen to be cases where after a few flashovers the investigated
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Ki Figure 6.2 (left). Osilga fcneuiesicigere

60/o00g . Polymethyl~methacrylate sml5 mm long. Value of po0tential 28.0 kV,
Surges from No. I to No. 5Figure 6.3 (right). 0scillogram of consecutive switching surges
80/700 us. Polymethylmethacrylate sample5 mm long. Value of potential 21.5 kV,Surges from No. I to No. 3

sample becomes completely destroyed. Figure 6.4 shows oscillogramswhich evidence successive degradation of the surface of solid
dielectric, caused by consecutive flashovers of switching surges
400/2000 us. The damage to the surface of a solid dielectric is herevery strong. The second surge caused the flashover at lower value
of potential. The flashover occurred at the front of surge, and
was followed by two further flashovers. At the third surge, theflashover occurred at even lower values of potential, and altogether
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Figure 6.4. Oscillogram of consecutive switching surges 400/2000 us.
Polymethylmethacrylate sample 5 mm long. Value of
potential 34.0 kV. Surges from No. I to No. 5

there were 9 ignitions. Switching surges cause relatively fast
degradation of surfaces of solid dielectric. As a result, there are

multiple flashovers during one switching surge often, leading to
the formation of a conducting path on the surface of solid dielectrics.

Not all samples (Figures 6.2 and 6.3) suffered such an extensive
damage as is shown by oscillogram in Figure 6.4.

Figpre 6.5 shows the case where the first flashover (which
occurred only at the third wave of potential of given value) made
such a strong damage to the sample that the next flashover

formed already a completely conducting path.
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Figure 6.5. Oscillogram of consecutive switching surges 80/700 us.
Polymethylmethacrylate sample of length 5 mm.
Value of potential 25.C kV. Surges from I to 12

In the majority of cases the degradation was not so

rapid as shown in Figures 6.4 and 6.5. In practice, only 25-30

flashovers caused severe degradation of the surface of solid

dielectric and eliminated the sample from further studies.
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6.2. STUDY OF THE SURFACE OF SOLID DIELECTRIC BY MEANS OF

ELECTRON MICROSCOPE

When studying the surface of samples by means of electron

microscope it was observed that after the 1lashover there are

canals (paths) of tree type on the surface of dielectrics,

indicating a similarity between the mechanism of flashover in

vacuum and flashover in air.

To illustrate character of discharges, photographs of

canals obtained for three investigated materials are presented.

The photographs are made for samples conditioned with direct

potential, using also direct potential as test potential.

Figure 6.7 shows a sample from polymethylnethacrylate

after 10 and 20 flashovers. On the picture showing the surface of

dielectric after 10 flashovers there is only a streak indicating

the start of discharging canal. But after 20 flashovers the

canal is already very distinct and has numerous side branches,

which are shown in Figure 6.8 in 300 X magnification. Inspection

of the above photographs suggests that the surface of the canal is

smooth. The canal arose as a result of high temperature of an

electric arc, which caused melting and erosion of solid dielectric

and its transfer onto the surface of electrodes.

In order to examine closer the phenomenon of transfer

of solid dielectric onto electrodes we used a sample having

one edge notched (Figure 6.9). The location of the notched edge

was changed, i.e., once it touched cathode, and then the notched

edge touched anode. As is seen from pictures, particles of

solid dielectric were placed on the electrode on circumference

of samples. If the notched edge touched anode, then on the anode

remained the trace of notch in the form of suitable placing of

particles of solid dielectric. Distinctly shaped trace of notch

evidences the transfer of particles of solid dielectric along

the surface of dielectric and not in space near the dielectric.
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Figure 6.6. Sample of polymethylmethacrylate before placing
in vacuum chamber, without traces of surface
discharging. Magnification 100 X.

iWe conducted also studies of the surface of polytetra-

fluoroethylene after 10 and 20 flashovers (Figures 6.11 and 6.12).

The discharging canals which for polytetrafluoroethylene appeared

after 10 flashovers are already very distinct (and not only

a streak as for polymethylmethacrylate) and form a groove deep

into polytetrafluoroethylene. Cne can observe also side branches,

although they are not so strong.

A very interesting is the whole discharge canal after

20 flashovers at only 45 X magnification, shown in Figure 6.12.

The canal starts at the cathode as a narrow and deep groove,

gradually broadens and causes more and more small ridges.

At a distance of about 1/3 of the length of sample from the anode

there is branching, as a result of which the anode is reached

by two branches. They are much broader and, moreover, one branch

I . .. . . .- -.--
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4 1Figure 6.7. Sample of polymethylmethacrylatet miagniIfication 100 X:
a) after 10 flashovers, b) after 20 flashovers
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Figmure 6.9. Sample of polymethylmethacrylate withoer 20 g n~sotced.

magnficaion 00=X
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Figure 6.10. Anode with deposited particles of solid dielectric
- polymethylmethacrylate - as a result of flashovers;
a) notched edge touched cathode, b) notched edge
touched anode

appears to be gradually disappearing. Such a character of

discharge confirms that particles of solid dielectric are

distributed uniformly along the edge of solid dielectric

on anode (Figure 6.10).
i•icroscopic studies of the state of surfaces of solid

dielectric after flashovers were also conducted for samples

from polyethylene. It was found that surfaces of polyethylene

suffers the strongest degradation. Distinct signs of discharge
appeared on the surface of polyethylene already after 10 flashovers

(Figure 6.13). In comparison with previous two dielectrics,
they are deeper and are characterized by a broken line. The character

of the broken line is visible even better on photographs taken after

20 flashovers (Figure 6.14). In addition, this broken line has

variable width and depth along the path of discharge. The above

photographs evidence a poorer uniformity of polyethylene in relation

to polymethylmethacrylate and polytetrafluoroethylene.



r ~ ~cathode '/

Figure 6.11 . Sam,1.e from polytetrafluoro-
ethyl~ene. Magnification 100 X. a) before
placing in vacuum chamber, b) after 10
fl~ashovers
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Figure 6.11. Sample from polytetrafluoro-
ethylene. Magnification 100 X. a) before
placing in vacuum chamber, b) after 10flashovers

IF

Figure 6.12. Sample from poly-
tetrafluoroethylene 10 mm lon',
after 20 flashovers. Mlagnifi-

'cation 45 X

S, /, anode W
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Fig. 6. 13. Sample from polyethylene, magnif~ication 10OX; a)
before placing in vacuum chamber, b) after 10 f'lashovers
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Figure 6.14. Sample from polyethylene after 20 flashovers.
Magnification 100 X

As is seen from the presented photographs of 6urfaces of

solid dielectrics after flashovers, the strongest degradation of the
surface of dielectric occurs for polyethylene, and the least for
polymethylmethacrylate. It is also characteristic for polymethyl-
methacrylate that discharges cause the appearance of a broader
and not so deep canal, which is the result of melting and erosion

of the surface of polymethylmethacrylate. For polytetrafluoro-
it ! ethylene and polyethylene, flasbovers lead to the formation of

very distinct canals, which are considerably deeper and narrower
than for polymethylmethacrylate.

S....
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6.3. SPECTROGRAPHIC STUDIES 9.

Samples for studies, in the form of thin films, were sliced

by means of microtctne directly from solid dielectric subjected to

the action of flashovers as it Section 6.2.

It was noted that repeated flashovers polished the surface
of solid di6lectric to some degree. The canals of flashovers along
the surface of solid dielectric were visible with the naked eye.

Infrared absorption spectra in the range 650-4600 cm~
were obtained to follow changes occurring in the structure of

investigated solid dielectrics under the action of flashovere.
Samples examined included initial samples and samples after the

action of 20 flashovers.

The infrared absorption spectra in their whole range failed
to show any distinct changes in structure of the investigated solid

dielectrics under the action of electric discharges in vacuum,

F Only for polyethylenes which according to studies of discharge
canals by means of electron microscope suffered the strongestI
damage to surface, certain changes occurred in absorption spectra

of samples after 20 flashovers.

It may be assumed that possibly oxidation or destruction

of given materials occurred to such a small degree that the
resultant changes are outside of the sensitivity of spectro-

photometer. The conditions of studies in vacuum, and small amounts
of residual gas, would support this conclusion. Moreover, one has

to remember a very short time of duration of discharges, and a small
area of surface changes.

The usefulness of spectrographic studies for evaluation
<1 of the extent of degradation of the surf~aces of solid dielectric

as a result of flashovers in vacuum is very limited. This arises

from the fact that degradation of the surface of samples is nonuniform
and takes place in a very small area. Another disadvantage of this

method is difficulty of preparing samples of the same thickness
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and uniformly prepared surface in order to obtain the same transmission

level of the spectrum of examined sample. This difficulty applied

particularly to polymethylmethacrylate.

6.4. CONCLUSIONS FROM STUDIES OF DEGRADATION OF SURFACE
OF SOLID DIELECTRIC

From the presented results of studies of degradation of
samples it follows that thermoplastic materials in vacuum loose

their insulating properties after a dozen or so of discharges.

* Hence studies of the potential of flashovers along the surface

of solid dielectrics should be carried out at possibly the

smallest current of shorting and the shortest time of shorting,

to reduce the damage of surfaces of solid dielectric to a minnumn.
In spite of limiting the current flowing during the flashover

along the solid dielectric, the degradation is still considerable
and in practice samples undergo destruction after about 25-30

r• flashovers. Among the investigated materials, polyethylene suffers
the strongest degradation, and polymethylmethacrylate is the

•t lea-st affected.

I.I

'pt
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r ~7. SUPPLEMENTARY STUDIES OF THE MECHANISM OF FLASHOVER

r ~~ALONG M~JAM~ OF SOLID DIELECTRIC IN VACUUM

Results of studies of the surface strength of thermoplastic

dielectrics in vacuum are described in Chapter 5. Results of studies
of degradation of the surfaces of solid dielectric caused by

flashovers (Chapter 6) contain also some data and considerations
concerning mechanism of the flashover along surfaces of solid

dielectric in vacuum. This Chapter, in turns will present results

of further studies aiming at getting better knowledge of the
mechanism of flashover along thermoplastic material~s in vacuum.

A system for observation and recording of surface discharges

(Figure 7.1) was used for studies of the mechanism of flashover
along solid dielectric in vacuum at direct potential (d.c.) or

alternating potential (a.c.). This system enables to record the
course of discharge on magnetoscope tape, and then to reproduce

the discharge and to choose a proper frame illustrating an
interesting stage of discharge.

In investigations of the mechanism of flashover along

surfaces of solid dielectr-ic in vacuum at direct potential

the author observed L53, 76] the occurrence of local flashes
on the surface of solid dielectric before the flashover. He explained
this pre.-flashover discharge on a part of surface of solid

dielectric as due to accumulation of surface charge. Various
stages of surface discharge at direct potential were recorded

by means of the system given in Figure 7.1, and were made
permanent on photographs shown in Figure 7.2.

Photograph No. 1 (Figure 7.2) shows the first unclear
local pre-flashover discharge (glow), which appeared and disappeared
irregularly at a constant value of potential. If the potential
was slightly raised, the pre-flashover discharge was stronger
and clearer, but it did not reach yet the full flashover stage.
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Figure 7.1. Diagram of a system for observation and recording

of discharges on surface of solid dielectric.
I - vacuum chambers 2 - Video cameras 3 - magnetoscope,

4- monitor, 5 - photographic camera

Photograph No. 2 (Figure 7.2) shows the state of pre-flash-

over discharge after raising t'.e potential by 5 kV in the time

of 6 seconds in relation to Photograph No. 1. We observe here

a bright clear thread of glowing discharge, which moves on the

surface of solid dielectric and fades. Photograph No. 3 shows

the stage of pre-flashover discharge at constant value of potential

after the time of 0.5 sec with respect to Photograph No. 2.

The intensity of glowing discharge is very faint and this discharge

nearly entirely fades away,

After the period of time of about 0.4 secs counting in

relation to Photograph No. 3, there was a flashover at unchanged

value of potential (Photograph No. 4, Figure 7.2). Then, in

I~j i

b~WW
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intervals from 0.05 to 0.1 sec followed co~nsecutive flashovers.

After a few flashovers at direct potential one could see
on the surface of investigated samples the formation of a dischar-
ging canal, which after a dozen or so flashovers is already well

formed. There is an intensive degradation of the surface of a sclid
dielectric along this canal.

Analysis of the dvelopment of flashover at alternating
potential was carried out on the basis, among others, of micro-
scope photographs of discharging canals on the surface of solid
dielectric. The testing apparatus used enabled to determine at
which sign of potential on ungrounded electrode the flashover
took place. The first few flashovers appeared at different signs
of potential at ungrounded electrode. In the majority of cases
after ten-twenty discharges the flashovers appeared at the same

polarity of ungrounded electrode. Usually the number of canals
on surface of solid dielectric at alternating potential was larger
than at direct potential and these canals were considerably more

branched. Moreover, in addition to the main canal, at alternating
potential one could observe a couple of semi-developed canals.

Photographs in Figures from 7.3 to 7.6 give examples of discharge
canals at alternating potential.

Figure 7.3 shows discharge canals which appeared after
40 flashovers at various places on the whole circumference of
the sample of polymethylmethacrylate 5 mm long. Comparison of
the discharge canals shows that the highest degradation was suffered

by surface of dielectric in Figure 7.3b. The canal of this
discharge is considered as the main canal in which the majority

4 of flashovers took place.

Discharges develop on the outside of the sample, and. the
electric arc is the broadest in its middle part, whi-ch is evidenced

by the width of the damaged belt of solid dielectric in 7.3b.

An interesting fact is the appearance of branching (Figure 7.3b)

and a broader canal at one of the electrodes. Figure 7.3a shows
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Figure 7.3. Sample of polymethylmethacrylate 5 =im long after
40 flashovers. Magnification 13 X. Alternating
potential, value of potential 42 kV.
a) side canal 1, b) the main canal, c) side canal 2
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Figure 7.4. Polytetrafluoroethylene sample 10 mm long, after
40 flashovers. Alternating potential, flashover
voltage 36 kV. a) Canal at electrode A, magnification
50 X, b) Canal at electrode B, magnification 50 X,
c) Part of the canal from Figure 7.4a, magnifi-
cation 200 X

jii



- 133b -

bI
I-i

I I1

9-.

Figure 7.5. Polyethylene sample 10 mm long after 40 flashovers.
Flashover voltage 30 kV, alternating potential.
a) Canal 1, middle part - magnification 100 X;

SI b) Canal 1, at electrode - magnification 100 X;
c) Canal 2, middle part - magnification 400 X

I . .
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Figure 7.6. Polyethylene sample 10 mm longs after 40 flashovers.
Flashover voltage 30 WV, alternating potential.
Canal appearing on a part of the surface of sample:
a) magnification 100 X, b) magnification 200 X,
c) magnificati-on 700 X
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side canal 1, where the surface damaged by electric arc in vacuum

shows the development of discharge along the broken line. This

fact has affected the state of the surface of solid dielectric.

For samples of polytetrafluoroethylene and polyethylene

several discharge canals were present on sample circumference
after 40 flashovers in vacuum, similarly to the sample from

polymethylmethacrylate.

Figure 7.4 shows one of characteristic discharge canals

for a sample from polytetrafluoroethylene. The canal at electrode A

is relatively narrow and deep in comparison with the same canal

at electrode B, where discharge takes place on the surface of the

solid dielectric causing damage to a larger area but to a consi-

derably smaller depth. Transition of the canal from the form

in Figure 7.4a to form in Figure 7.4b proceeds gradually. Figure

7.4c, which is a magnification of a part of Figure 7.4a, shows

that the canal digs deeper into polytetrafluoroethylene. Each

discharge causes not only desorption of gas, but also strong

evolution of gas caused by decomposition of solid dielectric

in the canal of electric arc.

Samples from polyethylene were also characterized by

several discharge canals after 40 flashovers. For illustration,

Figure 7.5 shows two discharge canals along polyethylene sample.

Discharge canal I caused degradation of sample on a large area

but the groove is not deep. On the other hand, in canal 2 there

was a severe degradation of polyethylene in the form of conside-

rably deeper and narrower groove in the sample.

The first three photographs in previously shown Figure 7.2

show local pre-flashover discharges on the surface of solid

dielectric, which did not lead to flashover. A confirmation of

the occurrance of such discharges are traces (marks) or. surface

of polyethylene (Figure 7.6). Degradation of a part cf the surface

of polyethylene in the form of point marks indicates that, in this

case, electric arc consisted of several short arcs. Marks on the



F 135
surface of polyethylene resembled craters (spots) on electrodes

[ and are the result of the point melting of polyethylene. The
shape of these craters is very characteristics corresponding to
high temperature at the point of melting of arc. Traces in the
middle part of the section of polyethylene surface are much larger.
Similarly as in Figure 7.3 a broader belt of degradation of solid
dielectric appeared in tho middle part of the sample.

With the aid of photographs of discharges shown in Figure 7.2
and taking into consideration microscopic studies which showed
the appearance of paths also in the middle part of the sample

(Figure 7.6), one can explain the important role and effect of
conditioning factors with direct and alternating potential.
Conditioning with alternating potential causes an increase of the

suraface strength of system in relation to the surface strength
after conditioning with direct potential because of the fact that

at alternating potential the pre-flashover discharges develop
more uniformly around the whole solid dielectric.I

Pre-flashover discharges developing around the whole
thermoplastic solid dielectric liberate gas adsorbed by the surface
of dielectric, and thus result in the occurrence of flashover
in the layer of desorbed gas.

Considering studies of the mechanism of flashover that have
been done so far and our investigations, the author of this work,
similarly to others (Chapter 3), is of the opinion that electrons
emitted from the surface of metal electrode (cathode) or which
appeared at the dielectric-electrode-vacuum junction as a result
of ionization bombard the surface of solid dielectric causing the
charging of the surface of the solid dielectric with a positive charge

(Figure 7.7). This charging of the surface of solid dielectric

with a positive charge results from the secondary emission of
electrons on the surface of solid dielectric.

.1 Colliding with the surface of solid dielectric, electrons
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x .7. Distribution of electric chartres in the system
with solid dielectric in vacuim

1 - area of distribution of electrons
2 - area of distribution of positive ions
3 - area of distribution of neutral particles

cause evolution of gas from the surface of dielectric, which

means at the same time liberation of neutral particles which

move in parallel to equipotential surfaces forming a space with

predominance of neutral particles.

Colliding with the surface of electrode (anode), electrons L4

cause liberation of positive ions (cations)from the anode. They

__ _ _ _ _ _ _ _ _ _ _ _
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move slowly in the direction of cathode but at a larger distance

from the surface of solid dielectric than the electrons, and they
form space charge (Figure 7.7).

The dependence of flashover potential as a function of the
time of duration of switching surge wave front is the sum of the

acticn of surface charge, arising on the surface of solid dielec-
tric as a result of secondary emission of electrons, of surface

resistance of solid dielectric, and of the layer of gas desorbed
around the dielectric.

As the time of duration of switching surge wave front
increases, the charge accumulating on the surface of solid
dielectric becomes larger and larger, and its effect on the

lowering of surface strength also becomes larger. At the same time,
with increase of the time of wave front there is an increase of

the amount of desorbed gas forming a thin gas sheath around the solid

dielectric. Electrical discharges develop in this gas sheath.
With an increase of the amount of desorbed gas there is a lowering
of flashover voltage.

But gas layer enables the transfer of a part of the surface

charge to the gas layer, causing a reduction of the density of
charge on the surface of dielectric. Moreover, the gas layer

reduces surface resistance of solid dielectric, enabling a part

of the surface charge to drai, off. These factors cause an increase

of surface strength as a function of the time of duration of
switching surge wave front. The role of surface charge and surface

resistance of solid dielectric, according to Equation (5.2),
was shown previously in Figure 5.24.

The author does not know any other work which explains
the mechanism of f'. P ver along surfaces of solid dielectric

at switching surge potential in this way. The above given machanism

of flashover can be also extended to other impulse potentials.
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8. FINAL CONCLUSIONS /Q

The ever increasing application of vacuum as an insulation
medium in electroenergetic facilities creates the need of closer
knowledge of the electrical surface strength of solid dielectrics
in vacuum at surge and switching surge overvoltages. The aim of
the author was to supplement the range of investigations in this

area. This work contains results of studies of electrical surface
strength of solid dielectrics in vacuum, and explains the mechanism
of flashover at switching surge overvoltages.

In summing up the results of studies, the author wishes
to point out these aspects of the work which bring a new contri-
bution and in significant way broaden the actual state of knowledge
in the area of electrical surface strength of solid dielectrics
in vacuum. The most important achievements of this work include:

1. Finding a dependence of the electrical surface strength of
solid dielectric in vacuum on the time of duration of switching
surge wave front.

2. Determining a mathematical relation describing the mechanism

of flashover at switching surges.

3. Advancing a physical interpretation of the mechanism of flash-

over along solid dielectrics in vacuum at switching surges.

4. Describing an increase of flashover voltage along investigated

solid dielectrics at direct and surge potentials approximately

by square root of the length of the sample.

5. Finding, by means of microscopic studies, the formation of
permanent canals on the surface of solid dielectric which cause

lowering of surface strength. The shape of canals is dependent

on the type of insulating material.

6. Finding that thermoplastic materials suffer relatively fast

degradation, and after 30-35 flashovers the investigated sample

looses practically all surface strength.
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7. Establishing that the investigated thermoplastic materials

may be put in the following order with respect to their surface

strength and the degree of resistance to degradation of surface
of dielectric under the action of flashovers:

- polymethylmethacrylate,
- polytetrafluoroethylene,

- polyethylene.

8. Finding that surface strength depends very strongly on the
method of conditioning of the sample: the type of conditioning

potential, number of conditioning flashovers, value of conditio-
ning voltage, and the type of test potential.

The author hopes that the presented results of studies
and the proposed mechanism of flashover along solid dielectric

in vacuum at surge and switching overvoltages will find practical
application in planning and use of electroenergetic vacuum

facilities, and will be utilized for further scientific studies
of the properties of vacuum systems under conditions of electrical

discharges.

ýJ
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9. APPENDICES

Appendix 1. Flashover potential for ',olytetrafluoroethylene
with conditioning at direct and alter. ating potentials.

J Sm Saii ele ,u.~.k

. *45,? 10.5 I06,2 100,2

'aImb &29,5 ,0,0 47,6 5336

4~e(~ 3,6 -42,9 77,1 90,0

sa %/5,• Pa, o,? 40,2 70,0

Key: (1) Type of conditioning; (2) Type of test potential; (3)
Flashover potential in kV; (4) Length of sample; (5) Alternating
potential; (6) Direct potential; (7) Surge 1.2/50 jus; (8) Direct;
(9) Alternating.

VJ
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Appendix 2. Flashover voltage for polymethylmethacrylate at
various types of potential. Conditioning with direct
potential. .____

*06ms New& VO *to Paz*- 6 pri6R

10 15i i~20i Mb&s iomism 20=n
(,10 04,a moo0 9,29 up U 1,057 d0*1, 417 63,1 40,2 92

gile1,2/50 Ps .3G.2 Go.$ 73,3 4*03 10 a 13,953 "' 37,5 5760 73,0 67,1

2,49 "5,? 42,4 57,0 Vp a 11,3" a,06 23,) 3,t9 427,5 57,9

1"S q.w 27,0Ps 313 "1,4 G6,9 77o3 up 0 j3.5 4P. 0~6O 6 36,6 5 6,0 G5%3,74

%0W/200 Pod 31,3 4601 54,? "16, up a 15,249 d 3201 44,3 53,4 G1,0

" I , 6 00 1I0 0 ( 3 2,, 50 68 0, 9 G,56 up' a 14 , 57 0 4 0 5 " .3 3 ,8 4• ,2 5 9 ,3 6 8,7

Key: (1) Type of ptentialý (2) Measured flashover potential in
kV; (3) Length of sample; (4) Equation representing the flashover
potential; (5) Flashover potential calculated from equation; (6)
Direct; (7) Surge (impulse) 1.2/50)is, (8) Alternating;
(9-14) Switching surge.

I.i
4:

__ J II ... . '. . . 3L1
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Appendix 3. Flashover voltage for Polymethylmethacrylate,Polytetrafluoroethylene and polyethylene. Conditioningwith direct potential.

S' " '° = Il"" " ne" It° I " I[ -_ _ __ _ __ _ oMiusme m mw

M lin w Rom

-4 t *, .?•a4 486i•,4 ,,J *01? io m,9 a, as,
Sste y 4j ,a *a 4 to "69 g ,o 0 ,

~~~~~~im (•4109 5. •7 S~a •. 1 M.• O's• •. 57.0 7i3.0 .87

SI • , a , . .a , g 7 7." 9 0.9 0 . u p ." O .M c o a2. • 7 9 o • •70 " * a8" % /0 7 $5 .5s9 7 0,0 up 1 5 i3°,4% 5 ,3o,7 57,0 43,09 7.1

0. 1 ,-,O3 4 ,4 57, o 491

-+, )Key: (i) Type of dielectric. (2) Type of test potential; (3)Me~su-•e. flashover potential in kV; (4) Length of sample; (5)Equation representing the flashoverPpotential; (6) Flashoverpotential calculated from equation; (7) Polymethylinethacrylate;(8) Polytetrafluoroethylene. (9) Polyethylene; (10) Direct;(1i) Surge 1.2/50 ) Qs; (12) Alternating.
u1- a " o S * *3 3 9 5red;3M 4,6 596 606 1I'69 8094 4*6 Ws "9
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Appendix 4. Flashover voltage for polymethylmethacrylate,
polytetrafluoroethylene and polyethylene. Conditioning with
alternating potential.

Oblioses. UP196eS
die-. Rodaa al9l Up"I 89 1US. Dk0~pub

OWIt•, apsplitlt VMS-•
ie- Peob .tmeseo bi$Duo ~k

U71M Dho o 5 2&U0Em 1,2/50 jaW 62*4 90,3 113,0 1340 -- 2 25697 105 42,j? 90,96 113*6 133,1

(V 905 7393 in o',G 10 p 0 250,751 A0*5* 72.3 91 06
j 90,1&103,3LL~ Moo 37.6 49.0 G4,3 7493 u~p * 642iq9? ~ 5?~~

,' 12,./50 i ,oo 106.,o 127, Up 2a ,436 .v" 59,0 86,3 10,76 1259a

64,3 ,1,0 93,6 Up 16,t50,4.3 G8., 86,2 ICMA

pWe6efaE)06 43,6 46, UP a 13,9?5 do'463 29,5 39,5 43,4 59,0

Key: (1) Type of dielectric; (2) Type of test potential; (3)
Measured flashover potential in kV; (4) Length of sample; (5)•I Equation representing the flashover potential; (6) Fla~shover'1 potential calculated from equation; (7) Polymethylmethacrylate;+.! (8) Polytetrafluoroethylene; (9) polyethylene; (I0) Surge•i 1.2/50 j~.s, (11) Direct; (12) Alternating.

t

4°

S........ ... I lll 0
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Appendix 5. Flashover voltage for polytetraflyoroethylene
at various types of potential. Conditions .with direct
potential,.i

%Dam -P"1 sow. WT ' UGU
Shp"k DWAtg~ pe-91, M.15 in 20 W i in 5 W

,stab 4),6 2.#9 77,0 90up * .,a 190Qd 43,6 77., 99SsO.&O,,W,/'O I P PN 3796 55,? 45,2 70,0 " a, "O'Ui,4 0"• 3097 5),0 G59.9 72,8
2%•ee ••19 26,7 30.)5 2.4.l Or .- %M,• 409M ,21,9 26,7 30,1 3217

Uftr b4,..308 leO C, 27. -4).4 57, .e *,G V&- 9.,9* 4°00e" 277 4,. 9 55'se Go'i

,,4 P&O 23 , o 7 *5 ,,@0 0 • a ' .7A 2,4 5., 4,6 6,.

Ife e 11.6 ".6 100* 9* j5 3999& ".4 6, 5804

Key: (1) Type of potential; (2) Measured flashover potentialin kV; (3) Length of sample; (4) Equation representing theflashover potential; (5) Flashover potential calculated fromequation; (6) Direct; (7) Surge 1.2/50 us; (8) Alternating;
(9-14) Switching surge.

• . . . ...
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Appendix 6. Flashover voltage for polyethylene at various

types of potentials. Conditioning with direct potential

:kos"A we asrya&7 ,s O&, O- q souo

IQ M 13 20 io IM'M 20's

39,, 0, 7095 ?990 00*1O~ i 0,o(A do, 5793 ?0, r1
" "amp, '.:n It 9/9 p 48,6,. , ?, 6 "t7. o up a 1,,, 313 ,s'10 4.3 57-0j 0To iM '

0 55,1

PflhU~~~ 20,3 2*,3 27.3 30.0 Of 1 073~,7 '. %
, ft, bps. 3.. / 0o0 (• Pe, $o7 o1 8, up , a . • '° 99Q9 ,,0. 5'3

a" Key: 1 - Type of potential, 2 - Measured flashover potential in kV,

3 - Length of sample, 4 - Equation representing the flashover

potential, 5 -_Flashover potential calculated from equation,

6 - direct, 7 surge 1.2/50 vis, 8 alternating,

9-14 - switching surge

_________.___________ 
. . * +••
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Appendix 7. Flashover voltage for polymethylmethasrylate at

various types of potentials. Conditioning with alternating
potential.

.. esebe a nuow

5ammIe ISO 1 "Iam is 20

adage" S I'a 42 4,4 goes 11.3,o V"90 2. •st"7 does" 4ai 999 I,%+ i.S s "li,

~~~~~~~~=7 0*5 ~•0 • )•7,9504•a• po•9 0' 49,6 •7,1 90,'10.9 0,
etas _____ -0 -3, -0 1 23 9 10,

~~~w7. 490. 44635j* 99 OI
U62, less. 1W.4 . u8.1 -12,UA los S~. O/"aO V4-q, 1, 'N.2 '159, los into 1*,51 4°09 53,o 5*0*e 42,7 W9 ^"*9,

1 - Type of potential, 2 - Measured flashover potential in kV,

3 - Length of sample, 4 - Equation representing the flashover

potential, 5 - Flashover potential calculated from equation,

6 - surge 1.2/50 Ps, 7 - direct, 8 - alternating,

9-14 - switching surge
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Appendix 8. Flachover voltage for polytetrafluoroethylene
at variaus types of potentials. Conditioning with alternating
potential.

Uu ° 7' @ . ....k~ ugwr

uedeam 1,2/50 PS ,O O , 10N,0 12'.W0 Up - 24,776 0'd 59: 9 16,3 07,6 '125,8

oiwe 45,7 70,3 a6,3 100,2 Up r. 16,610 46,) 8 66,2 10I,4

9VpQL.BL.a.® 29,5 40,0 47.o 53., up . 14,.m o1 29$ 39,1t 47,4 3,97
1,60. 35/ao pS 57,92 3,9 97.0 1U2,4 upp 24,514 ,°526 57,9-1 62,3 101,8 116,

I*o:. 50/250 pa 54,6 73,6 95,5 118,2 Up a 22.0.53 do'? 39 72.0 96,9 109,1
Iva . 80/0o pS 50,2 66,1 9301 112•5 up a 19o,037 10583 4.s 2 92, 109,1

9&oW Iva. 150/1a ? 7102S 9,6G I U -Upa20,5,5 ,•o,449 49,6 72*,8 90,9 Io05

Xq.c. *00/2000 50,2 72,9. 9#6 112,0 Up - 19,7ft 4Lf-? 4947 73,8 93,1 109,6

is. 600/G00 p 50,9 73,4 93,0 115,0 up . 19,795 950,2 749,8 ",6 111,7

1 - Type of potential, 2 - Measured flashover potential in kV,
3 - Length of sample, 4 - Equation representing the flashover
potential, 5 - Flashover potential calculated from equation,
6 - surge 1.2/50 us, 7 - direct, 8 - alternating,
9-14 - switching surge
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Appendix 9. Flashover voltage for polyethylene at varioustypes of potentials. Conditioning with alternating
potential.

10 M 1 1$m WlOMi I's 20

d wre 1,2/50 ps 58,6 4,43 V04,0 11g,4Up a 269,436 do*9"0 " t,5 102,,3 118,0

xx Os. 5s/ao ps; 56,6k Mo 95,5 112,4 Up P 3,667 693 5403 "0,5 95,5 110'0
140a2.0. "/ 251, Pe,1.? 74 .93,1 106,5 p *2,iS? , 6' .5n 75.6 91,1 -106'1
Aqua. 40/700 p 46,3 57,3 86,9 101,7 up 17,100 4N,7 45,5 42,9 98,'1
ZA5Os.150i600 , 46954,6 4120 9796 Up 19,a14" 46,1 66,s 63,0 96,6

1- Type of potentials 2 -Measured flashover potential in kV,

:j 3 - Length of samples 4 -Equation representing the flashover
•*i potentials 5 - Flashover potential calculated from equations6 - surge .2/50 us, 7 direct, -alternating,

9 - switching surge

I.I
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8UDAX ZEYtRbO STRiMG Of URMOPTABGIC

U"IZATA VAIUtUM

surama y

*empite the wide applioatimn of vmn sad the mamerous studies pre-
tested i thWe domAsa twhae to moe till now, the generally macoptede
theory eplainaig the flashovee eosalem along the solid diolectric
is aOcum. This woek olasibUy and smalyso the itl,•sce of various *I*-
msmt& On the flashoveo s a-mIsa and an the eleoteto streasth of vun-
solid dielectric system. I particular tbe influence of pr•ssuee, sample
longtho metallisation of electrode - sample con•aet e•fteso sad Gmai-
tioni•g fa•otos is presented on the • asis Of the author oiporloisats.

Tht experimntal results of srfaseo electric stoe•gth of thermoplastic
materials (Polynothyl Mothaoeylate, polyptetrefluoroethyla, pl,7o*tle,-
no) submitted to switching and surge ev•,voltageo are givesn and aaly-
sod in relation to the wor surwtchn•g number and its we front am&-
tion. The theory of the flashover meboomim along the investigated s-
toreals In veowum, elaborated by the amthor, to premeted and the an-
lytical expeossion foe flashover voltage as the fe•ution of switching
surgo wave frost duratiom is given.

The investigation of flashoero mechanism was completed by the neameee-
sent of solid dielecteics surface deogedattlo sate. snanalylsis of
sucoeeding switching surse8 development in escillograph recorze is pro-
seated together with the piotures or-solid dielectric distroad sufta-
Goo after flashoeers at d.c. or a.c. voltage taken by electren mlcrosco-

po.
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