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insulator, and numerous studies on the subject, there

is sti1ll no single generally accepted theory for the
mechanism of the development of discharges along & solid
dlelectric 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 dlelectric system, Results of our
investigations form the basis of a discussion of the

{
!
4
s‘
‘ In spite of the broad use of a vacuum as an

effects of pressure, sample length, metallization of the ;
surface of the contact sample-electrode, and ways of 3
conditioning the potential of flashover. 1
The results are glven and analyzed of investigatlons
on surface strength of thermoplastic dielectrics (poly-
methylmethacrylate, polytetrafluorocethylene and poly-
ethylene) at switching and surge overvoltages, considering
the time or duration of the wave front and the number of

e mank andat l

switching surges. The author presents hls own mechanism 3
for the development of discharges along the investigated
materials placed in a vacuum, and derives the mathematical

dependence for the flashover potential along & solild
dielectric in a vacuum as a function of the time of duration
of the switching surge wave front.

Studies of the mechanlism 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. Phctographs are shrwn of the
degradation of surfaces of the investigated sovlid dielectrics.
They were obtalined 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 brocader use of a vacuum as an element of electrolnsula-
tion systems. Vacuum 1s used in electrlc power equipment, for
instance in vacuum switches, cryogenic cables and vacuum dis-
tributors, and 1n 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 mechanlcally supported by a
solid dielectric - spaced insulator.

A so0lid dielectric system between electrodes placed in a
vacuum has lower electric strength than a system of two electrodes
with the same gap length between them. An understanding of
the jump (flashover) mechanism along the surface of solid
dlelectrics is of conslderable sclentiflic importance, since the
surface of dlelectrics 1s usually the weakest rpot in vacuum
insulation systems.

Recent years have seen many studles of the flashover
mechanism along the surface of solid dielectrics 1n a vacuum.
Studles were also made of varlous factors influencing the
flashover potential, such as the type of insulatlion material,

the sample shape, and the type of contact between the electrodes
and the sollid dielectric.

In spite of the broad use of a vacuum, and many studies
in this area, there is still no single, generally accepted
theory for the development of discharges along the insulation
material placed 1n a vacuum. There is also no uniform view
on the effect of particular factors upon the mechanism
of this dlscharge, and upon the e.ectric

o
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strength of the vacuum=-solid dielectric systenm,

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 s50lid dielectrics in vf-uum performed by
different investigators, The cause lies in different experimental
conditions and in different ways of conditioning the samples.

One of the facturs which has not been investigated more
thoroughly is the dependence of the potential of flashover
on the type of potential appiied. There have been no studi«s
in general with potential sir '+ ating the switching potentia.
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 vacuun 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 alterrating
potential, But the literature contains only a few references
to works councerned with surface strength of solid dielectrics
in vacuum at switching potentials {52, 53, 54, 79].

The problem of surface strength of solid dielaectrics in
vacuum, and particularly of thermoplastic dielectrics at
switching overvoltages, has become now the most important ana
up~to-date problem because of the construction of vacuum electro=-
energetic facilities of high voltage, and particularly of
cryogenic and superconducting cables [AO, 66] . In those
cables, vacuum forms the basic insulating medium, and solid
dielectric is utilized as a support between the conducting parts

[1, 41, 42, 43, 65].
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In Poland studies on the problem of surface strength of discussed
systems are curried 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,
125]'belong -9 this area, The author considered it desirable to
supplement studies in this field on the premise that organic
igsulators find now wider and wider application, particularly
in electroenergetic systems, for which the problem of strength ;
at switching overvoltages and at high potentials is of basic LJZ“
importance, The present monograph deals with just these problems,

The aim of this work is to learn about phenomena of discharge
along thermoplaetic dielectrics, particularly at switching
overvoltages, and to check and develop a theory of flashover
in vacuum, The second alm of this work is to obtaln quantitative
data with regard to surface electric strength of thermoplastic
dielectrics in vacuum.

The first part of this work (Chapter 2) deals with collection
and classification of literature data concerning the surface
strength of solid dielectrics in vacuum. On the basis of these
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 sclid 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 (Chaptiers 5 and 6).

These investigations comprised the electric surface strength

of thermoplastic dielectrics (polymethylmethacrylate, polytetra-
fluoroethylene 2nd polyethylene) in vacuum at the switcuning

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
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also the effect of pressure and of the time and method of conditioning
the samples upon the surface strength, and also degradation of
surfaces of investigated samples as a function of the number of
flashovers,

In the next 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 remarke 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 dlelectrics, the author
makes an vnalysis 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 studies 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,

e et A D ek Lt e e, ek e
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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 f25,
60, 61, 107].

The mechanism of flashover 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 or high potential.

There are possible several processes of electron emission
from the surface of metal, depending on temperature and potential
of the electric fleld, and depending whether the surface is bombarded
by electrons or ions. Mechanisms of the emission of electrons
may be divided into the .[ollowing categcries:

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.
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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 electrors. 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 | 317 derived Equation (2.1) for
density of the current of field emission from a cold cathode:

3 n 9,500108 R ¢ cp[-s.as-‘lo" $3/2 5 8(:.\] -_Q, (2.9) (2.1)

where: 3 - electric field potential at emitter in g ’
$ - electron work function from cathode in eV,
6(y) = Nordheim function,

Equation (2.1) is derived for the temperature O K, lLence its
application is theoretically Jjustified only for pure field
emissions.

R.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 of field
emission was done by M.V, Houston [63j]. In his work, M.V, ?
Housion tried to determine the change of field emission described :
by the Fowler-Nordheim equation as a function of tempersaiure.

The results of his investigations indicate that the effect of
temperature on emission current is very small), and decreases




e

T T T I TR R T ) O R AT [T s
A :

IT—

-1l =

with the increuase 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 L}B] . 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 alsc the range of tempera-
ture and of field intensity for various values of the work
function, at which the modified Fowler-Nordheim equation finds
application.

The effect of temperature on field emission was also
investigated by Little and Whitney [827). 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
pheromenon of field emission. The results of F, Llewellyn-Jones
and D,J, Nicholas [837], who studied the effect of temperature
on field emission currcnt, 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 electrcn
emission from the surface of metal at normal temperature
is not yet thoroughly known. Since electron emissicn is the
basic phenomenon in the process of flashover in a vacuum gap,
in consequence the mechanism of flashover in vaccum also is not

2ot ek il d ezt e, o
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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
along the surface of solid dielectrics in vacuum has been advanced
despite the fact that many investigators studied the phenomena
of the mechanism of flashover, and proposed their various

ex»lanations,
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 IGO, 61] 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 conditioms of studies
(Figure 2.1).

Systematic 1listings 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 1...ted in Figures 2.2, 2.3 and 2.4 were selected from
the whole saries of publications as those which provide a possibly
accurate description of the effect of a given parameter on the

process of flashover,

R L BN Ll et 2 3 Ly
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Surface electric

—S0lid dielectric

Electrodes

strength of solid
dielectric in vacuum

Figure 2,1, Elements affecting surface electric strength
of solid dielectric in vacuum

Geometric
parameters

Flectric
Electrodes —~ propertied

Other
{ _ physical
properties

Experimental conditions
—of studies
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Reference No.

FSMW e o « o 20, 42, 50, 71. 90,
93, 115, 116, 24

—Troughness

Surf&ce e e o 14’ 6?’ 91) 93

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

Secondar;” emicsion
from surface
— of electrodes . 36, 37

—~Melting
temperature . . 27, 38, 42

Figure 2,2, Parameters of electrodes influencing the surface
electric strength in vacuum
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Figure 2.3. Parameters of =olid dielectric affecting the surface
electric streungth 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 was investigated by Shanmon [ 1047,
Watson [ 127 ], and later by Svinjin [ 1177, Eastman [28],

Moscicka-Grzesiak [90, 93, 947, Milton [ 897, and de Tourreil [121].
In those publications the investigated samples had different :

f. shapes, but the majority of investigators used samples in the

form of a c¢ylinder. L!i-‘
The most thorough study of the effect of various shapes of

samples on the potential »f flashover was carried out by

J. Shannon, S, Philip and J.G. Trump [ 1047 . Their investigated

& samples were 25 mm long and had shapes shown in Figure 2.5.

k. Values of the flashover potential of investigated samples are

presented in Figure 2.6. Samples marked by symbols A3, By» BB’

C3 and C, had the highest electric strength, exceeding 180 kV

after conditioning. The shape 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 B3. ;
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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Figure 2.5. Shapes of samples 25 mm long investigated by

J. Shannon, S, Philip, J.G. Trump {1047 .
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Figure 2.6, Flashover potential for samples of various shapes
according to Figure 2,5. [104] , 1 = glass, 2 -~ first
flashover, 3 - after 10 flashovers, 4 -~ maximal
potential of flashover
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Boersch [12], independently of measurements of the potential
of flashover along the surface of 2 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 electiron 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 linearly with increase of the length of sample,
Increase of the potertial 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 7.

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
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 ] obtained the flashover potential of 50 kv
for a sample of polytetraflucroethrlene (Teflon) of the length
22.5 mm, whereas the author of this work [ Si4, 79 ] obtained the
value of 90 kV for flashover potential also of a sample of
polytetrafluoroethylene 20 mm long.
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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 [30] ;
2 = alundum samﬁlé, according to [171; 3 - glass
sample, according to [ 36, 371 ; 4 = Teflon sample,
according to LS&_] ; 5 = Teflon sample, according
to [37].

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 e
if it was proportional to the length of sample.

e~

2.1.3. ROUGHENESS OF OUTER SURFACE OF SOLID DIELECTRIC

The potential of flashover along solid dielectrics depends
considerably on its outer surface. Kalyatskii and Kassirov [671
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.
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The effect of surface roughness of a solld dielectric was aleo
investigated by Gleichauf [ 36, 37 ] . The results of Gleichauf's
experiments indicate that the electric streng:h of systems at direct |
potential Zncreases by about 40% when the surface of the sanme
dielectric is rough. He has not establish the effect of the
degree of roughness on tne increase ol electric strength,

Further investigations carried out by Gleichauf point to the
impertance 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 cathode, then the value of flashover
potentiali increased by about 35% in relation to the value of
flashover potential of a smooth sample, After the change 2f polarity
of potential at the rough surface, the flashover potential remained
the same as the ona obtained for the smooth surfaca of a sample.

The above phenomenon is explained by an increase of the
adsorption of water and water vapor by the rough part of the
exter-nal surface of a dlelectric. As a result of this adsorption
trere 18 a lowering of surface resistance of a solicd dielectric.

A lower surface resistance of solid dielectric prevents
accumulation of surface charges. As a result we obtain a more
uni form distribution of the electric field.

K

e

#¢.1.4. ROUGHNESS OF THE SURFACE OF CONTACT {JUNCTION)
BETWEEN SOLID 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 [84, 85] mentions briefly the presence of a gap
between a solid dielectric and cathode surface, If both surfaces
could be made ideally smooth, the contact of these surfaces
would be also ideal, and then there would be no strengthening

of intensity of the electric field in the gap, arising from
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in-series layering of solid dielectiric in vacuunm,

In practice, there is no possibility of achieving such an
ideal contact, Hence, there always ¢xist gaps between the cathode
and surface of a solid dielectric. Kofoid in his work [71, 727
assumed an idealized shape of such a gap and calculated intensity
of the field in the gap.Calculations were based on the assumption that
thickness uf the gap is very small in comparison with the total
thickuness 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 betwsen a solid
dielectric and electrode, some investigators [’5.2, sS4, 71, 96]
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 Gleichzuf [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 dlelectric has no effect on the
voltage of flashover.

Gibson EBS] also investigated the effect of volume
resistivity of porcelain on flashover potential, He changed volume
resistivity by chunging 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
porcelain,

It is difficult to draw any meaningful conclusion abcut
tne effect of volume resistivity on flashover potential along the
surface of sclid dielectrics, since not many resulis are available
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and moreover, in the opinion of this author, in studies f}S, 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 glosses of other compositions. After
covering samnles of -lass 857 with silicon oil, the value of
their flashover poteatial 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 1
of surfaces of solid dlelectric with silicon oil.

This conclusion is in contradiction with results of studies
by Srivastav [110 ], 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, ﬂ

Fryszman [33] also found that the flashover voltage
increased by a factor of about 2,6 when a part of external -
surfaces of so0lid dielectric near the cathode was covered with
a semiconducting layer.

It is obvious from the above that there is disagreement between
I results obtained by various investigators, and there is lack of
' meaningful data on the relation between surface resistance and
flashover potentisl,
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2.1.,7. COEFFICIENT CF SECONDARY EMISSION OF ELECTRONS
FROM SURFACE OF SOLID DIELECTRIC

The effect of the coefficlient 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, 37:] mentioned a possibility of the effect
0. secondary electron emission from dielectric surfaces on the
surface strength, an' _uggested a possibility of changing the
distribution of intensity of field caused by secondary emission,
which may be dependent on the density of the dielectric. Thorough
investigations of the mechanism of charging the surface of solid \\q
dielectric were carried out by Boersch and coauthors [12;}. —

A. Watson [126:] postulates that the potential of flashover
along the surface of a solid dielectric is dependent on the secondary
emission, although his hypothesis on the appesarance of primary
electrons differs from the view of remaining authors, He suggests
that primary electrons appear as a result of thermal emission
from the surface of solid dielectrics.

R. Hayes and G.B, Walker {627 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
for samples of titanium oxide, and 22 kV/cm for titanium oxide
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, whicii has the maximal coefficient
of secondary emission 9, = 2.3. The value of Sa for glazed titanium
oxide measured in the work {62:] was 1.2, Comparison of trese
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results indicates that there is no relation between the value
: of the coefficient of secondary emission Y and flashover
potential along a solid dielectric,

In contrast to the above mentioned studies, A, Fryszman,
T. Strzyz and M, Waslinski {33] suggest a rossibility 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 [22, 237 for a sample used aluminum oxide,

a material of hig% density and a high coefficient of secondary
emissicn %3 = 6.4 (Figure 2.8). For coating material he took
. copper oxide, which has a low coefficient of secondary emission
g J%a = 1,25, and chromium oxide, for which &, = 0.,97. Results
; of investigations (Figure 2.9) show a noticeable increase of the
§ \ 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 1
is observed when alundum samples arc coated with chromium ?

T ’-'5'"“""{31 T T ST g Ty

A T e e g o

LT AT

oxide,

The value of the coefficient of iecondary emission depends ) ﬁ
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
in vacuum the condition of surface of s0lid 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 [167] which reports changes of the ccafficient of
secondary emission before and after flashovers (Figure 2.10).

The increase of surface sirength 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 8 as a function
of the energy of primary electrons [1147:
1 « alundum (A1,0,), 2 = COpper oxide (CuaO),
3 « chromium ox€asg (Crao

of secondary emission at consecutive flashovers.

The results of studles indicate that there is a dependence \2@
between the coefficient of secondary emission of electrons from
dielectrics and the flashover potential along the surface of 2

so0lid dielectric.
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Fig. 2.9. Flashover potential as a function of the number of
flashovers for alundum sample [22, 114]: a) alundum without
coating, b) coated with copper oxide, ¢) coated with chromium
oxide; 1- direct (constant) potential, 2 - alternating
potentlal, 3 - surge potential.
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: j Figure 2,10, Coefficient of secondary emission & as a function of
. : the energy of primary electrons E_ [16] :

a) before flashovers, b) after leshovers;

- 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 so0lid dielec~
tric the lower is the coefficient of secondary emission S
from this dielectric,

2.1.8. WORK FUNCTION OF ELECTRON FROM SOLID DIELECTRIC ‘ )1

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 ElZ?] 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 dielzctric-
cathode junction, Should this theory be right, which is nowever
rather unlikely, then the thermal work function i« .1d 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
' electrode, and causes changes of the pre=discharge current initiated
o by field emission, Many experiments were performed in order to
determine the effect of relative dielectric permeability upon the
potential of flashover. Gleichauf [36, 37] finds that dielectric
permeability does not plav any role in the mechanism of flashover,

- However, many investigators confirmed a considerable effect of
‘ dielectric permeability on the flashover potential, Kofoid [71 ’ 72]

4 reports that the potential of electric fields at the cathode-dielectric
junction, deciding the emission of eiectrons from the cathode,
is dependent on dielectric permeability of solid dielectrics. The 23
potential necessary to liberate electrons increases with a decrease
of relative dielectric permeability of solid dielectrics.

Akahane et al, [2, 3] and Ohki et al., [ 97 ] report that they )
measured a higher flashover voltage for solid dielectrics having ]
a lower dielectric permeability (Figure 2,11),

Nagabhushana and Gopalakrishna [96 ] investigated the possibi-
lity of increasing the electric strength by the use of a thin foil
of various materials placed between a porcelain sample (£, = 7.0)
and the cathode. The obtained rcsults indicate that the fleshover
potential increases when the dielectric permeability of thin foil
decreases., 1

Suzuki [115] found that a ceramic material placed in vacuun ‘l
b.s 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 \,';ﬁ—\
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 [ 97 1 :

A - Teflon €y = 2.0)
B - Polyethylene € = 2,3)
C - Polystyrene €y = 3.2)
D - ABS type resin e = 3,2)
_E = Polycarbonates g = 3.2)
F = Conditioned glass €w = 4,0)
F'= Unconditioned glass €y = 4aoO)
G - Epoxy resin A Co - 4,0)
H - Epoxy resin B Ce = 4,2)
I - Polyamides Co 2 4.1)

2.1,10, 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 dlelectrlcs in vacuum, Although many investigators report
electric strengths for testing direct potential, alternating
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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 dlielectric losses on surface strength of solid
dielectric¢ in vacuum,

Hayes and Walker [62] and Lewis [124] studied the flashover
potential using high frequencies, but they do not report the effect
of the coefficient of dielectric loseses. 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
& and 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 dielectrics through
the strong rise of its temperature, as a result of poor heat
dissipation in vacuunm,
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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 so0lid dielectrics in vacuum.

Gleichauf [36, 37 ] made a short remark that thermal conducti-
vity would have no significant effect on surface strength, if we
assumed a 1ast progress of electric discharge. We can admit that i
the effect of thermal conductivity will be considerable ip the case
of covering the surface of solid dielectrics with a semicomducting
layer, which is the cause of the evolution of heat at the applica-
tion of direct or alternating potentials for a prolonged time,
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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 c¢f
gases from the surface of solid dlelectrics during electric discharge,
The phenomenon of degassing of dlelectrics in vacuum has a considerable
effect on surface strength, and for this reason many investigators
dealt with this problem,

Gleichauf [36, 3?] 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 NZ’ 02, CO etc.
The gas analysis reported in the work [110:] was done before the
flashover, Srivastava and Tourreil [110] 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] studied compositions of gas evolved
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during discharges, The obtained spectrographic results indicate that
L a large parl 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
i composition of the gas evolved was also observed. There can occur
decomposition of solid dilelectrics as a result of electric discharge.
Akahane et al, [3:} also used spectrographic techniques to analyze
i the composition of gas before and during the flashover along the
surface of solid dielectrics for samples of polyethylene and bhoron
glass.
; The following conclusions were derived from studies [ 37 :
‘l 1) both the investigated dielectrics evolve gases before the
Eog flashover.
2) during the flashover, polyethylene evolves a large amount of
hydrocarbons,
3) polyethylene evolves more gases than does boron glass,
4) for glass, the amount of evolvad gases decreases with
increase 0f the number of flashovers,
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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 (flashcvers)
necessary for the formation of such a path is different for each
diele:tric, The highest resistance to the formation of such paths
was exhibited by samples of polyethylene and polyamide. Epoxy
resins were in the second place, polystyrene = in the third, ,26
while polycarbonates and polytetrafluoroethylene were the most =t
vulnerable to surface degradation. The results .. .erning Teflon
obtained by Ohki [ 97] differ from those presented by Srivastava [11{}
Kuffel et al., E79, 5_3] also observed strong erosiocn of surfaces
of organic dielectrics after conditioning by means of flashovers,
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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 conslderable effect on the
flashover potential and mechanism of flashover along solid dilelectrics
in vacuum,

2.2. EFFECT OF PARAMETERS OF ELECTRODES ON SURFACE STRENGTH
IN VACUUM

2.2.1. SHAPE OF ELECTRODES 5

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:tem of flat
electrodes with edge profile of the pattern of Rogowski, which
ensured a uniform or nearly uniform distribution of field, Some
investigators used other systems, such as coaxial cylinders [42,
115, 116_] and edge electrodes [HSJ » and placed solid dielectrics
of cylindrical shape between the electrodes. Other shapes of
electrodes were also investigated [17, 71, 90, 93 ] attemptiug
to reduce the intensity of electric fields 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 rfact that, from a
practical viewpoint, the concept of electrode systems is very
important for the increase cof strength of insulation systems.

A change of the shape of electrodes affects the field distribution
not only at or near the electrode=dielectric Jjunction, but also
along the surface of solid . dielectrics. Hence, when analyzing the
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 surfsce 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 roughnese of electrodes
in the case of flashover along solid dielectrics in vacuum., Roughness
and microscopic protrusions are always present on the surface, even
when electrodes appear to be smnoth and polished. The field intensity
is increased at sharp edges and may be sufficiently high to cause LEEL
field emission at or near the solid dielectric-cathode junction,

From this aspect, many authors assumed that a rough surface of
elactrodes is the reason for lowering of flashover potentials

and in their studies they tried to eliminate the roughness of
electrodes, However, Kalyatskii and Kassirov C67'] found that

there was no considerable difference in the eurge 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 raterials.
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Figure 2,12, Flashover potential U_ and voltage of the first
flashover as a functidn of the value of height of

protrusions of surface R
usual coprer and vacuum c8p

2.2.3. WORK FUNCTION OF ELECTRONS FROM ELECTRODE

As was already mentioned, theoreticsl value of the current
of field emission depends on the work function of electrons from
the material of cathodes at a given temperature. However, experi=-
mental results indicate that the flashover potential for a vacuum
gap is not directly dependent on the work function, although the
effect of electrode material on flashover potential is evident.

In the case of flashover along solid dielectrics, experimental
data published by Gleichauf [36, 37 and by Kalyatskii [67]
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indicate that the work function of electrons from the material

of electrodes has no significant effect on 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 limited, end it is perhaps too early
to conclude that the work function has no effect on the potential
of flashover, It is possible that the effect is not visibdle
in the prasence of more dominant factors, which appear in connection
with the presence of s0lid 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 resull
of the bombardment of cathodes with ions or of the action of photons,
When ancdes are subjected to bombardment with electrons having
a sultable energy, we may have emission of secondary positive
ions and X-ray radiation,
The phenomena of secoadary emlssion 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, EZ?]
suggest that metals with low melting temperature (copper, nickel,
aluminum etc) suffer a more intense damage to anodes during
a spark discharge.




. Graneau [ 42 | remarks that titanium is a good material for
electrodes, since it has a high mechanical strengtn and a relatively
high melting temperature,

2,3. EFFECT OF THE PARAMETERS OF EXPERIMENTAL CONDITIONS

2.3.1, PRESSURE AND COMPOSITION OF GAS

f Several investigators studied the effect of pressure on the
potential of flashover along solid dielectrics [28, 36, 37, 76,
'l 100, 105, 122 ] 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""Pa (from 10~ to 10~7 Tp).
' Eastham [28?] found no noticeable effect of the admixtures
of other gases, e.g. Cla, SFG, 02, on flashover potential. The
gases were introduced into the vacuum chamber, and the pressure
rose from 133.322x10"%Pa to 133,322x10™%Pa (from 1076 to 1074 1r).
b Gleichauf [36, 37 | reports that he found no effect of
E pressure, in the-range from 5x10'6 Tr to 5::‘!0'3 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 1
on distribution of electric field, although the curves U = f(p) ]
for insulators with corners and without corners have similar shape.

Smith [105] investigated surface strength for surge
potential 30 ps for a sample of the shape of cones, and found i
no effect of pressure in the range from ‘IO'bf Tr to 10'2 Tr; dbut
at further rise of pressure the electric strzugth of samples
decreased rectilinearly,

Tyman C122] studied surface strength as a functiun of
pressure at alternating potential for a ceramic sample 5.7 mm

e N L
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£ Figure 2,13, Flashover potential as a function of pressure
for a pass insulator placed in vacuum [100]:

1 = corner (edge), 2 = with corners, 3 = without
corners, 4 - test supply potential 600 kV
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long, and did not observe any changes in electric strength

in the range from 102 Tr to 10™2 Tr. SN
On the basis of results of our studies {767 , the author =t

considers that the pressure plays a considerable role, The results

of invezstigations [76] 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 samples will partly lose the properties of conditio=-

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

unconditioning is not fully understood. It would he 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 dilelectrics, Moreover, the surface of solid dielectrics |
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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 and gas composition may
have an effect oa the process of conditioning and un-conditioning.

2.5.2, TEMPERATURE OF THE DIELECTRIC-ELECTRODES SYSTEM

Several authors were concerned with the effect of temperature, T
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 | 109 | reported that the flashover potential
did not suffer a noticeable change when the dielectric was heated
by means of an infrared radiator.

Gibson [35:] studied the phenomenon of ageing of porcelain
samples subjected to the action of direct (constant) potentials
at temperatures up to 200°C, 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 tue flashover
potential was very low, and the samples often suffered damage.

Kuffel and Matsuyama | 80, 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°C. The minimum in the flashover potentials
occurred for the temperature from 80 to 100°C,
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Figure 2,14, Flashover potential as a function of the temperature
of solid dielectric and electrodes £7371 :
1 = porcelain sample, 2 ~ steatite sample,
m=== samples hgated for a long time at the
temperature 800°C before placing in the chamber

There are very few publications dealing with the effect of
low temperature on flashover potential,From a practical viewpoint,

institutions concerned with cryogenic cables and vacuum insulation

have special interest in surface strength at the temperature of

liquid nitrogen.
Graneau [ha, A}j] carried out investigations of flashover

potential along solid dielectrics at the temperature of liquid

nitrogen. Measurements were done on a system of coaxlal 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 irn vacuum increases
acv 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 f22, 26, 36, 42, 54, 76, 79, 97, 1041 .

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 "N
of applied potential. Moreover, the tima of conditioning is Léi:—
influenced by the height of applied precsure, 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
dielectfics, particularly organic ones, during the flashover,
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 pot :atial

[T R S R A O T

which is somewhat lower than the expected flashover potenc. <,

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, oy J .
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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
s0lid dielectrics in vacuum., The majority of investigations were
carried out for constant (direct) potential, but also other types
of poteantial 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 greatect
for constant or surge potential., Kofoid [72]reports (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 oiher 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 putential
(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 suall 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 [22:} and Sudarshan [llq] studied the flashover
voltage (Figures 2.8 and 2.9) of alundum (Alaos) samples covered
with copper oxide (Cuao) and chromium oxide (Cr203) using constant,
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

33
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Table 2,1
Flashover voltage for ceramic samples E?QJ

Flashover voltage, kV
Material Direct Alternating | Surge
(constant) | potential potential
potential | 60 Hz 1.5/40 us
Steatite > 40 Ly 50
Zirconium porcelain > 40 36 40
Rutile 20 18 13
Barium titanate 6.5 7.5 7.5

Length of sample 1.17 cm, pressure 1074 op

00 70
kviu /f .
80 80 80 y.-
[T AL ; kVU
!
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Figure 2,15. Flashover voltage as a function of the length of
sample at the temperature 20°C { 73] : a) constant
potential, b) alternating potential 50 Hz, c) impulse
potential 0.1/180 us; maximal values, === minimum
values; 1 = glass, 2 = sEeatite, 3 = alundum ceramic,

4 - glazed porcelain
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potential, while the flashover voltage at impulse potential was
the lowest,

For 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 [6?‘} found that the change of strength
as a function of the time of duration of ilmpulse 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 fsq:}
mainly the type of dielectric, method of conditioning, length
of samples, temperature,

2.3+5. IRRADIATION

Using quartz glass and boron glass Gleichauf [36, 37:1
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. [74:} obtained reduction of flashover
voltage (Figure 2.17) for impulse potential a few us 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.

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 [36, 37 ] 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 [ 671 : 1 - Teflon,
2 = organic glass, 3 = polyvinyl chloride, 4 =« epoxy
resin; I, II, III, 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 [T747] : 1 - sample
without irradiation, 2 = irradiated sample
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2.3.,6. IN=-SERIES RESISTANCE IN THE TEST CIRCUIT &é?;ﬁ

The discharge current and discharge energy depend on the
parameters of circuit of high potential, such as the source power,
resistance connected in series with investigated object, capacity
of the systen, 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 [563 .

Gleichauf [36, 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-
gators accept the appearance of a bright spark, or a sharp drop
of potential at the source.

Finke [30] and Graneau [42] report in their works that
1 * have not found any larger damage to the surface of solid
uselectric and electrodes at high discharge currents, This is
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
of resistance connected in the circuit,

2.3.7. DIELECTRIC COATING ON ELECTRODES

Several authors {92, 93, 96, 119] investigated the possibility
of increasing the electric strength of systems 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 alelectrics, its tightness,
dielectric permeability, and primarily the power of source and
resistances connected in ceries with investigated systens. ]

2.4, DIRECTIONS OF STUDIES BY AUTHOR 3

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 i
electric stre.z.h 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

i
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Figure 2.18, Values of flashover voltage corresponding to the
consecutive discharges: 1 - noncoated electrodes,
2 - electrodes coated with Araldit lacquer, 40 pa.

limited to thermoplastic dielectrics because it is anticipated
that just they will find troad application in cryogenic
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systems [42, 43 3 .

On the basis of literature swveys, the following theses

10

5

20

25

20

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 flashovur voltage
should decrease, which I8 caused by accumulation of a larger

charge on the surface of ‘s0lid dlelectrics.

b. For long times of duration of the wave front of switching
surge, a part of the charge should disappear fram the surface
of s0lid dielectric through surface conductance,

in an increase in flashover potential,

resulting
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c. Considering the factors listed in Points la and 1b,
the flashover potential along solid dielectrics: in vacuum
should have, similarly to the case of insulators in air,
& minimum in the function of the time of duration of surge
switching wave front.
Insulation materials in vacuum suffer degradation dependent
on the number of flashovers, Energetic actlions connected with
the progress of discharges along the surface of solid dielectric
lead lo 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 metallization of solid
dielectric-electrode contact on surface strength,

¢, Study of the effect of conditioning parameters on surface
strength: type of conditioning potential, number of
flashovers, time of intervals between flashovers,

Proper studies: i;ﬁg

a, Study of surface strength as a function of the length —
of so0lid dielectiric for three materials.

b. Study of surface strengih for direct (constant), alternating
and lightning surge potentials,

¢c. Study of surface strength for switching surges with
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different times of duration of the surge wave front,
d. Study of the degree of degradation of samples as a function
of the number of flashovers,
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3. MECHANISM OF THE DEVELOPMENT OF FLASHOVER ALONG THE SURFACE
OF A SOLID DIELECTRIC IN VACUUM

[

E 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 vacuunm,
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
pre~-discharge current was in the range of 1011 to0 1077 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 suiface 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 sample,i.e. time
and value of applied potential, on the value of flashover voltage.
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However, apart from determination of quantitative relationships
regarding flashover potential, Gleichauf did not attempt to explain
the mechanism of flashover along the surface of so0lid dielectrics

-

in vacuunm,
One of the oldest theories of the mechanism of surface flashover

in vacuum helongs to Kofoid [?1, ?2;]. 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 s0lid dielectric-cathode Jjunctions 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,

and his theory about liberation of X-rays and ultraviolet rays Ziﬁl
from anode was confirmed experimentally by Gleichauf [36, 3?}
However, his hypothesis does not explain the phenomenon of
accumulation of positive charge on the surface of solid dielectric.

Fryszman et al. [33:1 proposed theory similar at least with

respect to the initial state of discharging, that is the emission

of electrons from the site of the so0lid 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
positively and reaches the potential of anode, It means that the
surface of sollid dielectric charged positively functions as a part

of anode and increases the field density along the surface of

so0lid dielectric. As a result, electrons are emitted with greater
eace from the site of junction of solid dielectric with cathode.
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Figure 3.1, Distribution of charges on the surface of solid
dielectric, according to the theory of Fryszman,
Strzyz and Wasinski [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 intenmnsity
decreases to such an extent that the arc becomes extinguished,

If a so0lid 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 [127] 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 us. He suggects the appearance of thermal emission, which
liverates electrons from solid dielectric, This causes positive
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charging of the surface of s0lid dielectric, Positively-charged
surface of solid dielectric attracts electrons, hence there is
an increasing number of electrons hitting the dielectric.
As a result of secondary emission there i3 the growth of positive
charge on surfaces of solid dielectric leading to flashovers.
The theory advanced by Watson differs from other theories about
the inimtial 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. 114, 15:] report that flashover voltage
at constant potential depends on the pressure of residual gas.
They assume that there is always a thin layer of gas adsorbed
on the surface of solid dielectric., They carried out investigations
of pre-~discharge potential-current characteristics shortly before
the flashover, and they studied the rate of the development of
arc anc its geometrical shape. On the basis of obtained results
and assumption of the presence of gas adsorbed on the surface
of s0lid dielectric they calculated pre~discharge current and
obtained the value 1 A, the result in agreement with the value
obtained experimentally. Hence Bugaev, Iskoldskil and Miesiac
established that the discharge starts in the layer of adsorbed
gas, and the flashover voltage depends upon the ability to adsorb
gas by insulating material.

The first works which stated a dependence of flashover voltage
on the phenomenon of secondary emission of electrons from the
surface of solid dielectric were publications of Boersch et al,

[ 12, 581] . In the last decade, Cross, Srivastava, De Tourreil

and Sudarshan | 20, 23, 110, 111, 1147 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 {:12, 58] R
primary electrons, which are in the system as a result of field
emission, collide with the surface of solid dlelectrics, causing
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of the energy of primary electron. To the coefficient of secondary

- 54 =

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 ¢ (Figure 3.2.).

é
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Figure 3.2, Coefficient of secondary emission of electrons §
as a function of the energy of primary electrons

The coefficient of secondary emission of electrons is a function

emission 9 = 1 correspond two values of the energy of primary }
electron, denoted by E; and E;q (Figure 3.2.). The surface of
solid dielectric, which is under electric potential (constant

supply of electroms), will be charged positively or negatively
depending on the energy of primary electrcas, For Ep < Ep < Eqq

the coefficient of secondary emission of electrons 48> 1, and

the surface of solid dielectric is charged positively. If the ____
energy of primary electron Ep is smaller from EI or larger tha:
the coefficient of secondary emission of electrons o< 1, and
the surface of solid dielectric is charged negatively.

The works [12’ 58 ] show change of the charge density
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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 pctential [12, 581

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 so0lid dielectric to electrode.

In the mechanism given by Boersch, Hamisch and Ehrlich,
the surface of solid dielectric is first charged positively
(if 4> 1) a- 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 A

is different at particular points of insulator., Sections of solid
dielectric may be charged positively or negatively, since this
depends on the type of so0lid dielectric and on the energy of
electron hitting the surface of solid dielectrics.
The authors of the work [114] 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,
coefficient 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 [33]
and theories of Boersch [12, 58] or Cross {20, 23, 110, 111, 114]
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
positively, and then the charged surface extends towards the
anode. The process described according to the model of Fryszman
requires a longer time to reach the flashover than the processes

according to Boersch or Cross,
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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 s0lid dielectric=-cathode surface junction liberate gas adsorbed
by the surface of these materials. A local increase of the pressure
of gas at the surface of so0lid dielectric is the reason of flashover
caused by charge accumulated on the surface of solid dielectric.

According to the theory of Akahane, the flashover voliage
decreases with the amount of gas adsorbed by s0lid 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 KHL{_
proposed by Bugaev, and it contains the same problem of the presence — i
of gas on surfaces of solid dielectric,

Avdienko and Malev (7, 8, 9 | advanced a mechanism of surface
flashover suggesting the gas model of flashover. They think that,
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 the
s0lid dielectric, Under the effect of applied electric flelds
the emit-ed 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 3
joins the two electrodes, The potential of surface flashover
was calculated as a function of the amount of evolved gas. The 4
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 funstion of time decreases, and
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Figure 3.4. Flashover voltage as a function of the time of heating

of polyethylene samples at the temperature 1000C [:3:] ’

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 [4, 51 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 so0lid dielectrics with electron
cascade causes tlie 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 dielectries.

Bugaev et al, in works [ 14, 157 , and Akahane et al, [ 2, 3]
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 thin 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, 1
the secondary emission of electrons at the surface of solid
dielectric,

Anderson and Brainard [4, 5] explain the mechanism of the
development of surface flashover in vacuum as a result. of the i
secondary emission of electrons and desorption of gas from the ;
surface of solid dielectric.
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L, 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 133.22x10'7 Pa (1077 1Tr).
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.,322x10"% Pa (from 1076 o 107% Tr) remained nearly indepen=-
dent of pressure, the measurements of flashover voltage were
done at the pressure 133,322x1072 Pa (1077 Tr).

Diagram of the vacuum chamber is shown in Figure 4.2.
The chamber consists of a glass cylinder of height 40 ¢m 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,

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, 4L37 since they possess a high electric

e
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Figure 4.1. Test stand together with measuring instruments:
vacuum chamber., a system of vacuum pumps, vacuul
gauge, cscilloscope of company Tektronix type 585 A4,
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 c¢ylindrical shape

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

To ensure good contact between investigated samples \ %7
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 dlelectrlics was obtained by means
of pressure on the upper electrode equal to 196,133 kPa
(2 kG/cma). Before placing in vacuum chamber the samples and
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Figure 4.2. Vacuum chamber with a system of flat electrodes and
50l1id dielectric between electrodes: 1 - 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; =z 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.@ , 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 us to 600 us and the time to
half-peak from 50 us to 3000 ws, The switching surge of required
shape was obtained from a two-step generator (Figure 4.3) by
changing the resistances R], R2 and capacity C1 in the circuit,
Capacities 02 and C3 formed a capacity divider, which supplied
the oscilloscope of company Tektronix type 585 A with long glow
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Table 4.1
: Electrical properties of investigated insulating materials

Polymethyl Polytetra | Poly ;
Property methacrylate fluoroethy | ethy 4
) (organic glass, | lene lene 3
) No. Plexiglass) (Teflon) 4
1| Dielectric strength 1
(kV/mm) 48,2 37.7 35.5 :
2| Dielectric permeability ?
3| Coefficient of dielectric 3
losses tg 3. at f = 60 Hz 0.0622 0.0003 0.0004 .
4 { Volume resistivity !

(2, cm) 1013 10'7 10'7
. 5 | Surface resistivity ?

( & cm/cm) 1,2410'2 1016 10'6

\ 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 j
alternating potentials .- of the order of 1%. Values of lightning 3
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 Q% f
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.
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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 W, R - charging resistance 3.5 ka , R1 - resis=-

tance forming the course of surge from 52049 to 600 kQ,

- res:Lstance formlng surge wave front from 5 kQ.to
80 kg 026 - cable impedance 75 & , C, = load
capacity O 05 p} (not used for normal surge wave
1,2/50 . p-), - divider capacity 0.0001 pr,,

03 - divider @apacity O 1 o, M - D,C, source

4,2, EXPERIMENTAL PROCEDURE

It is a known fact that the method of joining the solid
dielectric with electrode [71, 72] 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 ernables cne to obtain
results with relatively small scatter. According to many authors

[ 36, 69] the lack of good contact between solid dielectric
and electrude makes it impossible altogether to carry out
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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dlelectrics with electrodes, e.,g., 501id dielectrics may bs even
inserted into the electrode (Figure 2.5). However, at a good

L contact of so0lid 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
v 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 133.322x10'6
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 + 2°C). ;

Usually, the first measur:-ments 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 tn 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 perind of 15 minutes, Next, the test poteutial,
direct or alternating, was gradually raised by about 2 kV every
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Fig. 4.4, PFlashover voltage as a function of consecutive
flashover for filve various sa ples. Alternating potentlal,
pressure 133.322x1077 Pa (10 Tr), samples of polymethyl-~ ¥
methacrylate 10 mm long (see table 4.2). :
Key; (1) Number of flashovers.
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Table U4.2. 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.

LRI Bt e et R S il e i e PR
H g 7 T
. e - R

E('iomn, 12 Napiecie prseskolu Upa, kV :g:z:—

: przeskok [3) Frobka Upa,, |

; | | B ol e | A x|V —

©1 | a9.8] 29,8310 33,0) 332 | 3m |

i L2 [3e] 6|28 ]33.6] 33 | 32,5

: 5 |30,0] 31,0]33,0|35,2| 3.6 | 32,5 mes

: « |33,2] 31,2|35,0]35,0] 30,0 | 33,68 Y upa

‘s | 33,8] 35,6 33.6|38,8] 37,0 | 35.% Upnyy = g

el | 6 37,2| #0,0] 36,8 | 39,0} 39,0 38,32 )

; L9 |37,0] w1,0] 38,0] 39,6 s20 | 39,52

3 - 8 40,0| a«,0{ 43,0} 42,8| #1,» 2,2

i 9 38,8| 40,8| 43,6 | as,0| 42,0 | 41,00

1 ' 10 43,0| a4,6] 96,6 | 46,6| 28,6 | a5,88 |

E bn Ne )

; Upa i

i Lo 46,6 49,0] #7,0| #2,0{ 48,0 | 46,52 ) T sr

| 12 | ua,0| a6,6| %0, | 45.0] 20,8 | 7,08 Uy = —SF—— |
a3 25,6| 45,6] 45,4 | 48,6] 51,4 87,32
i 1 ‘?.“ .9'0 .6.6 5100 %O“ .9.“ upu(-x) s 9'% ! b
i b
LS w,2| «8,2| 51,8 5%,0| 3,0 | 951,28 ! 3
L6 3,0| #6,0| 47,0|81,0] 53,0 | 46,00 Upyy = 49.00 :
Y 49,0} 49,0| 51,8 42,0 5.4 | 50,28 :
© 18 47,0| #e,0| 51,2 | 47,8] 51,0 | 49,00 Updyy(ain) = 46090 ;
: 19 52,81 4a,0| 55,0| #9,8] 52,0 0,56 - _
L 20 s2,6]| 52,0] 52,0 5%.2] 0 | 52,96 | |
Zey: (1) Consecutive flashovery (2) Flashover voltage; %
(3) Sample; (4) Average value. ]
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second, until the flashover occurre&.

In order to obtain reproducidle 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
cr 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 experimentmsal results was based on statistical
analysis {:112:] which permitted to obtain representative data,
The obtained results of the conducted studies of surface
electric strength of s0lid dielectrics in vacuuia are random
events, characterizing distributions of variable random results
of measurements (measurement domains), The obtained compieted
set of results for one measurement is a random sample from the
general population.

| 5

——

General values obtained in measurements can be represented as:

g




Figure 4,5 (left). Oscillogram of consecutgve switching surges
50/250 us, pressure 133,322x10"7Pa (1075 Tr), sample
of polymethylmethacrylate 5 mm long.

Counting from top to bottom: 1 = 15.0 kV, first surcge;
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.C 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 switching surges
80/700 us, pressure 133,322x10~5Pa (102 Tr), sample
of polymethylmeihacrylate 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; E
4 - 17,0 kV, tenth surge; 5 - 20.0 kV, first surge; i
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
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where: X; - value obtained in i-th measurement,

3 constant part of measured quantity,
actual (real) value of measured guantity,
systematic error of measurement,
¢y =~ accidental (random) error of measurement,

o T
(I |

Appropriate apparatus, materials and methodes 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 Xy for each measurement nest will also be subject
to normal distribution described by the function:

tp = e - (2535 |

where: s - standard deviation of errors.
The obtained results of measurements as a sample of general

population do not provide the real values but .they only suppiy
information for their estimate.

Arithmetic mean was determined from a sample which is not 52
‘-‘——--’

limited by estimating the value of the expected population:
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Unlimited estimators of variance were obtained from the

formula:

Ga'éxi ("’.’.)20

(Y]

where: X - arithmetic mean of sample
xi-Avalue 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 variaznce of
general population sa,would lie in this range, and the prota»ility

had a given value called the confidence level.
For the normal distribution of random variable of mcasure=~

ment, wkhen the value of standard deviation (s) of the population
is unknown and we only have its estimate, the confidence level
is described by expression:

- - ‘L-
P(:-t,-&_;(l(x)(xot, va) p

where: E(x) ~ expected value,
t ~ random variable in t-Student distribution (the

P value of t_ is found in tables for the accepted
& = l-p and for degree of freedom v=n=1),
a= 1-p « level of significance,
P ~ confidence level,

We applied 42 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 the results of measurements, 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 @ = 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:

as 0,1 pP=0,9 0,977 X ¢ 1,023 % .
as 0,08, P = 0,954 0,972 ¥ ¢+ 1,028 % .
as 0,01 P = 0,9% 0,962 ¥ + 1,038 X .
Confidence ranges for variance are, respectively: 5L\.
a= 0,1 0,7093 % ¢ 1,377 &% ,
&= 0,054 0,6600 8% ¢ 1,457 o ,
a= 0,01} 045710 &° ¢ 1,622 »° .

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 ex;;-)ressing 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.
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5. RESULTS OF OUR INVESTIGATIONS OF THE SURFACE ELECTRIC
STRENGTH OF THERMOPLASTIC MATERIALS IN VACUUM

5.1. " YFECT OF PRESSURE ON FLASHOVER POTENTIAL

As was already mentioned in Section 2,3.1., Ramm {100 ]
observed the existance of the effect of pressure, in the range
from 133.322x1078 Pa to 133.322x1072 Pa (from 10~ to 1072 Tr),
on electric strength of the system solid dielectric=vacuum.

Ramm did not carry out detailed investigations, but he noted
only a change of electric strength of pass insulator in vacuunm
as a function of pressure,

For determination of electric strength of the system
solid dielectric=-vacuum we measured and then analyzed the effect
of prescure in the range from 133.322x10™° Pa to 133.322x1072 Ppa
(from 10'6 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 1.2/50 us, and switching surge 50/250 ps and 400/2000 us,
In order to obtain reproducibility of results of investigations Q
we carried out conditioning of samples according to Section 4.2, i

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
lengths of investigated samples the flashover voltage showed the
tendency of going down as the pressure increased from 133,322x10°
Pa to 133.322x10™% Pa (from 107 to 10™% Tr). The lowering of
electric strength of the system in this range of pressure is
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rather small. Then the flashover voltage increases strongly and
_ reaches the maximum value at the pressure of about 666.61x10’4 Pa
L (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™2 Pa to 133.322x10~2 Pa (from 10™> to 102 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
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pronounced glow appears on the surface of solid dielectric,
particularly at the site of the dielectric-electrode junction,
- An attempt was made Lo utilize thi; phenomenon of glowing
for the conditioning of samples. Such conditioning of samples
by means of glow resulted in a reduction of the scatter of
mecsurement, However, this method was abandoned because of
difficulties with determining unambiguosly the parameters of
conditioning, i
Measurements of electric strength of the system solid B
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 alermating test potential is the same as at direct
potential, For the surge wave 1.,2/50 us the flashover voltage
has a constant value in the range of pressure from 133.322x10'6 Pa
to 133,322x10"% Pa (from 1076 to 107 Tr), ard then falls down
at the pressure 133,322x10™> pa (107> Tr), but does not show
the characteristic rise, For the investigated switching surges
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Figure 5.1, Flashover voltage as a function of pressure for samples
from polymethylmethacrylate, Direct potential,
1 - sample 5 mm long, 2 - sample 10 mm long,
5 - sample 15 mm long, 4 - sample 20 mm long

the flashover voltage has a constant value in the pressure range
from 133.322x10™° Pa to 133.322x10™% Pa (from 1076 to 107% Tr).

The characteristic rise of strength at the pressure 666.610x10"% pa
(5x10-4 Tr) does occur for switching surges, but this rise is

very small, .
Experiments were performed on samples from polytetrafluoro~ }-7/

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 ns
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Figure 5.2. Flashover voltage as a function of pressure for samples
from polymethylmethacrylate, at various types of
potentials. Length of sample 10 mm; 1 - direct (constant)
potential; 2 - alternating potential 60 Hz; 3 -
normal surge 1,2/50 we; 4 - switching surge 50/250 ps;

5 - switching surge 400/2000 ps

during flashover at various pressures, for samples cf polytetra=
fluoroethylene S 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 133.322x10'6 Pa (10'6 Tr), Figure 5.3a,
and at the pressure 133.322x10-“ Pa (10°“ Tr), Figure 5.3b, is
practically the same. The lowering of flashover potential occurs
at the pressure 133.322x10™~ Pa (1072 Tr), Figure 5.3c,

Figure 5.4 illustrates good reprcducibility of results,
It shows three consecutive switching surges. The flashover voltage
remains counstant at a given pressure during first flashovers,
until the effect of sample degradation appears,
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Figure 5.3

Figure 5.4

(left). Oscillograms of switching surze 400/2000 us
at the time of flashover. Polytetrafluoroethylene
sample © mm long. Scale: 100 ws/cm, 30 V/cm.

a) pressure 133.322x10:2 Pa (10;2 Tr),
b) pressure 133.322}(10_3 Pa (10_; Tr),
c) pressure 133,322x10° - Pa (10™- Tr).

(right), Oscillograms of switching surge 400/2000 us
at the time of flashover, Polytetrafluoroethylene
sample 5 mm long. Scale:200 ws/cm, 50 V/cm.

Pressure 133.322x10°2 Pa (10~2 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 133.322x10™® Pa to 133,322x10™% Pa (from 1076 Tr
to 10~% Tr) does not undergo chrange,

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 2 small degree, The pressure at which such experiments
were conducted was chosen to be 133.322x10'5 Pa (1077 Tr), since
efficiency of the system of pumps was of this order that it allowed
to maintain constant vressurc of 133.322x10'5 Pa (10'5 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, 96 ] . 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 flelds is :
caused by:

1) appearance of crevices on the surface of so0lid dielectrics, Which
causes an increase of the potential of fields in the crevice
(crack): in places of insuffi.ient 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 rconducted 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 wac 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 (6i
the number of flashovers for 5 metallized samples and 5 normetallized
samples from polymethylmethacrylate of length 20 mm. The strength
of voth 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 voltacge
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Figure 5.5, Junction of electrode with solid dielectric:
a) nonmetallized sample, b) metsilized sample,
! = so0lid dielectric, 2 = electrodes,
3 = metallized surface,

becomes stabilized,
In turn, Figure 5.7 presents average values of the flashover

voltage for 5 samples metalliced and nonmetallized, of the length
10, 1%, 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

counting from eleventh to twentieth, for 5 nommetallized 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
sSamples,
For better presentation of the effect of metallized surface

of solia dielectric=-electrode junction on surface strength,

the autlor introduces the coefficient % , callad the coeffi=-

cient of lowering surface strength of solid dielectric because of

PN
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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 - umple 20 mm.

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

Number of flashovers.
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Figure 5.7. Average surface strength of 5 samples from polymethyl-
methacrylate as a function of the number of flashovers
(abscissa), Alternating potential.
1, 3, 5, 7 = metallized samples; 2, 4, 6, 8 - nonmetallized
samples; 1, 2 - samples 10 mm longy 3, 4 = 15 mm long;
5, 6 = 20 mm long; 7, 8 - samples 30 mm long

metallization of the surface of solid dielectric.
The coefficient % 1s given the form:

I L "1 .
7 T4 ateret, |
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= averages value of flashover voltage for
5 metallized samples of solid dielectric
of a given length,

where: xSr met .,

Xsr niemet, - average value of flashover voltage for
S identical nonmetallized samples.

It is seen that the flashover voltage for metallized év.

samples at alternating potential (Figure 5.9) is lower than the
flashover voltage for nonmetallized samples, by about 30% for
samples 10 mm long and by about 20% for samples of length 20 mm,
With increase of the length of solid dielectrics the effect of
metallizetion of the surface of sclid dielectric becomes =maller
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 vporder ol solid dielectrics
where they seriously reduce the surface strength, A thin layer
of silver on the surface of solid dlelectrics 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 cof flashover voltage of metallized
samples approaches the value of voltage of nonuetallized samples.

Studies of the effect of metallization of the surface of
solid dielectric on surface strength at direct(constant) potential
and surge potential reveal a similar tendency of changes of the
coefficient (Figure 5.10 and Figure 5.11) ae «t alternating potential,
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Tigure 5.8 (left). rlashover voltage as a function of the length
of sample from polymethylmethacrylate., Alternating
potential; 1 = nonmetallized samples; 2 - metallized

samples.

Figure 5.9 (right). Coefficient of lowering of surface strength
because of metallization of the surface of samvle~-
electrode jJjunction 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 mm. The lowering of strength at direct potential _
is grezter than at alternating potential, Because of a strong ﬁéégj
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 dlstributlon 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 potentizl 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 votential
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 junctioi, because
of a smaller scatter of measurement results than with normetallized

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

The majority of investigators of this problem concluded
that measurcment 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 [25, 59, 61, 102, 1077] 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 electroces in vacuum.

—m o it~ s -

Some conducted experiments indicated that conditioning of the
surface of so0lid 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 ©f 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

TR e e e e o

A% strength of solid dielectrics in vacuum were conducted at the
| pressure 133.322x1077 Pa (1077 Tr), on the basis of studies of l:éé;
surface strength as a function of pressure, described in Section 5.1. 3
For the conditioning pressure we adopted 133.322x10'6 Pa (10'6 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
133,322x107° 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 133.322x10-6 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 133.322x10°° 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 bvecame constant, hence we “ecided that
for calculation of the average value for a given sample we shall

e 12
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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 133,322x10™2 Pa (10™7 Tp),

consider values of potential from 11 to 20 flashover. Zarlier
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 of 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 values of flashover voltage were lower, and

in some cases even be” 50% of the value of previous flashover

voltage. In order to . ' iin reproducible results of measurements
at direct (d.c.) pote. al and alternating (a.c.) potential,

it was necessary to prolong the interval between consezutive
application of potential to 10 minutes. Such a long veriod
without potential suggests a possibility orf the action of space
charge, accrumulating on the surface of investigated samples,

on the lowering of value of flashover \cltage,

T T T S UV R P
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Figure 5.13, Consecutive values of flashover voltage at direct
‘otential along polyethylene sample 5 mm long.
a) unconditioned sample, after placing the sample
for a period of 24 hours at 133.322x10‘5 Pa,
b) interval in measurements for 24 hours,
sample placed in vacuum 133,322x10~° Pa,
¢) interval in measurements for 24 hours,
sample conditioned with alternating ootential
of 20 kV for the period of 30 minutes

V¥ith 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 bty

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 surge potential, samples

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

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

/4]
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the flashovers, 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 to 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,

.flashover voltage is illustrated in Figure S.14. The graph

shows flashover voltage at surge potential 1.2/50 ps for ten
consecutive flashovers after the application of conditionins
with direct potential (d,c.) or alternating potential (a.c.).
The conditioning by means of direct or alternating potential
consisted ¢f raising potential by 2 kV every minute to the value
of about 70% of the expected flashover voltage. The potential

The effect of the type of conditioning potential on P
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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 ps flashover voltage.
Polyethylene sample 5 mm long; 1 - sample conditioned
with direct potential, 2 - sample conditioned with

alternating potential.,
Ordinate: U_, kV; abscissa: n, number of flashovers

D
was maintained for 15 minutes, and then was raised to 10 flashovers
still at the direct or alternating potential, respectively.
Ir turn, surge potential 1,2/50 us 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 1s 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 5.15 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
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 i
flashover voliage, narticularly in the case of surge potential, ﬂ
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 i
of potential leads to the conclusion that alternating potential j
causes the most effective conditioning and leads to the most
constant value of flashover voltage.

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 so0lid dielectiric 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. potential, a.c, potential
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and surge potential as a function of the length
of sample for polytetrafluoroethylene (Teflon)
after conditioning with d.c., and a.c. potential,
Surge 1.,2/50 ys (a.c. conditioning)

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

a.c, potential (a.,c. conditioning)

d.c. potential (d.c, conditioning)

surge 1.2/50 us (d.c. conditioning)

a.c, potential (d.c., conditioning)
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material, and they result in formation of a thin casbon layer,
Studies [16] have shown that the coefficient of secondary
emission decreases as a function of the number of flashovers
(Figure 2.10), Value of the coefficient of secondary emission
will, therefore, 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 or the surface of solid dielectrics.

In the case of d.c, potential, 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 so0lid 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 dlelectrics. Both the intensity and
frequency of occurrence of discharges starting on the surface
of solid dielectric increased with the length and roughness of L7
outer surface of solid dielectric. Generally it is assumed that
the action of high voltaze leads to gradual removal of roughness
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,
3 pre~flashover ‘ischarges keep occurring until the time when
the potential reaches the value of flashover voltage.

- 5.4. EFFECT OF THE LENGTH OF SAMPLE ON VALUE OF
FLASHOVER POTENTIAL

One of the significant factors deciding the surface strength
of solid dielectrics in vacuum is the length of sample. Studies
E indicate that the effect of the length of sample of solid dielectric ;
i 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- E
] gated system at direct potential, alternating potential 60 Hz,
surge potential 1:5/50 ps, and switching surges with different ;
periods of time of the surge wave front., Values of flashover f
voltage are average values of results obtained for 5 samples, i
following the procedure given in Section L4.2. For each type of 5
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 switching 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 ps,
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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

-~ normal surge 1.2/50 us

- alternating potential 60 Hz
- switching surge 35/80 us
switching surge 50/250 us

- switching surge 80/700 us

- switching surge 150/1800 us
- switching surge 400/2000 us
- switching surge 600/300C v s
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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 causes 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 for
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 ~

T = e L

where: Up - flashover potential
d <= length of sample
&4¥g - 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=-percent 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 A
of solid dielectric and a constant coefficient describing the
type of dielectric, 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 cf the length of
sample at direct, alternating and surge 1.2/5C us potentials
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Figure 5.17,., Flashover voltage as a Tunction of the length of sample:

polymethylmethacrylate (1, 2, 3)
— — — — Dpolytetrafluorocethylene (4, 5, 6)
e—e_o_ polyethylene (7, 8, 9)

Conditioning with direct tential, Flashover potential:

direct gotential (1, 4, 7); surge potential 1.2/50 us
(2, 5, ; alternating potential (3, 6, 9)

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 polytetrafluorocethy-
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
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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 alsc 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 tase 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
rotential 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. i7.

Surface strength at various types of potentials (direct,
surge 1.2/50 us, 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
so0lid dlelectrics as a function of the length ¢of sample and the

type of potential as after conditioning with direct potential
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Figure 5.18, Flashover voltage as a function of the length of sample:

polymethylmethacrylate (1, 2, 3)
polytetrafluoroethylene (4, 5, 6)
- o ® e ® — mlyethylene (7’ 8’ 9)

Conditioning with alternating potential. Flashover
fotentialz direct tential (i, 4, 7); surge potential
.2/50 us (2, 5, 8); alternating potential (3, 6, 9)
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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 CN 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 ths 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 1is higher
than the strength at switching surges,

For analysis of the effect of the time of duration of
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 recrevases as
the time of duration of the wave front increases. The minimum
strength for a sample with length of Smrm and 10 mm occurs for
potential with time of duration of switching wave front 80 us,
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,
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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:

direct potential

normal surge 1.2/50 us
alternating potential 60 Hz
switching surge 35 80us
switching surge go /250 us
switching surge 80/700 us
switching surge 150/1800 ns
switching surge 400/2000 us
switching surge 600/3000 us
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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 Figure 5.21,

The effect of the time of duration of switching surge %7
L=

wave front on surface strength was also examined for samples of
polytetrafluorocethylene (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
minimum of strength at the time of duration of switching surge
wave front 80 us for samples 5 mm long, and at 150 us 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
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Figure 5,20, Flashover voltage as a function of the time of duration
of switching surge wave front., Sample from polymethyl=-
methacryiate, Conditioning with direct potential.

1 - length € mm, 2 - length 10 mm, 3 - length 15 mm,
4 = length 20 mm
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of the surge wave front towards longer times as the length of
sample increases,

In the opinion of the author, change of flashover voltage
ag a function of the tims of duration of switching surge wave front
is caused by surface charge which accumulates on the surface of
s01id 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,
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Figure 5.21, Flashcver voltage as a function of the time of duration i
of switching surge wave front, showing the maximum ;
and minimum values, Sample from polymethylmethacrylate, 1
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 ¢ 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 so0lid dielectric, which forms a thin sheath N‘"‘%
around the solid dielectric. Electrical discharges develop in f
this gas layer. Increase of .hickness of the gas layer i
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Figure 5.22, Flashover voltage as a function of the time of duration
of switching surge wave frcrt. Sample from poly-
tetrafluorocethylene, Conditioning with direct
potential, ' = length 5 mm, 2 ~ length 10 mm,

3 - length 15 mm, 4 - length 20 mm
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facllitates the development of discharging, and thus lowers the
flashover voltage. But also the formation of a gas layer enables
the transfer of a part of surface charge to this gas layer, and
in this way the density of surface charge decreases, Moreover,
the layer of gas around the surface of solid dielectric decreases
its surface resistance, which also facilitates the flowing off
of a part of surface charge. These two factors causge, in turn,
an increase of surface strength as a function of the time

of duration of switching surge wave front,
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Figure 5.23, Flashover voltage as a function of the time of duration
of switching surge wave front, Polyethylene sample,
Conditioning with direct potential., 1 -~ length 5 mm,

2 = length 10 mm, 3 = length 15 mm, 4 -« length 20 mm
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The above mechanism of flashover at switchirg surges
explains the observed fact that at first there is a lowering
of flashover voltage and then there is risz of surface strength
as a function of the time of duration of the switching surge wave front.
A shift of the minimum of flashover voltage in the direction of
longer times of duration of wave front confirms the above expla=-
nation of discharge mechanism. For longer samples,K longer time is
necessary to form a gas layer of suitable thickness, 3nd for part
of the surface charge to drain from larger surface of solid dielectric.
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73
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 relation (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:

aghte™t fart Y

0 o ‘q . (5.2)
L [."-'1‘ »y(‘ . -'-".“"_)_)]fl?? oy

where: ®q, ~ coefficients characterizing the type of solid
dielectric and the method of conditioning,
d - length of sample,
a2 - efiect of the length of sample,
o™ - 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
15?5 factor causing increase of strength, connected with
sux face conductance of solid dielectric and with
rate of draining of the charge,
‘1ﬁ2 - constants connected with type of material, length of
sample, conditioning factors,
L - time of accumulation of surface charge, above which
' there is the effect of the rise of surface strength
connected with rise of surface conductance of
solid dielectric,
\ - time of duration of the surge wave front,
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Figure 5.24. Flashover potential as a function of the time of
duration of switching surge wave front, ;
:t‘" - effect of the accumulation of charge on surface of ]
43089 s0lid dielectric,
1= - effect of surface conductance of solid dielectric
v 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 Up min °F tmin it is necessary to calculate

the derivative of function Up with respect to t, since the 20
remaining factors in the equation, i.,e., a4y ays are constants

for a given type of dielectric and method of conditioning, and

Ty S0 depend on the length of sample d. Hence for a given
sample, T Ty 9, 4 are also constants,

% = f;(d) type of dielectric, conditioning,

T = fa(d) type of dielectric, conditioning,

v =

f3(d) type of dielectric, conditioning.
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Hence the general equation appears as follows:

S “1;'3[,"1(.)' o1 - Fm (* vm))] forva ¥ (g (5.3)

For a given "d" and 3 %) the derivative after transformation
is expressed by equation:

@ _
The condition for extremes dUp/dt =0
% :2["1 oo ‘.”30«3"‘"]30; (5.5)

From which after transformation one obtains equation fot tmin:

uweag (5.6)
'us""!;—r"'“-, .
After substituting tmin into Equation (5.3) one obtains the

relation for Up min®

Tables 5.1 and 5.2 give values of flashover potential
obtained experimentally and calculated according to Equation (5.2).
Investigation was also made of surface strength for three
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.
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Table 5.1. Flashover potentlal obtained experimentally and potential
calculated for various times of duration of the switching surge wave
front for polymethylmethacrylate, polytetrafluorocethylene and
polyethylene. Conditioning with direct potentilal.
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Table 5.1 Cont'd.
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Key: (1) Type of dielectric; (2) Length of sample in mm; (3) ]
Measured potentlal in kV; (u$ Time of duration of the surge wave

front, in us; (5) Coefficients for equation (5.2); (6) Calculated
potential in kV; (7) Time of duration of the surge wave front, in

us; (8) Polymethylmethacrylate; (9) Polytetrafluoroethylene;
(10) Polyethylene.
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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
pclyethylene. Conditioning with alternating potential.
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110¢

Keys same as table 5.1.
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Figure 5.25. Flashover potential as a function of the time of
duration of switching surge wave front, Polymethyl-
methacrylate 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. Flashover potential as a function of the time of
duration of switching surge wave front., Polytetra=-
fluoroethylene 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 5.27. Flashover poisntial as a function of the time of ;
duration of switching surge wave front. Sample from 1
polyethylene, conditioned with alternating potential, 3
1 « length S mm, 2 = length 10 mm, 3 = length 15 mn, ;

4 = length 20 mm i
The e*fect of the time of duration of the ridge (peak) 27
of switching surge on flashover potential was not systematically ,

investigated, since flashovers usually appeared at the peak of
surge or near it, Only in a few cases we observed that flashover
occurred on the ridge (slope), a few microseconds behind the peak

of the surge.
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1 6. DEGRADATION OF SURFACE OF SOLID DIELECTRIC Lgfé
{ CAUSED BY FLASHOVERS

; Studies of surface 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 s0lid dielectric suffered e
a strong damage, and the potential of flashover had smaller and
5 smaller value (Figure 6.,1). The degree of degradation of a given ]
sample depends, in addition to the number of flashovers, also on g
; such factors as the method of conditioning, type of applied
potential, power of test source, and resistance connected in
series with investigated object, li
Studies of the degradation of surface 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
Ei resistance of value 600 ®@. was included in the circuit of the
source anu semple of dielectric. The state of shorting of the
system was interrupted after 10 ms,

R e

¥ irron e

: [
- R " C ©
No. of flashovers

Figure 6,1, Flashover voltage as a function of consecutive -5
flashovers, Direct potential, pressure 133,322x10 Pa
(10 7 Tr), polymethylmethacrylate sample 5 mm long
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The mechanism of degradation of solid dlelectries in vacuum
is not yet fully known., In this work the data concern the degra-
dation of three investigated s0lid dielectrics: polymethylmetha=-
crylate, polytetrafluoroethylene and polyethylene. Our studies
of surface degradation of solid dielectrics are carried out
on the basis of analysis of the oscillograms of the course

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 to
cause a flashover., Figure 6.2 shows oscillogram of consecutive
switching surges 600/3000 us of potential with value 28,0 kV,
As the Figure shows, the first flashovers did rot cause lowering
of the value of flashover voltage, Moreover, not all surges with
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 fl=shovers 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
s0lid dielectric does not occur violently (suddenly), but there
happen to be cases where after a few flashovers the investigated

§
hal
of switching surges, photographs of the surface of solid dielectrics
magnified by means of an electron microscope, and measurements

of infrared absorption spectra.

ot o ot e e it s o e o | .




I T e i e e ot S e o

- 115 .

TN g AT TR ot et g e T

o

Figure 6.2 (left). Oscillogram of consecutive switching surces
600/3000 u s, Polymethylmethacrylate sample
2 mm long. Value of potential 28.0 kV,
Surges from No., 1 to No. )

Figure 6.3 (right). Oscillogram of consecutive switching surges
80/700 us, Polymethylmethacrylate sample
5 mm long., Value of potential 21,5 kv,
Surges from No. 1 to No. 3
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sample becomes completely destroyed. Figure 6.4 shows oscillograms
which 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 here
very 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, the
flashover occurred at even lower values of potential, and altogether
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Figure 6.4. Oscillogram of consecutive switching surges 400/200C us.
Polymethyimethacrylate sample 5 mm long. Value of
potential 34,0 kV, Surges from No. 1 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,

Figure 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 1 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 ilashover 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 suzgests that the surface of the canal is
smooth, The canal arose as a result of high temperature of an %7
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 s0lid dielectric onto electrodes we used a sample having
one edge notched (Figure 6.9). The location of the notched edge
was changed, i.s., once it touched cathode, and then the notched
e@ge 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 dielec:ric, 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,

We conducted also studies of the surface of polytetra-
fluoroethylene after 10 and 20 flashovers (Figures 6,11 and 4,12),
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,
cradually broadens and causes more and more small ridges,

At a distance of about 1/3 of the length of samvle 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
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Figure 6.7. Sample of polymethylmethacrylate, magnification 100 X:
a) after 10 flashovers, b) after 20 flashovers
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Figure 6,8, Sample of polymethylmethacrylate after 20 flashovers,
magnification 300 X,

Figure 6,9, Sample of polymethylmethacrylate with one edge notched,
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E‘ Figure 6.10. Anode with deposited particles of solid dielectric
: - polymethylmethacrylate = as a result of flashovers;
' a) notched edge touched cathode, b) notched edge é

touched anode

arpears to be gradually disappearing. Such a character of
discharge confirms that particles of so0lid dielectric are
distributed uniformly along the edge of solid dielectric
on anode (Figure 6.10).
Microscopic studies of the state of surfaces of solid Li;_
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 lne 1s visible even better on photographs taken after ;
N 20 flashovers (Figure 6.14). In addition, this broken line has j
variable width and depth along the path of discharge, The above i
photographs evidence a poorer uniformity of polyethylere in relation é
to polymethylmethacrylate and polytetrafluorocethylene. é
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Figure 6.11. Sample from polytetrafluoro-

ethylene. Magnification 100 X. a) before i
placing in vacuum chamber, b) after 10
flashovers

. Figure 6.12. Sample from poly-
tetrafluoroethylene 10 mm long,
after 20 flashovers, Magrnifi-

cation 45 X
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Flg. 6.13. Sample from polyethylene, magnification 100X; a)
before placing in vacuum chamber, b) after 10 flashovers
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Figure 6.14, Sample from polyethylene after 20 flashovers.
Magnification 100 X

As is seen from the presented photographs of surfaces of 1
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 i
and not so deep canal, which is the result of melting and erosion
of the surface of polymethylmethacrylate. For polytetrafluoro- i
ethylene and polyethylene, flashovers lead to the formation of
very distinct canals, which are considerably deeper and narrower
than for polymethylmethacrylate, ;
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6.3+ SPECTROGRAPHIC STUDIES

Samples for studies, in the form of thin films, were sliced
by means of microtome directly from solid dielectric subjected to
the action of flashovers as in Section 6.2.

It was noted that repeated flashovers polished the surface
of so0lid dielactric to some degree, The canals of flashovers along
the surface of solid dielectric were visible with tle naked eye.

Infrared absorption spectra in the range 650=4600 em™) :
were obtained to follow changes occurring in the structure of ;
investigated solid dielectrics under the action of flashovers, ‘
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 polyethylene, which according to studies of discharge
canals by means of electron microscope suffered the strongest \O‘

damage to surface, certain changes occurred in absorption spectra "2 ;

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
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area of surface changes.
The usefulness of spectrographic studies for evaluation

of the extent of degradation of the surfaces 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 dlsadvantage of this
method is difficulty of preparing samples of the same thickness

At IR
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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
j ! of solid dielectrics should be carried out at possibly the
f_i smallest current of shorting and the shortest time of shorting,
to reduce the damage of surfaces of solid dielectric to a minimum.
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
flashovers, Among the investigated materials, polyethylene suffers
the strongest degradation, and polymethylmethacrylate is the
lezst affected,
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7. SUPPLEMENTARY STUDIES OF THE MECEANISM OF FLASHOVER
ALONG .SURFACES OF SOLID DIELECTRIC IN VA_CUUM

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
f diselectric in vacuum. This Chapter, in turn, will present results
§' of further studies aiming at getting better knowledge of the
: mechanism of flashover along thermoplastic materials in vacuum, 3
: A system for observation and recording of surface discharges
E- (Figure 7.1) was used for studies of the mechanism of flashover
E 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 i

intereosting stage of discharge. :
In investigations of the mechanism of flashover along

surfaces of so0lid dielectric in vacuum at direct potential

the author observed [53, 767 the occurrence of local flashes

on the surface of s0lid 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, "72.
Photograph No. 1 (Figure 7.2) shows the first unclear LﬁL~—

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 atage.
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Figure 7.1. Diagram of a system for observation and recording
of discharges on surface of solid dielectric.
1 = vacuum chamber, 2 - Video ~amera, 3 - magnetoscope,
4 - monitor, 5 = photographic camera

Photograph No, 2 (Figure 7.2) shows the state of pre-flash=-
over discharge after raising t.ie 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 tc Photograph No. 2.
The intensity of glowing discharge is very faint and this discharrce
nearly entirely fades away,

After the period of time of about 0.4 sec, counting in
relation to Photograph No, 3, there was a flashover at unchanged
value of potential (Photograph No. 4, Figure ?7.2). Then, in
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intervals from 0.05 to 0.1 sec followed cunsecutive 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
of flashovers took place.

Discharges develop on the outside of the sample, and the
electric arc 1s the broadest in its middle part, which is evidenced
by the width of the damaged belt of solid dielectric in 7.3b. | 3=
An interesting fact is the appearance of branching (Figure 7.3b) L;;N
and a broader canal at one of the electrodes. Figure 7.3a shows
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Figure 7.3, Sample of polymethylmethacrylate 5 mm long after
40 flashovers, Magnification 13 X. Alternating :
potential, value of potential 42 kV.

1 a) side canal 1, b) the main canal, c¢) side caral 2

o




Figure 7.4. Polytetrafluoroethylene sample 10 mm long, after i
40 flashovers, Alternating potential, flashover %
voltage 36 kV, a) Canal at electrode A, magnification i
S0 X, b) Canal at electrode B, magnification 50 X,
¢) Part of the canal from Figure 7.4a, magnifi~
cation 200 X
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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;
b) Canal 1, at electrode - magnification 100 X;
c) Canal 2, middle part - magnification 400 X
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Figure 7.6. Polyethylene sample 10 mm long, after L4LO flashovers,
: Flashover voltage 30 kV, alternating potential,

. Canal appearing on a part of the surface of sample:
a) magnification 100 X, b) magnification 200 X,

¢) magnification 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 cample 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
7.4¢c, 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 1 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 cr 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
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and are the result of the point melting of polyethylene., The
shape of these craters is very characteristic, 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 the 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
surface strength of system in relation to the surface strength
after conditioning with direct potential tecause of the fact that
at alternating potential the pre-flashover discharges develop
more uniformly around the whole solid dielectric, {Q?F

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 3
charging of the surface of the solld dlelectric 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 so0lid dielectric.

Colliding with the surface of solid dielectric, electrons

~‘ surface of polyethylene resembled craters (spots) on electrodes

R TR £t s e
TN ol

R s T
- . : .

PR S P SOCSIY




g g

AT e g oy

T S e

|
f

- 136 =

cathode 4

++++

X
A

2 jielectric
h .

- ++++
++++
++++
+++4+
++++
++++

duck it bined

anode

AN streta rowktadu sektronce © < © 4
NEY strefa rorktadu jonsw dodatnich @ @ 1
' 'E"j‘ strefa rozktadu czqsiek obojgtnych 9

rign o [ .7. Distribution of electric charites in the system
with solid dielectric in vacuum
1 = area of distribution of electrons
2 = area of distribution of positive iomns
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
cause liberation of positive ions (cations)from the anode. They
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from the surface of solid dielectric than the electrons, and they 3
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
é dielectric becomes larger and larger, and its effect on the
E 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
F 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 ¢f dielectric. Moreover, the gas layer ;
reduces surface resistance of solid dielectric, enabling a part i

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 fI =! 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.

L
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' move slowly in the direction of cathode but at a larger distance
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8. FINAL CONCLUSIONS l!f%z %

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 so0lid 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:

P 1, Finding a dependence of the electrical surface strength of

L s0lid 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 votentials 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 flashkovers, value of conditio-
ning voltage, and the type of test potential,

The author hopes that the presented results of studies ZLQL
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,
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9. APPENDICES

Appendix 1. Flashover potential for volytetrafluoroethylene
with conditioning at direct and alter: ating potentials.
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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 mps; (8) Direct;
(9) Alternating.
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Flashover voltage for polymethyimethacrylate at
various types of potential, Conditioning with direct

potential,
Ohlicsone mpieeie
o® '::::::::r‘¥"“ag Usyekany waér odwasro= prsestoia wg
Rodsaj sapleeia Diagotd oot & | WY sapiecie prse= Diugost rovei(y)
Sm|0m|15m{om ""“ﬁ/ Sm|Om{©Sm|20m
wae O 01,0 | 65,2 | 01,0 [92,9 | Up = 16,057 &% M7 | 63,1 |80,2 | 95,2
m 1‘2/” p @ . ,‘.2 ﬁ., ”.’ ”.’ Up » 1’.”’ ‘o.", ”.’ s7t° 7’I° ”‘1
prseatecne (D 20,7 | 38,7 | a2;a (08,6 | Tp & 14,399 40126 20,9 | 38,9 [82,6 | #8,9
udar lacs. 35/80 pa @ 31,3 | 50,8 | 66,0 |773 Op = 10,959 do'm 31,6 | 50,0 [&5,3 | 78,9
udar 1ees. 507230 pe (D] 26,6 [43,0 | 57,0 7,9 | Up = 8.m10 872 26,0 | 43,3 (57,8 | 70,9
udar tacs. 80/700 pa(lpy | 23,8 | 35,9 8,8 [52,0 | Up = 8,182 (¢ 23,3 | 36,5 {87,5 | 5743
“‘:5053333';:" 27,3 [ 8,6 | 46,9 [51,6 | Up = 13,088 400 28,2 | 38,8 (46,7 | 53,0
“:‘w}wm @ 31,3 | 46,1 | 58,7 58,6 | Up = 15,209 Qe 32,1 | W3 |53,6 | 61,0
udar lgoseniowy
600/3000 ps 52,8 |50,8 | 0,9 {65,6 | Up = 18,870 40511 33,8 | #8,2 [59,3 | 68,7
Key: (1) Type of ptentialy (2) Measured flashover potential in
3

kV; (3) Length of sample; (U) Equation representing the flashover
potential; (5) Flashover notential calculated from equation; (6)

Direct; (7) Surge (impulse) 1.2/50 us, (8) Alternating;
(9-14) Switching surge.
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E; Appendix 3. Flashover voltage for polymethylmethacrylate,
E polytetrafluoroethylene and polyethylene. Conditioning
f with direct potentisl. |
7 Y } ““ﬁﬁ??:::"“’“"
E:-nd Neateratae aspiscte Taysimay waée odwaore aesko wiory | ]
;.:.: ,mm D ‘la.l .y “’m"““ iy Dlugodé préoid (3 R
' GD prédl ¢ <§7 S | Vm|{15m [20m o
Sm |[Wm | Y%m| 20 e
_i

"-hﬁ a0 (@2 | 91,0 [ 2,9]|waw0? 5 |2 |61 ] 02 95..: |
wdareve 1,2/30 [36,2 | 60,3 73,3 | %3 {0p = 13,993 O 3.3 | 370 | 73,0 | 8?2, ]
¥
=g

.

Rt o

0086 20,9 | 30,9 | 42,6 [48,9
mu@ N7 35,7 42,4 48,6 (Op = 11,099 & 1) .

owde @ |a30 |&9 | 72,1 | 90,0 |00 x 19,002 c°-’;; a0 | @2 'n.; ::.:
wdarowe 1,2/30 57,6 | 35,2 | 3.2 | 70,0 |0y = 18,500 &%% 58,7 | 53,0 | @&, '

0038 | 29,9 | 26,7 | 30,4 | 32,7
mm@ 1,9 26,7 0,5 324 | Upw 3, ¢ . . » !

003 1 a0 | 57,3 | 0,2 [ 81,1
oud [ 59,5 {€0,0 | 70,5 | 79,0 0p = 18,003 &7 . . .

"%330 40,6 | 57,6 | @38 a3 O Y 303 | e2,3 | 57,0 | @41
9

037 [l 20 20,6 | 26 | 29,8
m® 20,5 | a8 27,3 | 30,V e300 & " o

i

Key: (1) Type of dlelectric; (2) Type of test
Measured flashover potential in kv; (4) Length
Equation representing the flashover potential; (6) Flashover

botential calculated from equation; (7) Polymethylmethacrylate;

(8) Polytetrafluoroethylene; (9) Polyethylene; (10) Direct;
(11) Surge 1.2/50 Rs; (12) Alternating.

Potential; (3)
of sample; (5)

e Lk i
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| Appendix 4. Flashover voltage for polymethylmethacrylate,

¥ polytetrafluoroethylene and polyethylene. Conditioning with

: alternating potential.

- Oblicsone napieoie
¢ Rodss) Pomlerscas oapiecie praeeipks| geyskany waéw odwaoro-|  Drieskoku wg wsorw [
el e st . T R [ rueese peeee ;
: ltmn“ . “ Dlugosd pridid =@ 0m |15 m [20m i
: O ' @ Saa |10m | 5m |20m 5 m
3 1

5 ' 4 owe 1,2/50 ps | 62,4 90,5 113,0 |134,0|Up = 25,697 L €2,17| 90,% | 113,6 | 133,

g ; @ 89,5 730 88,6 | 106,00p = 20,751 492 49,6 | 72,3 30,1 1105,3

; 33 3 l“l.@ . aovm “.7 51 .7 ‘,u‘ 7,'1

2ED Prsutlll’@ 37,6 | 49,0 | 643 | 73 Dp = 16,472 :
£ * i
; . 0,0 | o3 | 18,0 |27,0tp a2e,778 BN 1553 | 86,3 | 107,6 s8]
¥ &1 gjudnrove 1, ' * 0,565 lag,3 { 68,6 | 86,2 |101,8
£ = »@ = 18,610 4™ ' * ;
-3 o ~5 7 ”.s &'a 100.2 w 1] b 3
: im0 e | oo | a2 | sne W ow w751 a2 1295 1398 | a7 | B2
1 - § pPrIealsuus 29,7 ' ’ ' i
2zl e

88,3 | 108,0 | 116,8 [Op = 26,436 a9*59 (59,0 | 83,5 | 102,3 | 118,0 i
] [ ) :
81,0 | 93,8 |0p = 18,050 a%** a3 [ 6a,5 | 80,5 90,1
a3 64,3 [} [} 0,029 2,2 | 3,5 a3,6 | 49,0 i
’ i

priuuuo@ 27,1 36,7 43,8 | 48,6 {0p = 13,727 &

&)
PE
o

:ﬁ

polietylen

Key: (1) Type or dielectric; (2) Type of test potential; (3)
Measured flashover potential in kV; (4) Length of sample; (5)
Equation representing the flashover potential; (6) Flashover
potentlal calculated from equationy (7) Polymethylmethacrylate;
(8) Polytetrafluoroethylene; (9) polyethylene; (10) Surge
1.2/50 ps, (11) Direct; (12) Alternating.

¢ < Tl -t : (Y ps .
e R i iG]
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5' Appendix 5. Flashover voltage for polytetraflyoroethylene
3 at various types of potential. Conditions -with direct
2 potential. .
3 molh-o.h 3‘!3 d Unysisay wsér odwnoro~ Gitosene :am:: m!qgon
F.L y 7Y ] i
Roases mapiesta (O r— i A ~-~(n) D2ugost peobit .
Sam|{10m [5m | 20 Sm | 0m | S5m0 m
¢ ]
: stale @ a3,8| 2,9 | 72,1 | 9,0 |op = 19,002 ¢%:58 43,8 | &7 1774 | &8 ]
- 3
: ‘ ndsrowe 1,2/50 pa () | 57,6 | 55,7 | 65,2 | 70,0 [0y & 18,500 4%*F7 38,7 | 33,0 |639 | 72,8 ,
; : prammisans @ 21,9 ) 26,7 50,5 | 32,4 |Up = 13, .28 2%,9 | 28,7 30,1 32,7
L udar 2e0s. 35/80 pa @ | 27,3 | 43,8 | 57,8 | 6a,8 [0 = 9,920 4% 2.7 | B (558 | €2
; wiar 2q0s. 50/230 pa (@) | 23,4 | 37,5 | 50,0 | 60,2 [op = 2,778 o705 23,4 | 37,6 |a7,6 | 60,6
wiar 2acs. 00/700 pa(R) | 21,9 32,0 | 48,5 | 91,6 {9 = 2,010 &O08N Zigo | 334 (831 | 51,2
2 ar Hesensaien ,@ 26,3[32,0 | 43,2 (6,9 (W12, %2  Ime | 35 [@ | a8
: nr onerion £ 1260|352 |02 [s0r{mewias @2 [z | ma (aes |30
2
g, 5% ,-@ 2,5|56,7 | 916 | 506w e 0,00 I lae | e | | san

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 us; (8) Alternating;
(9~14) Switching surge.
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Flashover voltage for polyethylene at various

Conditioning with direct potential

F:-'::::: v %”“ @ Usystany vade odwsoro- m:?“?' =””"‘=: @
Rotaay sestecta () nnuuopuiaég__J ‘”ﬂﬁdﬂﬁﬁ?‘@p. Diugost prodit

S | VM| m ao:-l sem | W0ml15m|20m

l

amate ® | 39,5 | 60,0 | 70,5 [79.0| Up = 18,08 o002 0,0 | 57,3 | 70,2 |9
warove 1,275 ps(T) | 33,8 | 48,6 57,6 |63,8 | Op » 16,313 OV |33 | 7,3 | 57,0 |65
prscsicane 20,5 | 28,3 |27,5 (30,0 | Up = 13,07 4037 20,8 | 28,6 | 27,6 (29,8 '
wtar tcs. 35760 po@ 25,0 | 40,6 {30,0 157,86 Up o 9,629 2% (255 38,9 | 490 59.2
udar kees. 50/250 22,7 | 33,6 | 46,9 |53,1 | T = 8,150 N i 22,5 | 3,8 | 95,0 | 53,9
udar 2ac8. 80/700 ps G| 19,5 | 26,6 | 36,7 |47,7 | o= 668 PRl 18,6 | 28,9 | 37,5 |50
udar iacs.150/1800 20,0 | 28,9 |75 |5 U= 7,802 2578 19,8 | 29,5 | 37,0 | 8440
udar 2408.400/2000 20,2 | 380 |82,2 |88,8 | Up = 10,08 405 28,2 | 383 | A2,1 | 886
adar 1468.600/3000 22,3 | 35,9 |e3.8 | 539 L Op = 12,352 O 1267 | W | 5. |08

Key: 1 = Type of potential,

% - Length of sample, L -
potential, 5 = Flashover
& - direct, 7 = surge 1.2/50 us,
g-14 = switching surge

2 - Measured flashover potential in kV,

Equation representing the flashover
potential calculated from equation,
8 = alternating, ‘
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Appendix 7. Flashover voltage for polymethylmethasrylate at

various types of potentlals.

potential.

Conditloning with alternating

Poulersens nspigels ' te odwsezo-
Bodse3 aspieeta Prsesots v ¥ @ SIvy mpivaie pese-

Oblisscne sapieole
prseskoku wg veere

sbelnd Diugoss prédki

:s:?'“::::“:iqgﬁao- Sm | YVm 15@?} 20 m
atarows 1,270 po € @0 | 205 | 13,0 {190,0] Tp = 25,69 c:'” &@,17 | 90,96 |113,6 | 1330
ome ) 0,5 | 73,3 | 0,6]%060| o o207 %% Jane | 723 |03 | 9053
resenteans (3) .6 | 90 | o3| ms| wewan @ {367 | 507 |G | B
wier 2008, 3300 o () 40,0 | 95,3 |w05i0]|122,2] W =0 05N @i | @9 | | e
wier 2408, 30/230 a2 | @2 |108,6]120,0| 0p = 20,0m &3 s (@7 (a7 | 49,9
wiar 2o, 60/700 pa((]) 33,3 | 39 | %004 [112,3| Op = 22,925 A‘::: 53,1 | 72,6 | 969 | 13,5
afar mO m "‘07 ”o‘ ”.. 1“.0 w - 22.129 < ,‘o‘ ”o’ gao 107.0
war 408, 400/2000 piD 34,1 | 76,7 | 93,1 | 490 o « 22,97 O isse | 72 |56 | M2
ntar 2aes. 60073000 (B 5335,6 | 790 | 96,3 |19.2] e OB B0 | T8 |2 | 1657

1 - Type of potential,
% « Length of sampl
potential, 5 - Flas :
6 - surge 1.2/50 us, 7 = direct,

2 - Measured flashover potential in kV,

e, 4 = Equation representing the flashover
hover potential calculated from equation,

9-14 - switching surge

v -
ERRE e ¥ TSI

8 - alternating,

R ALt o o




147

$ Appendix 8. Flachover voltage for polytetrafluoroethylene
3 : at various types of potentials. Conditioning wilth alternating
| potential.

K

E A Modse) oapieeia m-"&“ Usysmay maée odwaero- :&m :’tl':::

: « 0 T Diaett provs () | "W Serbeels praeske- Drugest proi D |

k S |]M0m |[Y9j0m Sm |Vw| D= |200m

: udarowe 1,2/50 ps 0,0 | 8,3 |108,0 [127,0| Up = 20,778 45N 59,3 |86,3 |107,6 |125,8

; stale @ 45,7 | 70,5 86,3 |100,2)| Up = 18,610 do's“ 46,35 | 68,6 | 86,2 |101,»

by pesentenne(R) 29,5 | 40,0 | 47,6 | 53,8( Up = 18,731 o™ 23,5 [39.8 | a78 | 537| |
) 2aca. 35/00ps (57,2 | 83,8 | 97,0 [122,8| Up = 28,518 04526 57,1 | 82,3 [101,8 |118,5 |
2ecs. 50/250 s |5a,8 | 73,6 | 95,5 [118,2| Up = 22,083 ¢®H? 53,2 [77,7 | 96,9 |113,5
far 2eos. 80/700 ps, |50,2 | 68,9 | 93,1 [112,5| Up = 19,037 %583 48,6 |72,8 | 32,2 | 109, i
2008. 150/1800 pa| 50,2 | 71,3 | 91,6 |107,6| uUp = 20,565 a0+34? 49,8 | 72,8 | 90,9 |106.5

: fir 2a0s. ¥00/2000 psi50,2 | 72,8 | 92,6 |112,0| Up = 19,786 404572 49,7 | 73,8 | 93,1 |109,8

: 2e0s. 600/3000 pai 50,9 | 73,8 | 93,3 |115,0| Up = 19,795 494578 50,2 |T%,8 | 98,6 [111,7

1 = Type of potential, 2 - Measured flashover potential ian 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 various
types of potentlals. Conditioning with alternating

;l

gA potential.

é Naiersoas e Oblicsone napigoie

[ nlngh :" @ sysitany wads odwsoro- praeskoku wg -:u

- Rodsaj sapigota Jacy oapiecie prae-

3 o Dlugodé prd skoku @D Dlugodé prdbki

' 5m|10m|9%5m ) 20en Sm | V|95 m|20m

wiarowe 1,2/50 pa | 58,6 | 8.3 {108,0 |116,8 Llp = 26,436 €049 59,0 | 83,5 |102,5 |118,0
om2e @ a3 [ o3 | 81,0 93,8 [up = 18,050 €@ | aa3 a5 | 80,5 | 9w,a
peveatenne (B) 22,1 | 36,7 | 43,8 | 48,6 |vp = 13,727 %45 | 22,2 | 36,5 | 43,8 | 49,0
Be 200, 35/00 pa {08 | 260 | 955 (1208 [0 < 23,667 O3 | 503 [ 75 | 95,5 10,8
2eos. 50/250 pa | 51,7 | 7,3 | 93,1 |106,5 [Up « 21,087 83T | w4 q | 936 | 91,1106,
des. 0/700 pa\| 46,3 | 37,3 | 26,9 [100,7 |up « 12,930 &®3B | 45,7 | 65,5 | &2,9 98,1
2408.150/1000 paf 46,3 | 66,6 | 2,2 | 97,8 |up « 19,03 o537 46,1 | 66,8 | 63,0 ] 96,8
- L 2408.400/2000 pd 49,6 | 70,5 96,1 {100,4 | Op = 20,000 6%%0 | &9,2 | 72,6 | 91,2 {197,0
s (L: 2q0n.600/3000 pol 50,9 | 73,6 | 90,2 [%06,0 | 0p = 21,006 5% | 50,9 | 23,3 | 90,2 |105.5

YT TR T aa

e i s st i

[P S ENE S )

1 = Type of potential, 2 - Measured flashover potential in kV,
R 3 = Length of sample, 4 - Equation representing the flashover
4 potential, 5 « Flashover potential calculated from equation,
i 6 - surge 1.2/50 us, 7 = direct, 8 = alternating,

i 9-14 = switching surge
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SURPACE EIECTRIO STRENGTE OF THERMOPIASTIC
BATERIALS IN VACUUM

Bumsary

Deapite the wide applicating of vacuum and the aumerous studies pre-~
seated 14 this dcasin, there is mo, $il) now, the generally accepted
Sheory explaining the flashover mechanisa along the solid dielectrio
ia Yaouum. This work clascify and analyse the influence of variocus ele-
asnts oa the flashover a2 aisa and on the electria strength of vacwm-
80144 dielectric syateam. ! particular the influsace of pressure, sample
length, astallisation of electrode - sample ocontact surfaces and dondi-
ticaing factors is presented o the basis of the author sxperiments.

The experimental results of surface electric streagth of thermoplastioc
materiale (polymethyl methacrylase, polytetrafluoroethylea, polyethyle-
ne) submitted t0 switching and surge cvervoltages are given and analy-
sed in relation to the switching surge number and its wave front aure-
tion. The theory of the flashover mechanism along the investigated ma-
terials in vacuus, elaborated by the smuthor, is preseated and the ana-
lytical expression for flashover voltage as the function of switching
surge wave froat duration is givea.

The investigation of flashover mschanisa was completed by the measurs-
aent of solid dielecsrics surface degradasion rete. T™e analysis of
succeeding switching surges developmeat in oscillograph records is pre-
sented together with the pictures of-solid dielectric distroyed surfa-

ces after flaskozers at d.c, or a.c. voltage taken by electron microsco-
Peo.
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