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Abstract

As most of Practical insulation systems are composed of several
insulating materials, semiconductors and conductors, interfacial phenomena
are considered to play an important role. In order to clarify the effects
of interface, thermally stimulated current (TSC), conduction current
and dielectric breakdown measurements were carried out on the com-
posite of EVA (ethylene-vinyl acetate copolymer) and PE (polyethylene)
and also on other combination of polymer materials.

The TSC and conduction current in EVA-PE showed remarkable
dependence on the polarity of the applied voltage, which cannot be
explained by the simple Maxwell-Wagner model. This is explained as
follows. Positive carriers are easily injected into EVA from the Au
anode. Some of them are trapped at the EVA-PE interface and give
rise to a new interfacial TSC peak. Most of the positive carriers can
pass through the interface and move in the PE layer, increasing the
conduction current in PE by about two orders of magnitude. The
conduction current measurements also revealed that the existence of
some polar groups at the metal-PE interface enhances carrier injection
into PE.

Methods were proposed for analyzing the internal fields in the
composite system to which the simple Maxwell-Wagner model could not
be applied. The internal field under very high field near dielectric
breakdown strength was estimated from the breakdown strength of the
composite. The internal field under lower fields was estimated by the
separation method developed here. It was revealed that the ratio of
internal fields of PE and EVA layers dependes on the polarity, field
and temperature. The latter method also clarified that the positive
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carriers trapped at the EVA-PE interface were located on the EVA side.

Other combinations of polymers also showed the same polarity
dependence as EVA-PE, suggesting that EVA-PE was not an exceptional
case but that similar phenomena also took place in practical insulating

composites.
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1. General Infroduction

For the increasing demand for electric power and for the improvement of the
efficiency of electric power transmission, AC and DC UHV (ultra high voltage)
power transmission lines have been developed nowadays. The application of UHV
transmission system highlights the problem of high voltage insulation. On the other
hand, in the field of microelectronics, the increasing density of devices in LSI also
needs high quality insulation. Although the applied voltage is low in electronic
devices the electric field is high in the insulating layers.

The common demand on insulation in power transmission systems and micro
electronic devices is to withstand high electric field. This has gradually changed
the concept of “high voltage techniques” to “high electric field techniques”. For
the purpose of high field insulation, polymeric insulating materials are gradually
widely used in the field of power engineering, since they have more advantages than
traditional insulating materials.

In order to make better insulation design, it is necessary to understand various
electrical phenomena in insulating materials. The basic electrical properties of
insulating materials are summarized as follows:

(a) electrical insulation properties

(1) electrical conduction

(ii) dielectric breakdown
(b) dielectric properties

(i) electrical polarization

(ii) dielectric loss

Great efforts have been made to understand the electrical conduction mecha-
nisms and space charge accumulation in polymeric insulating materials. If it is
possible to completely understand the relationship between microscopic molecular
structures and macroscopic electrical properties of polymeric insulating materials,
it is of benefit not only in the field of insulation design, but also in the field of
material design. However, the electrical conduction, breakdown and aging behaviors
are very much complicated and sometimes they are not determined by one mecha-
nism only. The mechanisms of conduction, breakdown and aging depend upon the
environmental conditions such as temperature and applied voltage. These facts
make it more difficult to handle the problems.

In addition to electrical insulation and dielectric properties, mechanical pro-
perties play an important role in insulation design. It is necessary for insulating
materials to have enough mechanical strength.

In the field of electrical insulation, in addition to the development of new
materials, there is another approach to satisfy various requirements. This is the

application of the composite insulation which combine favorable properties of several
materials.
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From a wide point of view, even in a single insulating material such as poly-
ethylene, the crystalline and amorphous parts form a kind of composite. From an
engineering point of view, one of the advantages of applying composite insulation
systems is to decrease the cost. Fillers added in epoxy resin not only improve
insulating properties, but also decrease the cost. For the reasons mentioned above
the investigation of electrical properties of insulating composites is very important.
In the study of a composite system the properties of its interfaces are considered

to be very important.

When a composite insulating system is analyzed, the Maxwell-Wagner model?)
is traditionally applied. The basic idea of the Maxwell-Wagner model is to consider
the conductivity and the permittivity of each insulating material and to calculate
the resistance and the capacitance of the composite by means of circuit analysis.
Consider, for example, a plane-parallel dielectric slab consisting of two layers of
different materials of thickness §; and §,, dielectric constants ¢, and ¢, and con-
ductivities ¢, and ¢,, respectively. Then, the conduction current density in each
layer is given by

ie=0Fy (D
2c= 00", 2)

where i1, and i,, are the conduction current densities in layers 1 and 2, respectively,
and 7, and F', are the electric fields in layers 1 and 2, respectively. The displace-
ment current density in each layer is given by

t1a==e,0F"1/0t 3
T ig,==e,01,/08. 4
The total current density ¢ is given by
i=01,Fbrg=0g.F 24
=0 F1+ 08 )0t =0,y ¢,0F , /0. 5
The total applied voltage V is given by
V=0F,+08,F,. (6)
From equations (5) and (6), one obtains
F1=[V0,/(0:0,40,0,) ]+Cexp(—1/7) (N
where C is a constant and
=81+ S182)/ (8201 010,) &
For the case of step-like voltage application, the initial condition
Fi(=0)="(e;,V)/(e:01+€185) €))

gives the constant C in equation (7) The internal field F'; is then given by the
following expression, - - - - - -
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F1:[V‘T’z/<‘7152+0251>]+[<€2V>/(€231+8182)
— (Vay)/(010;+0,01) Jexp (—1/7). (10)

From equations (1) and (2), the conduction currents in layers 1 and 2 are calculated.
The amount of charges accumulated at the interface is expressed by

Q={ Gn—izat. (11)
Some reports proved that Maxwell-Wagner model could explain the TSC in
epoxy-mica insulating composites?:3). However, the Maxwell-Wagner model is

inapplicable to certain cases, e.g. the polyethylene (PE) and ethylene-vinyl acetate
copolymer (EVA) composite system, as will be discussed in this report. Therefore,
the EVA-PE laminate film is a good system to study interfacial phenomena in
insulating composites. There are some applications of EVA-PE composites. This
has been applied to a proto-type cable to decrease water trees by Chubu Electric
Power Company Inc. and Tatsuta Cable Co., Ltd.t+~®.

2. TSC from Laminated Polymeric Dielectries

2. 1. Introduction

In order to clarify transport phenomena and other physical properties of
dielectrics, many investigations have been carried out by means of thermal stimula-
tion. There are several methods for investigating dielectric materials by thermal
stimulation, such as thermally stimulated current (TSC), open TSC and thermally
stimulated surface potential (TSSP). In addition, X-ray or high-energy electron
beam has been also used?~1®) to study TSC due to carrier traps in dielectrics.

A TSC results not only from carrier detrapping, but also from depolarization
of dipoles. Dipolar TSC has been well analyzed theoretically!!), but there is no
complete analysis on behaviours of trapped charges and mobile ions in TSC experi-
ments because of the complexity of the phenomenal?).

The authors mainly deal with interfacial trapped carriers in this chapter. For
the purpose of studying interfacial trapped carriers, low density polyethylene (PE)
and ethylene-vinyl acetate copolymer (EVA) films were used.

Polyethylene is one of the widely-used polymeric materials. It is used not only
in the field of electrical insulation, but also in our daily life, since it is easy to
process and also has an advantage of no toxic gases being produced while burnt.
In the field of UHV insulation system polyethylene is used in XLPE (cross linked
polyethylene) cables. In Japan, 275kV XLPE cables are successfully used, and 500kV
XLPE cables are under development. From engineering point of view, the study
of the carrier transport and generation in polyethylene has crucial importance.

In order to study the polymner-polymer interface with polyethylene, a polymeric
material which is similar in chemical structure to polyethylene is desirable as a
counterpart. Ethylene-vinyl acetate copolymer meets this requirement and it also
has physical properties similar to polyethylene when the vinyl-acetate content is
lower than 7 913, There are many reports concerning the physical and electrical
properties of EVAI415)  The main difference between EVA and PE is that EVA
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has more amorphous parts!s) and higher permittivity than PE. It seems that EVA
and PE provide preferable combination to study the polymer-polymer interface.
In this chapter the TSC spectra of EVA, PE and their composites are mainly

discussed.

2. 2. Experimental Method and Specimens

The TSC experiments were carried out in a vacuum vessel.

The block diagram

of the instrumental arrangement is shown in Fig. 1. The pressure inside the vessel
was held around 0.1 Pa by a rotary vacuum pump. The temperature and the tem-
perature rising rate were controlled by a temperature control unit. Currents were

measured by a vibrating reed electrometer
(VRE) (Takeda Riken TR-84M).

Two kinds of methods were used to
record the data. One is illustrated in Fig.
1. The analog output signal from the VRE
is recorded by a pen recorder. The other
is digital data acquisition shown in Fig. 2.
Digital data from the A/D converter con-
nected to the VRE are transferred to a
computer (NEC PC-8001 and its expansion
unit PC-8011) via a GP-IB (IEEE-488)
data bus and a resultant TSC spectra is
plotted by a pen recorder or a X-Y plotter.
The TSC measurement is controlled by a
control program, which has two main
functions. It controls the input control
unit to input temperature signal from a
thermocouple. The temperature signal is
compared with the temperature data in
the control program. The TSC signal is
read just when the temperature reaches a
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Fig. 1. Schematic diagram of experimental
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Fig. 2. Block diagram of the computer system for TSC measurement.
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tion is to eliminate the noise involved in
data. This was done by reading 20 TSC
data at each measuring temperature, of
which the 5 largest and the 5 smallest are
omitted, and by taking an arithmetic mean
of the remaining 10 data as a true TSC.
The procedure for TSC measurements
is shown in Fig. 3. At a certain tem-
perature T, a poling electric field is
applied to a specimen for a poling time tp
and then by using liquid nitrogen, the
specimen is promptly cooled to about 90K
without removing the poling electric field
to make an electret. After the specimen
is cooled down to about 90 K the poling
electric field is removed and the both
sides of the specimen is short-circuited.
After the transient current becomes

measurements. negligible, the temperature is raised at a
Table 1. List of specimens used.
specimen code Tm | Xc(%)|d(pm)|wt.3| making
(%) pro-
cess
Polyethylena PE 408 {82-85 30 - -
(TopE) it
"‘"‘)ﬂ
HDPE 381 |43-27{ 30 - -
) b by o &y
ava | EFTEImme=¢=I  A3g5oti9-35) 25 | 22] -
vinyl Acetate o 370
Copolymer é=0
{
Polypropy- 3] (—b—bn "7 449 | high| 22 - =
lene ! »(i:
Tej:railuoro— FTEPD For ror 560 35 12.5y = -
ethylene [(—C—C—)m—C—Cn
Hexafluoro— FoE [
propylane PR
Copolymer o
polyethylene |PET (—éwc-—o—-é—@c—o_h 533 | 41 25 - -
Terephthalate g
EVA-PE(LDPE) |EVA- - - |15+15{(22){blown
PE
EVA-PE{LDPE) - -~ 125+30|(22){hand
EVA-PE(HDPE) |EVA- - - |25+30{(22)|hand
HDPE
EVA-PP EVa- - — |25+22|(22)|hand
PP
EVA-FEP EVA- - -~ |25+ {{22) hand
FEP 12.5
EVA-PET EVA— - - |25+25[(22) hand
PET
Tw : Melting temperature; Xc¢ : Degree of crystallinity ;

d : Thickness;

hand : hand made;

blown : blown-film ;

wt.% : Weight percent of vinyl acetate unit content.
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rising rate of 6K/min and the TSC is measured.

The specimens used in the experiments are listed in Table 1. The term “hand
made” refers to the two-layer specimens which are made by putting two films
together at room temperature, in distinction from the laminate films supplied by
Mitsubishi petrochemical Co. Ltd., which are laminated during the blown-film
manufacturing process. A blend of polyethylene and ethylene-vinyl acetate copolymer
(“BLEND”™) is also used as a specimen. The total content of .vinyl acetate in the
blend specimen was 12.5 wt %. Diameters of the electrodes are 30 mm or 20mm,
depending on the experiments. Unless otherwise specified the electrodes were
evaporated gold.

In this report, hereafter, low density polyethylene is abbreviated to “PE” or
“LDPE”, while “HDPE” means high density polyethylene.

2. 3. TSC from Ethylene-Vinyl Acetate Copolymer (EVA) and Polyethylene
(PE)

The application of TSC and thermoluminescence (TL) techniques provided a
great deal of information about carrier traps in polymeric insulators!s~20), Figure
421 shows the relation among TSC, TL and mechanical loss (Ag) of PE. Here,
the TSC was measured under a bias field of 90kV/cm for a specimen irradiated
with X-rays around 90 K under short-circuit condition. The prior X-ray irradiation
was carried out in order to fill carrier traps with excited carriers. TSC and TL
show several peaks (C;-Cs, L;-Lj), indicating the abundance of carrier traps.
However, TSC without prior X-ray irradiation, i.e. without the contribution of
trapped carriers, shows no peaks. Similar curves were also obtained for HDPEzD),
Since polyethylene is non-polar, polyethylene shows virtually no TSC, except for
the very small contribution of carriers.

The TSC spectrum of EVA which contains 22 % of vinyl acetate is shown in
Fig. 5. It shows three TSC peaks, i.e. Py, P, and P;. The three peaks are closely
related to the mechanical relaxations in EVA. The relaxations in EVA were studied
by many researchers22z~2z4), According to them there are three relaxations, i.e. the
a relaxation in crystalline parts (ca. 60C at 110Hz), the B relaxation due to micro-
Brownian motion of main chains in amorphous parts (ca. —20C at 110Hz), and the
7 relaxation due to local motions (ca. —140C at 110Hz).

KN q
@ N by P2 POLING CONDITION:
-~ TSC with [l 100KV fem
NE o xcay fread. /° g3 3 s0°cC
S 1018 . = ~ 30min
~ - Lg TSC wimeour % -
[ ! . Xray irrad. \q -)Oz‘é (o2
g% = < %)
! -~ n
2 ! - -
@ t "
= 1
1072 EYA 25pm
1013
L = Cpen” L o] 10 L ! ) : L 2 1 L
1ca- 0 B wg ! 100 140 160 720 260 300 340 380
TEMPERATURE (K ) TEMPERATURE T (X)
Fig. 4. TSC spectra for LD-PE under a Fig. 5. TSC spectra of EVA single layer
field of 90kV/cm, together with film,

the TL spectrum and the me-
chanical loss curve.
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The peak temperatures of three TSC peaks in EVA coincide well with those
of the @, @, r mechanical relaxations mentioned above. It is concluded that the
three TSC peaks are related to dipolar depolarization associated with molecular
motions in EVA, i.e.

P, : local motion in amorphous or crystalline parts?3’,

P, : micro-Brownian motion of main chains in amorphous region??3),

P, : molecular motion in crystalline parts23,24),

As shown in Fig. 7, the Py, P, and P; TSC peaks have linear dependence on
poling electric field. According to the following discussion the linear dependence of
the TSC peaks on electric field supports that these are due to dipolar depolarization.
On the following assumptions;

(1) The dipole moment is independent of electric field,

(2) interaction energy between the dipoles is negligibly small compared with
thermal energy kT,

(3) the dipole moment is possible in any direction,
the average dipole moment # in the direction of the internal electric field is ex-
pressed by

m=pu,L(a)?® (12)

where a=y,F;/kT, t, is the Permanent dipole moment, % the Boltzmann’s constant,
F, the internal electric field, T the absolute temperature and L(a) the Langevin
function. by substituting typical values of g,=1 Debye (3.33x1073%m), T=300K,
and F;=1000 kV/cm, the value of a=p,F;/ET becomes 0.08¢1l. For a<1 the
Langevin function can be approximated by a linear relation,

L(a)y=a/3=p " /3kT (13)
and the average dipole moment can be expressed by
m=puiF,/3kT (14)

This implies that in the usual electric field range TSC peak due to dipoles has a
linear dependence on poling electric field. The Py, P, and P; TSC peaks in EVA
have linear dependence on poling electric field and their peak temperatures coincide
nell with the mechanical relaxation temperatures. Therefore, it is reasonable to
conclude that the three TSC peaks in EVA are due to dipoles26).

2. 4. Influence of Interface on TSC Spectra

In order to study the influence of interface on TSC spectra, TSC from EVA-
EVA, PE-PE two layer films were measured as a preliminary experiment.

The TSC spectrum of EVA-EVA two layer specimen is the same as EVA single
layer film. The TSC spectrum of PE-PE is very small and it does not show any
new peak. In spite of possible oxidized surface layers and gas bubbles located at
the EVA-EVA and PE-PE interfaces, their influences on the TSC spectrum are
not significant.

To study the EVA-PE interface, especially the carrier accumulation at the
interface, TSC's from a two-layer film were observed. As shown in Fig. 6, the
TSC spectra in EVA-PE laminated films show a strong dependence on the polarity
of the applied poling field. When EVA-PE laminate specimen is polarized with a
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Fig. 6. TSC spectra from EVA-PE lami- Fig. 7. Electric field dependence of TSC
nates and EVA. from EVA(—)-PE(+).

negative voltage on the EVA side (EVA(—)-PE(+)), the TSC spectrum is similar
to that from a single layer of EVA, and its three peaks coincide with P;, P, and P,
peaks in EVA. The three TSC peaks increase linearly with poling field, as shown
in Fig. 7. These peaks are considered to originate from EVA layer and there is no
new peak arising from the interface in the case of EVA(—)-PE(+).

When the polarity of the poling field is reversed (EVA(+)-PE(—)), new TSC
peaks, P, and P;, appear in the high temperature region, while P, and P, peaks
remain the same. Since P, peak appears neither in EVA layer nor in PE, it is not
reasonable to consider that P, peak originates from EVA or PE bulk. Since a
single EVA layer and a single PE layer have the same metal-polymer interface as
the EVA-PE, P, peak does not originate from the metal-polymer interface (metal-
EVA or metal-PE). Therefore, it is reasonable to conclude that P, peak originates
from trapped carriers at the EVA-PE interface.

Another evidence to show that P, peak is due to trapped carriers is its electric
field dependence. Figures 8 and 9 show the dependence of the P, peak on the pol-
ing field. When poling electric field is lower than 75kV/cm, the intensity of P,
peak increases with poling electric field, but above 75kV/cm the intensity decreases
with increasing poling electric field. For comparison, P, TSC peak is also plotted

— 10 KY¥/cm @
w25 KV em Py POLING CONDITION: 2 - )
oy e 50 KVIcm
510'”'-—~— 75 KVl cm
3 e P2
=z 100 KVicm 1071 |-
—— e
. 300Kv1cm/ // \\ R
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10712 3
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o o Py
b -
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1013 §
? 1Sums15um .ﬁ' 2
, . | EVADPE-) ) , &
100 1.0 1€ 220 260 300 340 380 =
TEMPERATURE T (KY <
T2
Fig. 8. Electric field dependence of TSC
from EVA(+)-PE(—).

L 1 1 ! 1 |
Fig. 9. Intensities of Py and Py peaks 10 2 50 100. 200 500
plotted against poling field. POLUNG ELECTRIC FIELD ¢ KV/em )
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in Fig. 9, which has linear dependence on electric field. The non-linear dependence
of P, peak is another evidence to show that Py peak originates not from dipolar
depolarization, but from carrier detrapping process.

Possible explanations for the non-linear field dependence of peak P, are as
follows. In the low-field region, the number of carriers trapped at the interface
increases with increasing field, for more carriers come into the interfacial region
as the field increases. Thus, peak P, increases with field. In the high-field region,
the number of trapped carriers is expected to decrease because of the possible
field lowering of the trap depth during the poling process (e.g. the Poole-Frenkel
effect?”)). The field lowering of the interfacial barrier is also expected to increase
the number of carriers which pass through the interfacial region with the trapping
sites responsible for peak P,. Thus peak P, is expected to decrease with poling
field. Assuming the Poole-Frenkel effect for the field reducing of the trap depth
and that the amount of charge carriers at the interface under high field can be ex-
trapolated from those under low field, the relative dielectric constant of the in-
terfacial region can be calculated from the dependence of the intensity of peak Py
on the field (Fig. 9). The value obtained was about 2 and was in reasonable accord
with the dielectric constants of PE and EVA (ca. 2.3 and 3.1,2® respectively).
The decrease of the temperature of peak P, shown in Fig. 8, however, is much
smaller than expected from the Poole-Frenkel effect.2®> This may be because the
internal field during the detrapping process (i.e. during the T SC measurement) is
much smaller than that during the poling. It is, therefore, not unreasonable to
assume the Poole-Frenkel type field reduction of the trap depth.

The depth of carrier traps responsible for P, peak can be calculated by the
initial rise method. This method estimates activation energy from a slope of the
log J versus (1/7) plot of the low temperature tail of a TSC peak?®. The trap
depth for P, peak was estimated at about 1.5 eV as shown in Fig. 10.

P, pesk is smaller than P, peak and
its behaviour is easily overshadowed by P,
peak. In order to clarify the behaviours

10— ‘ of P; peak, the amount of released charges
10 — — exparimental

e activation energy

of 1.3gV
18 p~
e
\ EVA(+)-5E(~)
- \ M 25ume30um
& \ 5
= . y §Lz —
SN s
10 DRT Y=
1
- =
g8
5ol
TSC P5 peak
b
Lo il
| o
107127 o ! L ! ! !
3.0 3.2 3.4 3.6 3.8 4.0 1 3 10 30 100 100 1000
1000/ (57h) e tewsem)
Fig. 10. The activation energy of Py peak, Fig. 11. Charges calculated from Ps TSC

estimated from the initial rise method. peak.
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r of P; peak is calculated from the area
POL.CONDITION: bound by the P; peak and the abscissa and
ez oo™ its electric field dependence is illustrated
3min. in Fig. 11. This shows a non-linear de-
pendence on poling electric field, suggest-
T Pl ing that P; peak originates from carrier
detrapping as described in Chapter 4.
et BLEND  30Mm The TSC of BLEND (a blend of PE
) L ‘ ‘ L and EVA) in which, unlike the EVA-PE
0O e ey 0 0 380 laminates, EVA particles are dispersed is
shown in Fig. 12. There is no new peak
arising from interfaces. In the case of
mica-epoxy resin system, which is also a
dispersive system, a TSC peak due to in-
terfacial polarization appears?%. The reason is considered as follows. In the case
of EVA-PE system, carriers trapped at EVA-PE interface are greatly dependent
upon the amount of positive carriers injected from Au into EVA (cf. Section 2. 8.).
In a PE and EVA blend specimen, there is less contact area between Au electrode
and EVA than in a pure EVA, resulting in less injection to the blend system, and
therefore, the interfacial TSC peak does not appear.

0-!!-

(Alem?)

TSC

Fig. 12. TSC spectra from EVA-PE blend
specimen.

2. 5. EVA-PE Two Layer Film with Metal at Interface

As described in Section 2. 4., the TSC spectra of EVA-PE show strong polarity
dependence, i.e. the interfacial peak appears only when the specimen is polarized
with a positive voltage on the EVA side (EVA(+-)-PE(—)). This phenomenon can
not be explained by the conventional Maxwell-Wagner modell>. In the Maxwell-
Wagner model the internal fields of EVA and PE layers in EVA-PE laminate are
determined by the conductivities of single layers of EVA and PE, and do not depend
on the polarity of the applied field. The Maxwell-Wagner model is considered to
be applicable to the EVA-PE composite system when metal electrode is inserted
between EVA and PE (EVA-Metal-PE (EVA-M-PE)). The EVA-M-PE specimen
was made by putting EVA and PE films together, each of which had vacuum-
deposited gold electrodes on both sides.

Figure 13 shows the TSC spectra of EVA-M-PE. The TSC spectra from EVA
(+)-M-PE(—)and EVA(—)-M-PE(+)are
essentially the same. However, these TSC
spectra are different from EVA(-+)-PE

———EVA(+)-M-PE(-) P"'/[\\ 100KY7em (-‘) and EVA(->—PE(+) without metal
g | rresemeeer §o e between EVA and PE. The TSC spectra
£ M;Eiz:t‘;"”g:d YU e of EVA-M-PE show P, peak around 310K

instead of P,. The P,” peak has no polarity
dependence and it appears at a temperature
higher than P, peak. The integrated
charge of the P,” peak and the potential
R S — of the middle metal electrode coincide well
TEMPERATURE T (X) with the values predicted by the Maxwell-
Fig. 13. TSC from EVA-M-PE and the Wagner model. These calculated values
potential of the middle metal were obtained by regarding the EVA-PE
electrode. composite as a series connection of two

10712
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Fig. 14. TSC spectra from PE under a bias Fig. 15. TSC spectra from EVA under a
voltage of 270V. bias voltage of 270V.
Curve | : the first TSC spectrum (with Curve | : the first TSC spectrum (with
x-ray irradiation at 90K) ; x-ray irradiation at 90K) ;
Curve [[ . the second TSC spectrum Curve [[ : the second TSC spectrum
(without x-ray irradiation). (without x-ray irradiation).

circuits, each of which consisted of a capacitor and a resister in parallel.

Figures 14 and 15 show X-ray induced TSC spectra in PE and EVA, respectively,
where curves | are TSC in the specimen with a prior X-ray irradiation at 90K and
curves [[ are TSC without X-ray irradiation.3?’ The second TSC spectra, curves
I, were measured under a bias voltage of 270V without the preceding X-ray
irradiation and, thus, reflect the dark conductivities of PE and EVA. From the
Maxwell-Wagner model the TSC peak is expected to appear at the temperature
where the conductivity drastically increases. As shown in Figs. 14 and 15 the con-
ductivities of PE and EVA increase abruptly around 330K and around 300K, res-
pectively. The temperature range of P,” peak in Fig. 13 coincides well with the
abrupt increase of the conductivity of EVA. This also suggests that the Maxwell-
Wagner model is applicable to this case. The P,/ peaks are considered to result
from the release of charges at the middle metal mainly through the EVA bulk.

The conduction currents of EVA-M-PE do not depend on the polarity of the
applied field and are almost as small as that of the single layer of PE (Fig. 24).
This is reasonable since (1) the EVA-M-PE system can be regarded as a series
connection of M-EVA-M and M-PE-M systems, both of which are independent of
each other, and (2) the conduction current in M-EVA-M is larger than that in M-
PE-M by about two orders of magnitude at 353K. As exemplified by the EVA-M-
PE system, the simple Maxwell-Wagner model is applicable to such a composite
system that the nature of each component layer is not influenced by the neighboring
layers or the interfaces. However, in the actual composite insulating system, the
effects of neighboring layers and interfaces are not always negligible as in the case
of the EVA-PE system and these effects should be taken into careful consideration
to apply the conventional Maxwell-Wagner model to analyze the composite system.
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2. 6. Bias TSC of EVA-PE

In Section 2.4. the TSC spectra of EVA-PE were discussed. When EVA-PE
sample is heated to the temperature region of P, peak after short-circuiting at
liquid nitrogen temperature, there are two possible paths for the trapped carriers
at the interface to take to dissipate. One is through PE and the other is through
EVA. Which path for them to take depends upon the mobilities of the carriers in
EVA and PE and upon their exact location in the interfacial region. If these in-
terfacial trapped carriers do not move in only one direction, the current in the
external circuit is the difference between those in two directions and the amount
of trapped charge cannot be evaluated by integrating the TSC peak current.

In order to clarify the amount of trapped carriers at the interface and to
calculate the internal electric fields in EVA and PE, the TSC of EVA(+)-PE(—)
under a collecting bias (bias TSC) was measured. Bias TSC is a TSC with a bias

voltage applied to the specimen during the

3 ety TSC measurement.?2> A high bias field
o B drives all the trapped carriers in one direc-

© +© poling condition: tion. Thus a series of measurements of

Looku/em bias TSC gives, in principle, the amount

sove and the centroid of the trapped space
N 30 min. charge. The intensity of interfacial P,
Lo TSC peak versus bias electric field from

—100kV/cm to +100kV/cm is shown in

Fig. 16. The negative polarity of the bias

= L LG O field means that the bias voltage is applied

bios sleceeie fiera  pURUsem in the direction opposite to the poling

Fig. 16. Dependence of the interfacial field, i.e. EVA(—)-PE(+). For the bias

peak on bias field. fields from —100kV/cm to --10kV/cm,

the intensity of P, peak remains almost

the same. Under the bias fields from 50 to +100kV/cm, P, peak was not obse-

rved. From this experimental result, it is concluded that all the charges at EVA-PE

interface responsible for the P, peak dissipate through the EVA layer under the

short circuit condition. This conclusion is reasonable if the charges at the EVA-PE
interface are located on the EVA side. This will be proved in Chapter 6.

The integrated charge amount of P, peak for the poling field of 100kV/cm is
1.8x107°C/cm? and the resultant internal electric field by the interfacial charges
is calculated at about 10kV/cm. This agrees well with the result that the interfacial
P, peak is not observed above +10kV/cm. The fact that the field due to the
interfacial charges is about 10% of the applied field implies that the interfacial
charges do not distort the internal electric field of EVA-PE composite system so
much. ‘

2. 7. TSC from PE-EVA-PE and EVA-PE-EVA Three Layer Films

For further information, TSC from a three-layer specimen was investigated.
PE and EVA films were put together at room temperature to form specimens with
two-layer or three-layer structures. In this report, these specimens are called
“two-layer film” and “three-layer film” in contrast to the laminated films whose
TSC results are shown in Fig. 6. Figure 17 shows TSC spectra of EVA-PE two-
layer films. They are almost the same as those of the EVA-PE laminates in Fig.
6, suggesting that both kinds of specimen have virtually identical interfacial con-
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Fig. 17. TSC spectra from EVA-PE two- Fig. 18. TSC spectra from EVA-PE-EVA
layer specimens. and PE-EVA-PE three-layer speci-
mens.

ditions. This confirms that these two-layer and three-layer films can be used to
discuss the nature of the EVA-PE interface.

The TSC spectra of PE-EVA-PE and EVA-PE-EVA are shown in Fig. 18. P,
peak from EVA-PE-EVA is larger than that from PE-EVA-PE. This results from
the fact that EVA-PE-EVA contains more vinyl acetate units than PE-EVA-PE
and thus contains more dipoles. P, peak arising from the interface appears only in
EVA-PE-EVA, indicating only the interfaces in EVA-PE-EVA act identically with
the interface in EVA(+)-PE(—).

2. 8 Model of EVA-PE Laminate Films

The TSC spectra of EVA-PE specimens with Au electrodes show the interfacial
Py peak only in EVA(+)-PE(—). From this result the following two cases are
possible, i.e.
(a) positive carriers from the EVA layer are responsible for P, peak,
(b) negative carriers from the PE layer are responsible for P, peak.
Further information is obtained from the TSC spectra of tha three-layer films.
In Fig. 19 the three-layer films are schematically shown. There are four dielectric-
dielectric interfaces, ie. [, II, Il and [V.
Taking the polarity of the poling field
into consideration, interfaces | and [V are
; identical with the interface in EVA(+)-
EVA PE(—) for positive carriers in the EVA
E region. A similar situation exists for in-
terfaces | and [V for negative carriers in

I
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Fig. 19. Schematic diagram of three-layer Fig. 20. Model of EVA-PE laminate
films. specimen.
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PE. However, the TSC results show that only EVA-PE-EVA shows P, peak.
Therefore, only interface ] is identical with the interface of EVA(+)-PE(—).
The appearance of P, peak from interface ] but not from interface [V suggests
that the carriers responsible for P, peak are positive carriers injected from the
Au anode into EVA (or generated at the anode-EVA interface).

Figure 20 shows a model for a conduction in EVA(+)-PE(—). Positive carriers
are injected from the Au anode into EVA and pass through the bulk of EVA.
When they reach the EVA-PE interface, part of them are trapped and give rise to
P, peak in the TSC measurement. These phenomena will be discussed further on
the basis of conduction current experiments on EVA-PE in Chapter 3.

2. 9. Dependence of TSC Spectra on Electrode Metlal

In order to further discuss the origin of the interfacial TSC peak, the de-
pendence of TSC spectra on electrode metal was investigated. The TSC spectra of
EVA-PE with Au electrode on the EVA side and Al electrode on the PE side
(Au-EVA-PE-AD are shown in Fig. 21. With this electrode metal arrangement
EVA(+)-PE(—) shows the interfacial P, peak. The appearance of the interfacial
TSC peak is not influenced by the electrode metal on the PE side.

Au-EVA-PE-al AL~EVA-PE-AL

25pme30um

25pm# 30pm
100xv/cm

ik o EVAL#)-PE(-) s0°¢

EVA(+)~PE(~) ——e = EVA(=}=PE{+)

30omin.

J (Atem?)

= EVA(~)~PE(+)
d / S 1072
Pl / R 2 \\ © o
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o3 v 353K 1073
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Fig. 21. TSC spectra from Au-EVA-PE-AIL Fig. 22. TSC spectra from AI-EVA-PE-AL

Figure 22 shows TSC spectra of EVA-PE with Al electrode on both side of
the specimen AI-EVA-PE-Al. As shown in this figure, when the Au electrode on
the EVA side is replaced by the Al electrode, the interfacial TSC peak disappears,
even though a positive voltage is applied on the EVA side (EVA(+)-PE(-)).
Therefore, we can conclude that positive carriers injected from Au anode into EVA
(or generated at the Au-EVA interface) are responsible for P, peak. This supports
the conclusion obtained in Section 2. 8.

2. 10. Dependence of TSC Spectra on Poling Temperature

Figure 23 shows the dependence of the interfacial TSC peak on the poling
temperature.

The P, TSC peak appears not only when the poling temperature is higher than
the P, peak temperature (290K), but also when the poling temperature is below
the peak temperature but above the glass transition temperature (243K). When the
poling temperature is above the glass transition temperature (7';), the intensity of
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TSC P, peak is independent of the poling r

temperature, while P, peak does not appear B P T e
when the poling temperature is lower than e omin
the glass transition point. This indicates
that the positive carriers responsible for
P, peak are mobile only above 7% This <"
result also coincides well with the tem-
perature dependence of the conduction ot i N
current of EVA (see Section 3.3.). P :
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Fig. 23. Dependence of TSC spectra from
EVA(+)-PE(—) on poling tem-
perature.

3. Electrical Conduction of EVA, PE and Their Composites

3. 1. Introduction

The conduction properties of insulating materials directly influence the quality
of electrical insulation. The investigation of conduction properties of polymers is
not easy because of complex structures, additives and impurities. If an insulation
system is a composite of several dielectric materials, the existence of dielectric-
dielectric interfaces is considered to influence the conduction significantly. Fur-
thermore, many polymers are the mixtures of both crystalline and amorphous parts
and thus can be considered as composites. Therefore, the study of the effect of
dielectric-dielectric interface on electrical conduction is very important.

In this chapter, firstly the conduction properties of single layers of PE and
EVA are discussed and then the conduction properties of EVA-PE composites are
discussed. The role of semi-conducting layer and the influences of polar groups at
the metal-dielectric interface are also discussed in this chapter.

3. 2. Experimental

In order to study the relation between the interfacial TSC peak and conduction
currents of EVA, PE and EVA-PE, the condition for the conduction current measure-
ment was chosen to be the same as the poling condition of the TSC experiment
(i.e. 343K, 30 minutes).

The procedure for the specimen preparation was the same as in the TSC ex-
periments. The conduction currents were measured with VRE (Vibrating Reed
Electrometer, Takeda Riken TR-84M).

3. 3. Electrical Conduction of PE

Since PE is one of the most extensively used insulating polymers, many re-
searchers have studied the electrical conduction of PE3%:84) utilizing dark current,
photo-conduction®s’, induced conduction by high energy radiation3é’, corcona charg-
ing®?, etc. However, the conduction mechanism of PE in a composite system is
not fully understood yet. In order to study the conduction current of EVA-PE
composite that of PE, especially its dependence on electrode metal was investigated
first.
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Figure 24 shows the electrode metal
10-101—  PE 30um 100kv/em 70°C dependence of the conduction current in
PE. The electrode metal dependence of
the conduction current in PE is similar
w\ to that in EVA. Four curves in Fig. 24
—_— can be divided into two groups:
< ke Au(+)-A1(-) (1) Au-Au and Au(+)-Al(—) show
§ 10 relatively high conduction currents;
= (2) Al-Al and Au(—)-Al(+) show
- —_ A relatively low conduction currents.
Here, for example, Au-Au means the
measurement on a specimen with Au
10712 AUC-AL(H) electrodes on both sides and Au(-+)-Al(—)
\ means that on a specimen with a positively
! | | -6
0 5 10 15 10 S
TIME (min.)
Fig. 24. Dependence of conduction current O Aun-m1)
in PE on electrode metal. A AL
@ Aul-)-AL()
biased Au electrode and negatively biased
Al electrode. PE with a positive bias on 1078
Au electrode shows relatively high con-
duction current. The influence of work
function of the electrode metal on con- a
duction current suggests that the dominant
carriers are mainly supplied by the in-
jection from the metal electrode. The
fact that larger conduction current flows <& 107°
when Au electrode is positively biased =
suggests that holes are injected from Au -
electrode. —
The electric field dependence of con-
duction current with different electrode
metals different polarities are shown in b
Fig. 25. Although the absolute intensities 10
are different from each other, all of the PE 30um
. . Obtalned at:
curves show the same superlinear increase 33 «
with field. 15 min.
3. 4. Electrical Conduction of EVA
The conduction currents of EVA with 1o-14
vinyl-acetate contents from 5.5 wt.% to ; 13 1!3 310 1({)0 3l00 1!300

22.0 wt. % with gold electrodes were in-
vestigated by Yoda!®), He mainly discussed
the temperature dependence of conductivity
at low fields (3kV/cm). In this work, the

Applied Electric Fleld F (kv/cm)

Fig. 25. Dependence of conduction current

in PE on electric field and elec-

trode metal.
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conduction currents at higher fields were
investigated in order to discuss their rela-
tion to the interfacial TSC peak which
was prominent at poling fields around 100
kV/cm.

The dependence of the conduction
current on electrode metal is shown in
Fig. 26. The four curves in Fig. 26 are
divided into two groups.

In the cases of Au-Au and Au(+)-
Al(—) (i.e. with positive voltage on Au
electrode) EVA shows a high conduction
current, while in the cases of Al-Al and
Au(—)-Al(+) EVA shows a low con-
duction current. The difference in con-
duction current reaches two orders of
magnitude. The conduction currents in
PE (cf. Section 3.3.) and the conduction
currents in EVA with Al-Al or Au(—)-
Al(+) have the same order of magnitude.
The metal-EVA interface, thus strongly

influences the conduction properties of
EVA.

In order to exclude the possibility for
an impurity to play a role in conduction,
the conduction current of EVA after hexane
treatment was also measured. The hexane
treatment to remove impurities was car-
ried out by immersing EVA films in hexane
at 333K for 2 hours. The resultant con-
duction currents were almost the same as
those from EVA without hexane treatment.
This revealed that larger conduction cur-
rents of EVA with Au anode result from
the properties of EVA itself, but not
from the impurities involved.

The conduction current of Au(+)-Al
(—) is almost the same as that of Au-Au.
The less influence of the cathode metal
on conduction current implies that in the
cases of Au(+)-Al(—) and Au-Au the
dominant carriers are positive carriers
from the anode. As the work functions
of Au and Al are 5 1~5.5 eV and 4.0~
4.4 eV, respectively3®), it is reasonable
that Au electrode acts as a good hole-
injecting electrode.

Figure 27 shows electric field de-
pendence of Au-Au Au(+)-Al(-), Al-A]
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and Au(—)-Al(+). The two groups men-
1077 tioned in Section 3.3 also show different
EVA 25um After 15min. field dependences. The conduction currents
from Au-Au and Au(+)-Al(—) tend to
J0%c saturate at electric fields above ca. 30
kV/cm. However, those from Al-Al and
-9 30°c Au(—)-Al(+) do not show the tendency
to saturate but keep increasing super-
o o%c linearly with field as is usually seen in
various insulating materials, e.g. PE (cf.
Section 3. 3.). These indicate that the high
current and the saturation tendency of
EVA are the nature of the conduction or
. the injection of the positive dominant

10712 ¢ Carriers.

The field dependences of conduction
current at different temperatures are
shown in Fig. 28. The saturation tendency
occurs above the glass transition tem-
107~ perature of EVA. Below the glass transi-
1 N N S T tion temperature, the current increases
1 3 10 30 100 300 1000 superlinearly with field. This suggests

P (kv/cm) that the conduction or the injection of the
Fig. 28. Temperature dependence of con- PoOsitive carriers are dominant above the
duction currents in EVA. glass transition temperature.
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3. 5. Electrical Conduction of Laminae Films

In Chapter 2, TSC spectra of EVA-PE laminate films were discussed and they
showed strong polarity dependence. The model of EVA-PE laminate film was also
proposed from the polarity dependence and the electrode metal dependence. In this
section the properties of EVA-PE will be discussed from the view point of con-
duction current, and the model of EVA-PE suggested in Chapter 2 will be recon-
firmed.

In Fig. 29 the conduction currents of EVA(+)-PE(—) and EVA(—)-PE(+)
laminate films are compared with those of EVA and PE. All of the specimens in
this figure have Au electrodes. The conduction current of EVA is larger than
that of PE by two orders of magnitude. When positive voltage is applied on the
EVA side of the laminate (EVA(+)-PE(—)), the conduction current in EVA-PE
has the same order of magnitude as that of EVA. In EVA(—)-PE(+) the conduc-
tion current has the same order of magnitude as that of PE.

The field dependence of the conduction current EVA-PE is shown in Fig. 30.
The conduction in EVA(+4)-PE(—) shows the same tendency to saturate around
100kV/cm as EVA. That in EVA(—)-PE(+) does not tends to saturate but in-
creases super-lineally like PE. The similarities of the magnitude and the field
dependence of conduction current between EVA and EVA(+)-PE(—) suggests that
in the case of EVA(+)-PE(—) the properties of EVA determine the conduction in
EVA-PE.

The conduction currents of EVA-PE with different electrode metal arrange-
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Fig. 30. Dependence of conduction currents in
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ments are shown in Fig. 31. EVA(+)-PE
(~) with Au-Au electrodes and Au(+)-
EVA-PE-Al(—) show larger conduction
currents and EVA-PE with Al-Al elec-
trodes and Al(+)-EVA-PE-Au(—) show
smaller conduction currents. The dif-
ference in conduction current between the
above two groups also reaches two orders
of magnitude. From this result we can
conclude that larger conduction current in
EVA-PE requires a positively biased Au
anode on the EVA side.

This also implies that electrode metal
on the PE side has less influence on the
conduction current of EVA-PE and the
EVA-PE interface does not influence the
motion of positive carriers much. The
fact that positive biasing of the EVA layer
with a Au electrode results in a larger
conduction current in EVA-PE clearly
shows that positive carriers injected from
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the Au anode are the dominant carriers in EVA-PE. These conclusions are con-
sistent with those obtained in Chapter 2 from TSC measurements. These results
also show that in the case of EVA(+)-PE(—) the positive carriers injected from
the Au anode into EVA easily pass through the EVA-PE interface, though some of
them are trapped at the interface, giving rise to an interfacial TSC peak. After
entering the PE bulk, these carriers easily move inside the PE bulk, resulting in a
larger conduction current in EVA-PE. The apparent conductivity of the PE layer
is increased by about two orders of magnitude by the neighbouring EVA layer which
acts as an “electrode” injecting positive carriers into PE layer. It is interesting
that dielectric layer (EVA) inserted between PE and Au electrode does not increase
the resistance of the insulating system but on the contrary it decreases the resistance
by assisting carrier injection. Thus, the interface plays a very important role in
the conduction of the composite.

The conductivity of an insulating material has conventionally been measured by
using a slab of the material with metal electrodes on both sides. However, as in a
composite system each component layer does not have metal electrodes on both
sides but is in contact with other dielectrics, the conductivity of each layer in a
composite may differ from that measured in a conventional way.

In Chapter 2 the relation between TSC spectra of PE-EVA-PE, EVA-PE-EVA
three layer films and those of EVA-PE two layer films was discussed. The con-
duction currents of two and three layer films were also measured in order to
compare them with those of one and two layer films. Figure 32 shows the con-
duction currents in PE-EVA-PE and EVA-PE-EVA three layer films together with
those in EVA-PE, EVA and PE. Regarding the magnitude of the conduction current

in Fig. 32, the currents are divided into
the following two groups. EVA, EVA(+)-
—a_ PE(—) and EVA-PE-EVA show large con-

© 100KV [ 80°C duction currents, and PE, EVA(-)-PE
(+) and PE-EVA-PE show small conduc-
~ EVA Z5um tion currents. In Chapter 2, the TSC of
< SO EVA-PE-EVA and PE-EVA-PE three layer
~ o= g 25pm»30pm films and EVA-PE two layer films were
) \ EVA-PE-EVA divided into two groups, i.e. EVA—PE—EVA
& 25 prme30gmme 257 and EVA(+)-PE(—) showing the TSC
B peak originating from the EVA-PE inter-
g face and PE-EVA-PE and EVA(—)-PE(+)
© o= PE 30pm not showing the TSC peak originating from
8 ) () the EVA-PE interface. The resemblance
3 =YA-FE of these two classification of multi-layer
é B+ 30pm films suggests the close relation between
8 PE-EVA-PE  30pm-»25pm.+30um TSC and conduction current. The multi-
10 ‘ layer film having the small conduction
current does not show the interfacial TSC
! ! I L ! L peak. This may be because in these systems

0 5 0 15 20 25 30

POLING TIME (min.) the density of the carrier is not high

Fig. 32. Comparison of conduction currents ©0ough to cause an interfacial charge
in EVA-PE-EVA, PE-EVA-PE with accumulation responsible for the TSC peak.

those in EVA, PE and EVA-PE.
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3. 6. Model of Conduction of EVA-PE Laminate Films

In Section 2. 8. a model was proposed to explain the polarity dependence and
the electrode metal dependence of the TSC spectra in EVA-PE films. The same
model is also possible to explain the results

of the conduction currents. EVA pE
The large conduction currents in the B ,
EVA(+)-PE(—) and EVA-PE-EVA and ©— 9;5 o— N
the small conduction currents in EVA(—)- ©— O
PE(+) and PE-EVA-PE are explained by * ! O ~Nl—=
the models in Figs. 33 and 34. The large Com O O—
conduction currents in Au(+)-EVA-PE- M—(?
Au(—) and Au(+)-EVA-PE-Al(—) are S e ]

caused by the positive carriers (holes) in-  Rig. 33. Model for conduction in EVA-PE
jected from the Au anode into EVA. laminate film.
These positive carriers easily pass through
the EVA-PE interface and enter the PE
bulk. After entering the PE bulk these
positive carriers move in the PE bulk
easily and increase the conduction current
in the PE bulk by about two orders of
magnitude. In EVA-PE-EVA these positive
carriers again pass through the PE-EVA
interface and enter the EVA bulk on the (A) EVA - PE - EVA THREE-LAYER FILM
cathode side.

As Au has a larger work function than
Al it is reasonable for holes to be injected
from the Au anode into EVA easily. The
small conduction currents in Au(—)-EVA-
PE-Au(+) and Al(+)-EVA-PE-AI(—)
are ascribed to less hole injection from
Au into PE and from Al into EVA. The (8) PE - EVA - PE TuRee-LAYER FILH
small conduction current in PE-EVA-PE Fig. 34. Model for conduction in EVA-PE-
is ascribed to small hole injection from EVA and PE-EVA-PE.
Au anode into the PE layer.

i
l
: EVA
!

v
l
I
l
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3. 7. Conduction Current of EVA with Semi-Conducting Layer

As mentioned in the previous sections positive-carrier injection plays an im-
portant role in the conduction of EVA, PE and their composite films. In certain
cases a dielectric layer may act as a carrier-injecting electrode (e.g. EVA(+)-PE
(=)). Thus, the properties of the metal-dielectric and dielectric-dielectric in-
terfaces are very important in the electrical insulation system.

The polymeric semi-conducting layers, which are made by mixing conducting
particles with polymers, are widely used in practical UHV XLPE (cross-linked PE)
cables in order to avoid the breakdown caused by defects (voids, protrusions, etc.)
at the conductor-dielectric interfaces. In this section the conduction current of
EVA with semi-conducting layer was investigated in order to clarify the role of
semi-conducting layer in electrical conduction.

The polymeric semi-conducting layer used in the experiment was made by mix-
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ing 50 wt.% of acethylene black with EVA. The semi-conducting layer was formed
by hot press and its thickness was ca. 400 um.  Its conductivity is ca. 1073 S/cm.
Since the semi-conducting layer has much higher conductivity than EVA, the voltage
across the EVA layer is considered to be the total applied voltage to the EVA-
semi-conducting layer composite.

Figure 35 shows the conduction currents in the two-layer specimens composed
of EVA and semi-conducting layer (in the figure “SC” represents “semi-conducting
layer”) with different electrode materials. For the ease of comparison, the results
obtained from single EVA layer without semi-conducting layer are also shown in
this figure. As shown in Fig. 35, when a positive voltage is on EVA (SC(—)-EVA
(+)), the conduction currents show electrode metal dependence similar to that of
EVA and have almost the same magnitude as those in EVA. This implies that in
the case of SC(—)-EVA(+) the conduction current is determined by positive
carrier injection from anode metal into EVA and that there is less influence of the
semi-conducting layer. When a negative voltage is on EVA (SC(+)-EVA(-)), the
conduction current does not depend on the electrode metal. The magnitude of the
conduction current is smaller than that of EVA with Au electrode but larger than
EVA with Al electrode. This implies that in the case of SC(+)-EVA(—), positive
carrier injection takes place from semi-conducting layer into EVA and the rate of
injection is between those from Au and Al. This coincides with the fact that the
work function of carbon is 5.0V lying between the work functions of Au G 1~
5.5eV) and Al (4.0~4.4eV)3®, Furthermore, the interfaces of SC-Al and SC-Au
have less influence on the conduction current of the SC-EVA composites. This
suggests that the interface between metal and semi-conducting layer has less in-
fluence on the conduction current.

For further information conduction
currents of EVA with graphite (Aquadag)

electrode were measured and the results -
. . 10 "
are shown in Fig. 36. The results have a EVA 25um  100kv/cm
tendency similar to Fig. 35. This indicates 2000
that positive carriers are injected from ‘
@ 1Smin,
10'10—-
1078 -
without SC. Land
o
O] = 5C{+)-EVA(-) 5 O/O
107 | ” s SC(=) ~EVA(+) E 10
- [N
% >~ o - -0 ~
o “ —
E 10739 To-- @
" EVA 25um 12
SC.400um 10 “T
L1 L00kv/em 0%t BN O Rquadag(+)
10 —
after 15 min. ® Aquadagl(-)
1 1 [ l
1 ! :
Au-Au Au(+)-Al(-) Al-Al  Au(-)-Al(+) Aquadag-Au Aquadag-Al
Polarity and structures of the electrodes Electrode Structure
Fig. 35. Conduction currents in EVA with Fig. 36. Dependence of conduction currents

semi-conducting layer and EVA. in EVA on electrode metal.
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the graphite electrode into EVA and that the rate of injection lies between those
from Au and Al electrodes. The absolute values of the currents in Fig. 36, however,
are smaller than those in Fig. 35. This seems to arise from poor wettability of
the EVA surface to water, as Aquadag (colloidal graphite) was used by dissolving
graphite powder in water. Therefore, the effective area of contact of graphite
electrode with EVA is considered to be less than the nominal electrode area.

The above experimental results revealed that influence of a polymeric semi-
conducting layer on conduction is determined by the work function of conductive
particles mixed in the polymeric matrix of the semi-conducting layer.

3. 8. Effects of Polar Groups on Electrical Conduction in Polyethylene

The experimental results obtained from the conduction current and TSC
measurements revealed that positive carriers are easily injected into EVA from Au
anode. EVA is basically polyethylene containing polar vinyl acetate units. Figure
37 shows the dependence of the conduction current in EVA film on the vinyl acetate
(VAC) content. Conduction current increases with vinyl acetate content. This
implies that the introduction of acetoxy groups into PE enhances the positive car-
rier injection. This suggests the importance of polar groups on the carrier injec-
tion process. In this section the carrier injection via polar groups into PE3®9) will
be discussed.

In order to study the role of polar group, PE film with a cast layer of EVA,
oxidized PE or polyvinyl alcohol (PVA) were used as a specimen. Oxidized PE is
obtained by exposing PE films to an ozone atmosphere at room temperature. The
solvent used to cast EVA and oxidized PE was tetrahydrofuran (THF) while that

;10.8 - 10’9 -
EVA
~10
— ]O_g 10
~ o ax-PE
£ E
(&3 O
~ ~
< =
— -
w0
10"
-12
G ! ‘ 10 ! 1
0 1
0 20 (+) (—)
VINYL ACETATE CONTENT (Wt} | )

Fig. 37. Dependence of conduction cur- Fig. 3% Conduction currents in PE with

rents in EVA on vinyl acetate content surface layer containing polar groups

(100kV/cm, 343K, 15minutes after (100 kV/cm, 343K, 15minutes after

voltage application). voltage application). The + and — in

parentheses show the polarity of
applied voltage on the surface-layer
side of specimen.
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for PVA was pure water. The thickness of the cast layer was estimated to be
about 1 um. The electrodes were evaporated gold. The effect of THF on conduc-
tion currents seems negligible, since no change in conductivity was observed in a
PE film which had undergone wetting with THF prior to the vacuum evaporation
of the electrodes.

The results of conduction current measurements are shown in Fig. 38. The PE
specimen with a surface layer containing acetoxy groups shows larger conduction
current than that without the surface layer by about two orders of magnitude when
a positive voltage is applied to the surface layer (SL(--)). This suggests that the
acetoxy groups enhance positive carrier injection. The conduction current with a
negative voltage on the surface layer (SL(-)), however, is also larger than that
in PE by about an order of magnitude. This suggests that the introduction of
acetoxy groups incidentally enhance negative carrier injection, though positive car-
rier injection is dominant.

In PE with an oxidized PE surface layer, the conduction currents were equally
increased for both SL(+) and SL(—). This suggests that oxidation products, pos-
sibly carbonyl groups, enhance both positive and negative carrier injection.

The introduction of the PVA surface layer increases the conduction current
only in SL(—), which implies the hydroxyl groups enhance negative carrier injection.

Polar groups have been reported to influence the contact electrification of
polymers. Acetoxy groups and hydroxyl groups enhance the positive charging of
PE,40,41) whereas oxidation products enhances negative charging.t?> The relation
between these reports and the results given here is not clear, and further work is
needed on this point.

Yumoto et al. reported the effect of polar groups on the carrier injection into
PE*® by observing the surface potential decay of the corona-charged specimen. In
contrast with our results, they concluded that the existence of polar groups generally
suppresses the carrier inmjection. This difference may arise from the difference in
the injection mechanism, since in corona charging, the carrier injection has been
reported to be assisted by factors other than the electric field, such as corona light
or active moleculest4>45),

The existence of some polar groups at the metal-PE interface region is con-
sidered to enhance carrier injection into PE: acetoxy groups mainly enhance positive
carrier injection; oxidation products such as carbonyl groups enhance both positive
and negative carrier injection; and hydroxyl groups enhance negative carrier in-
jection. Possible mechanisms of the enhancement of carrier injection are (i) the
introduction of localized states due to polar groups via which carriers are injected*®’
and (ii) modification of the energies of localized levels by the existence of polar
groups4?,

4. Discharge Currents in EVA Film and EVA-PE Laminate Films

4. 1. Introduction

In Chapters 2 and 3 the polarity dependences of TSC spectra and conduction
current of EVA-PE were discussed. From those discussions it was shown that in
EVA-PE the simple Maxwell-Wagner model!?> can not be used to calculate the
internal electric field and the charge accumulation at the EVA-PE interface.
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Therefore, it is necessary to investigate the space charge accumulation in EVA-PE
experimentally. The charge accumulation in dielectric is possible to be investigated
by the TSC measurement. The investigation of TSC after DC field application
proved successful?:3:48,:26). The TSC results in EVA-PE composite (see Chapter 2)
also provided information on space charge accumulation in the composite. For
further information and in order to clarify the space charge accumulation under AC
and DC field application, isothermal discharge currents after DC and AC field ap-
plication were investigated.

From an engineering point of view, the investigation of the charge accumulation
under AC voltage application is important, since most of insulating composites are
used under AC voltage application.

4. 2. DC Discharge Curvents of EVA-PE

The discharge current in EVA-PE after a DC voltage application was measured
at various temperatures for various applied voltages and polarities.

The amount of discharged charge was approximated by the integration of dis-
charge current over the interval from 0.5 minute to 15 minutes after short-
circuiting.

4. 2. 1. Released Charges Calculated from P, TSC Peak and Discharge
Current

As P, TSC peak is relatively sharp, we assume that Py peak is a single-relaxa-
tion-time process. The relaxation time r is expressed by

o(T) =1exp(H/RT) (15)
EVA(+)-PE(~)  25um+30um

and at peak temperature T,
100kV/cm

o(T,) =texp(H/RT,)=kT,*/BH.

10-12
(16) R — 300kV/cm
where r, is a constant, H the activation S 30kv/cm
energy, k Boltzmann's constant, g the :
temperature rising rate (6 K/min).4% g 3
The activation energy of P, was 5 7

calculated at 1.5 eV from the initial rise o
method. According to equation (16), at El L0kv/em
peak temperature Tp (200K for P,), the 5
relaxation time is 48 seconds. The tem- = o1

perature at which current was measured
was chosen to be 273K. At 273K the 3kv/cm
relaxation time for the P, peak is 33
minutes. On the other hand, as shown in
Fig. 39, the discharge current continues ' |

I

to decrease over more than 15 minutes. 5 10 15
Both the P, peak and the discharge current Discharging time (min.)
at 273K have similar relaxation times and gjg. 39. Dependence of discharge currents
they are considered to be dominated by in EVA(+)-PE(—) at 273K on

the same depolarization mechanism. The electric field.
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released charges calculated from
the discharge currents at 273K and
from TSC P, peak.

released charge calculated from the dis-
charge current (from 0.5 to 15 minutes)
is considered to be a little less than the
total released charge. But, for simplicity,
in this chapter, the charges integrated over
the interval from 0.5 to 15 minutes are
used to discuss the relation between TSC
and discharge current.

Figure 39 shows discharge currents of
EVA(+)-PE(—) at 273K. The discharge
current increases with applied field and
decreases at fields higher than 100kV/cm.
This is similar to the field dependence of
the intensity of P, TSC peak. The total
charges calculated from the TSC and the
discharge current are plotted in Fig. 40.
The two curves coincide well both qualita-
tively and quantitatively.

4. 2. 2. Released Charges Calculated from Ps TSC Peak and Discharge

Current

In order to find out the relation between discharge current and Ps TSC peak,

the discharge current of EVA(-+)-PE(—) at 343K were measured.

To determine

the temperature suitable for the measurement of discharge current responsible for
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the Py peak is rather difficult because the influence of the P, peak just below the
P, peak can not be completely avoided. If the discharge current is measured at
temperatures lower than the Ps; peak temperature, the discharge responsible for
the P, peak should be taken into account. The time constant for P, peak at 343K
is calculated at 0.004 s. Therefore, the integration of discharge current at 343K
from 0.5 minute to 15 minutes is considered not to be affected by the discharge
corresponding to the P, TSC peak. The discharge current measured at 343K, thus,
reflects the accumulated charge which is released around and above the Ps5 peak
temperature.

The discharge currents of EVA-PE at 343K are shown in Figs. 41 and 42.
The discharge currents of EVA(—)-PE(+) in Fig. 41 are smaller than those of
EVA(+)-PE(—) in Fig. 42. The big difference in intensity implies that EVA(—)-
PE(+) accumulate less charges than EVA(+)-PE(—). This result also coincides
well with the TSC results.

The electric field dependence of discharge current of EVA-PE shows strong
polarity dependence. The discharge current
of EVA(—)-PE(+) in Fig. 41 monoto-

nously increases with applied field, while s -
the discharge current of EVA(+)-PE(—) s g
in Fig. 42 increases with field below 100 L Eeater-eECo) 3;

25um+30um

kV/cm and decreases above 100kV/cm.
This tendency is similar to the field de-
pendence of the released charge at 273 K.
However, as the relaxation time of the P,
TSC peak is 0.004s at 343K, as mentioned
above, the charge released at 343K does

BN
H

™ discharge current

charge x107'0(c/em?)
«
1
®
Charge

not relate to the P, TSC peak. . -
Figure 43 shows the electric field s -2
dependences of charges calculated from 0 ! T ! i ! o
1 3 10 20 100 360 1000

Ps; TSC peak and the discharge currents
at K. Both of them have similar ten-

3%3 m . Fig. 43. Electric field dependence of
dencies. Therefore, it is reasonable to

4 he r released charges calculated from

conclude that the depen. enc'e of the re- the discharge currents at 343K
leased charge on electric field at 343K and those from Ps TSC peak.
results from the charge accumulation which
is responsible for Ps TSC peak.

P {kv/em)

4. 3. AC Discharge Curvent of EVA-PE and EVA

TSC and discharge current measurements were carried out on specimens poled
with AC voltages. The procedure of TSC experiment was as follows. At a poling
temperature an AC voltage applied to the specimen was increased with a voltage
increasing rate of 10 % of the final applied voltage per second and was kept at the
final voltage for 30 minutes (poling process). Then, the specimen was cooled to
the liquid nitrogen temperature and the voltage was decreased at the same rate as
that of the voltage increase. The procedure for the following TSC measurement
was the same as that after DC voltage application.

TSC method was powerful for the study of charge accumulation in EVA-PE
poled with a DC voltage. However, TSC after AC voltage application showed no
TSC peaks. The reason is considered as follows. The polarity of AC field changes



166 M. Ieda, G. Cai, Y. Suzuoki and T. Mizutani

50 or 60 times per second under commercial power frequency. The rapid polarity
change may lead to a small amount of a space charge. Furthermore, as the polarity
dependence of the conduction in EVA-PE is large at high temperature but is small
at low temperature, it is likely that during the cooling process of the TSC experi-
ment the polarity change may cancel the space charge polarization already accumulated
in the composite. These seem the reasons why the measured TSC curve after AC
voltage application showed no TSC peak. However this does not mean that a space
charge is not accumulate at all by AC voltage application at the poling temperature.
Therefore, the isothermal measurement of discharge current after AC voltage
application was carried out in an attempt to obtain information on the space charge
under AC voltage.

In the discharge current measurement, AC voltage (60 Hz) was carefully applied
by increasing and decreasing the voltage at a rate of 104 of the final applied
voltage per second, in order to avoid the effect of phase angle of voltage applica-
tion and removal. The applied AC voltage was kept constant for 15 minutes.

Figure 44 shows the charge obtained by integrating the discharge current after
AC voltage application over the interval from 0.5 to 15 minutes. In the same
figure the released charge from EVA-PE after DC voltage application and the
released charge of EVA after AC application are also plotted. The AC electric
field was characterized by its peak voltage. The direction of discharge current in
EVA-PE was always from EVA to PE in the external circuit. The amounts of
released charges were strongly dependent on the applied field as shown in Fig. 44.
The accumulated charge increases as the applied AC field increases. The released
charge from the two-layer specimen coincides well with that from the laminate
specimen. This implies that the difference of interfacial condition between two-
layer and laminate specimens has less
influence on the charge accumulation under
AC voltage application. This suggests that
the accumulation takes place not in the 10
EVA-PE interfacial region but in EVA or zao EVA-PE
PE bulk or metal-polymer interfaces. The 25pm+30um
temperature dependence of the accumulated
charge under AC field is shown in Fig. 45.

jOOkV/cm {AC peak)

15 min. discharge

-
5
T S 1x1070
@ EVA(H) -PE(-) laminate (DC) -~
O EVA-PE laminate (AC)
6 | A Au-EVA-AL (AD
B EVA-PE two-lavere (AC) o
B 5
8 2
3 3}
<
o8 w
2 /
o g /8 0
) 7
Fi A
5 s
g 5oy
et ! ! |
’ : ' ? i | , 0 25 50 75
1 3 10 30 100 300 1000
F ixv/em) T (°C)

Fig. 44. Electric field dependence of Fig. 45. Temperature dependence of

released charge from EVA-PE
laminate after AC voltage applica-
tion at 343K.

released charges from EVA-PE
two-layer film after AC voltage
application.
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The charge amount is very small at low temperatures. This is considered to result
from the fact that the conduction in EVA-PE under a DC voltage does not depend
much on polarity at low temperatures.

The TSC and conduction current of EVA-PE under DC voltage have remarkable
polarity dependence at 343K (cf. Chapters 2 and 3). Therefore, the charge accumula-
tion is considered to take place under AC voltage application at 343K as follows.
The positive-carrier injection takes place in the cycle of EVA(+)-PE(~) and the
positive carriers tend to move back in the cycle of EVA(—)-PE(+). Some of the
injected positive carriers are trapped in the bulk of EVA. The remaining trapped
carriers give rise to the discharge current after AC field application.

The discharge currents in Au-EVA-Au and those in Au-EVA-AI are shown in
Figs. 46 and 47. The discharge current of EVA with Au-Au electrodes seems to
result from temperature gradient, because turning the same specimen upside-down
has no influence on the direction of the discharge current. This current has less
transient part than the discharge current from Au-EVA-Al and quickly reaches a
small steady current. The large transient current in EVA with Au-Al electrodes
is considered to result from the asymmetric electrode arrangement. In Au-EVA-Al,
as mentioned in Chapter 3, positive carriers can be injected from the Au electrode
in the period of Au(+)-EVA-Al(~) and the injected carriers may not be completely
discharged in the period of Au(—)-EVA-Al(+), which results in larger discharge
current after short-circuiting. On the other hand, in Au-EVA-Au, positive carriers
can be injected from the both sides and the remaining positive charges are located
symmertrically in the specimen. This leads to a very small discharge current and
the temperature gradient inside the specimen may contribute to the current.

The field dependence of released charges in Au-EVA-Al after AC voltage
application is shown in Fig. 44, which is similar to that in EVA-PE after AC
voltage application. This suggests that the processes of charge accumulation both
systems are the same. Since the polarity of the field changes rapidly under AC field
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application, the injected charges have not enough time to penetrate far from the
electrode. Therefore, in EVA-PE and Au-EVA-Al under AC voltage application,
positive-carrier accumulation is considered to take place in the bulk of EVA and/or
in the Au-EVA interface region. This explains the facts that (i) the EVA-PE
laminate and the two-layer film give the same released charge and (ii) the field
dependence of the released charge after AC voltage application is completely different
from that after DC voltage application where charges are accumulated at the EVA-
PE interface.

5. Breakdown Strength of EVA-PE Laminate Films

5. 1. Introduction

In the previous chapters it was described that the EVA-PE composite showed
strong polarity dependences of conduction current and TSC around 100kV/cm at
temperatures around 343K. However, as shown in Fig. 27, the conduction current
tends to be less dependent on the polarity of the applied voltage as electric field
exceeds 100 kV/cm. The interfacial P, TSC peak also shows the similar tendency
and decreases as the poling field exceeds 100kV/cm. For the practical application
of composite insulating systems, it is important to understand the influence of the
polarity on the breakdown strength and the internal electric field of EVA-PE.
Although the internal electric field in a composite which shows a polarity dependence
can not be calculated from the Maxwell-Wagner model, it can be evaluated by
certain methods5°~52), In this chapter, the internal field in EVA-PE under very
high field has been estimated from breakdown experiments.

5. 2. DC Breakdown Strength

The electrodes of the specimens used in breakdown experiments were evaporated
gold. The electrodes were with diffused edges and 5 mm in diameter on one side
and 20 mm in diameter on the other side.

DC breakdown strength (F,) was measured by applying a ramp voltage of 500
V/s and F, was evaluated by averaging

, results of no less than 20 measurements.
B Figure 48 shows the DC breakdown
s I s rone erectroses strengths (F,) of EVA-PE laminate, PE
: ’ and EVA films at room temperature and

343 K. At room temperature F,’s of EVA-

~{ PE laminates lie between those of PE and
EVA and at 343K they are close to those

(MV/cm)

= TR {30pm)
3 - -~ — — EVA(25um)

“
el EVA{+)~PE(~)(15um+15um) .

2 ce BYA(--PE(s) (Lspmelsum] L of EVA. Unlike the TSC and the con-

duction current, F, of EVA-PE laminate

1 shows no polarity dependence. This seems

o S SO NS DU SR N N reasonable since the conduction current of
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remmerarare (o) EVA-PE shows less polarity dependence
Fig. 48, Température dependence of DC 2t higher fields around 2 MV/cm. This
breakdown strength of PE, EVA Seems to arise from less difference in
and EVA-PE (voltage rising rate: conduction current between PE and EVA
500 V/s). at higher fields.
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For simplicity, we neglect the field distortion due to space charge in each layer
and the thickness dependence of dielectric strength. We also assume that the whole
laminate breaks down when an internal field of one of the composing layers reaches
its own dielectric strength. These allow to estimate the internal fields at the
breakbown. The relations between internal fields are summarized in Table 2 for
the following likely cases. Here Fpy and Fgvi are the internal fields in the PE
and EVA layers, respectively and Fypr and Fogvs are the breakdown strengths of
the PE and EVA layers, respectively.

Table 2. Relation between internal fields and breakdown strength.

relation between region of
initiation of Fy
Fpr and Fgya breakdown
(€H)] Fpg=Fgvs EVA Fyeva
@ Fpe> Frya PE Foee
) Fou>Faya EVA and PE Lopvat Foee

The case (1) in Table 2 is a case where the internal field of PE is the same
as EVA. As the breakdown strength of EVA is lower than PE at both room tem-
perature and 343K, the breakdown strength of the composite is determined by the
breakdown strength of EVA. This case is possible if the conductivity of the PE
layer is increased by the existence of neighbouring EVA layer as in the case of
EVA(+)-PE(—) around 100kV/cm.

The case (2) is based on the idea that the internal field of a laminate specimen
is determined by the conductivities of each layer. This is based on the Maxwell-
Wagner model.

The case (3) corresponds to the “optimum voltage division” in the laminate
specimen. The word “optimum voltage division” is used here to describe the case
in which the internal fields of both layers
in the laminate reach their own breakdown

strength at the same time. This is de- r I
sirable voltage division for a composite 6 - EVAL+)-PEL)
insulating system. In this case, a laminate s L :: o e EVA(-)-PE(+)
shows the highest breakdown strength ~ RN
among the three cases. § o

Other cases such as a case where the T
internal field in EVA is higher than PE <, |

seems less possible, because the con-
ductivity of a single EVA layer is higher
than PE. 0 L L1 1

Figure 49 shows the experimental data Temperature  (°¢)
and the calculated breakdown strengths of g 49, Calculated breakdown strengths
EVA-PE laminates for the three cases
mentioned above. At room temperature

for the three cases in Table 2
and the experimental results.
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the breakdown strength is close to that for the “optimum voltage division” case.
This suggests that the optimum voltage division is the case at room temperature.
However, at 343K the breakdown strength differs from that for the optimum
voltage division and is close to Fygya. This implies that the breakdown mechanism
at high temperature region may be different from that at room temperature.

The internal fields of EVA and PE can be calculated directly from the ex-
perimental breakdown strength for the following two cases.

case (i): the internal field in the EVA layer first reaches its breakdown strength.

case (ii): theinternal field in the PE layer first reaches its breakdown strength.

The ratios of internal fields of PE to EVA (Fpp/Frva) at room temperature
for both cases (i) and (ii) are ca. 1.2, as shown in Fig. 50. This implies that the
internal fields in both PE and EVA layers reach their own breakdown strengths
almost at the same time. Since Fypr/Forvs is about 1.2 at room temperature. At
343K this ratio is about 1 for case (i) and 3.1 for case (ii).

In order to determine the internal field ratio at 343K, the field dependences of
the conduction currents in EVA and PE were measured under a ramp voltage with
the voltage rising rate of 30 V/s. Figure 51 shows the results. At high fields near
breakdown strength, although the difference between the conduction currents of
EVA and PE becomes small, the conduction current of PE seems to remain smaller
than that of EVA. Therefore, the ratio Fpyu/Frya of 3.1 seems more reasonable,
although this value can not directly obtained from Fig. 51. Therefore, the
breakdown of the PE layer seems to determine the breakdown strength of the
PE-EVA laminate at 343 K.

, sesevas EVA 25um
thS . —>»-— PE 30um
(O breakdown initiates in EVA laver
3 @ breakdown initiates in'PE laver 10_5 —
EVA-PE (15pm+lsum) & /
Au-Au g -7
e 0 /
22— - K
~ /
P n ’
e Voltage rising
o o8 - / g g
* K / . razte: 30V/s
= P Temp 70°C
107% —
! | I 1 |
o | ] l } ] | | 10 100 1000 10000
30 300 3000
0 10 26 30 40 50 50 70
Tamperature (°C) F (k¥V/cm)

Fig. 50. Calculated ratio of internal fields Fig. 51. Conduction currents of EVA and
Fpp/Frya. PE under a ramp voltage with a
voltage rising rate of 30V/s.
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5. 3. Impulse Breakdown Strength

The impulse breakbown strength of the EVA-PE laminate film was also measured
in order to clarify the internal electric field of each layer under the application of
an impulse voltage.

The intensity of the impulse voltage was so selected that the breakdown takes
place within 5 us, i. e. the breakdown takes place in the wave front.

The impulse breakdown strength of the EVA-PE laminate is shown in Fig. 52.
The impulse breakdown strengths of the EVA and PE single layer films are also
plotted together. Like the DC breakdown strength the impulse breakdown strength
has no polarity dependence either at room temperature or at 343 K.

At room temperature, the impulse breakdown strengths of PE and EVA are ca.
5 MV/cm and 4 MV/cm, respectively and the breakdown strength of EVA-PE
laminate film is ca. 4.5 MV/cm for both
polarities. The ratio of internal fields in
PE and EVA (Fpp/Fgvs) is 1. 25 at room
temperature. The breakdown strength of
4.5 MV/cm for EVA-PE is obtained only sl
in the case of “optimum voltage division”.

At 343K, the impulse breakdown
strengths of EVA, PE and EVA-PE are

Imptlse
Au~Au electrodes

{Mv/cm)

almost the same (ca. 4 MV/cm). This | ——— :;;iz:;::

implies that the ratio of internal field in * | ... et

EVA to PE in the EVA-PE laminate is iy -

about 1. This also is the case of optimum . L L L
voltage division. Therefore, it is concluded o 10 20 3 40 50 60 70

that under the impulse voltage application Temperature (°C}

the ratios of internal field in EVA-PE TFig. 52. Breakdown strength of EVA-PE
laminates are optimum at both room tem- under impulse voltage application.
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perature and 343 K.

Assuming that the voltage division in EVA-PE is determined by the capacitance
of each layer, the permittivity of EVA can be calculated by using the relative
permittivity of PE (2.3). The calculated relative permittivity of EVA was 2.8 at
room temperature and 2.3 at 343K. The measured relative permittivity of EVA
at 1 kHz is shown in Fig. 53. The equivalent frequency for the impulse voltage is
estimated at about 40 kHz. The calculated relative permittivity of EVA shows good
agreement with the measured relative permittivity. Therefore, it is concluded that
under an impulse voltage the voltage division of the EVA-PE laminate film is
determined by capacitance of each layer.

DC breakdown strengths of single layers of EVA and PE, however, are different
from impulse breakdown strengths. This may be due to the influence of space
charge. The above simple models are based on the assumption that effects of space
charge and thickness can be neglected. Therefore, it should be noted that the above
calculation is rough estimation.

6. Evaluation of Intermal Electric Field by Separation Method

6. 1. Introduction

There are a few methods to evaluate the internal electric field utilizing electron
beam, Kerr effect, pressure pulse, thermal pulse5°~53) and so forth. In Chapter 5
a method to evaluate the internal field from breakdown strength was proposed. It
is useful for the evaluation of the internal electric field at high fields near break-
down strength. In order to clarify the internal electric field under an applied field
lower than the breakdown field, the “separation method” can be used. The separa-
tion method is to evaluate the internal field by measuring an intensity of a dipolar
TSC peak from a single component layer of a multi-layer composite. The principle
and the details of this method will be given in the next section.

6. 2. Separation Method

TSC spectrum of an electret containing dipoles shows dipolar peaks whose in-
tensity increase linearly with the poling electric field as described in Chapter 2.
Therefore, if a laminate insulating film has at least one layer containing dipoles, it
is in principle possible to evaluate the internal electric field by the following
procedure.

(a) Two films are put together in vacuum at room temperature to form a two-
layer composite (lamination process).

(b) The laminate film is poled at a certain temperature.

(¢) The laminate film is cooled to a temperature at least lower than the peak
temperature of the dipolar TSC peak under consideration.

(d) The laminate film is separated at this low temperature and a metal electrode
is brought into contact with a surface of the separated layer in order to make a
TSC measurement.

(e) By comparing the intensity of the dipole peak of the separated film with
the linear dependence of the peak on the poling field obtained for a single-layer
specimen, the internal field can be evaluated.

An equipment for this measurement was developed. Figure 54 is the front
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Fig. 54. Front cross sectional view of Fig. 55. Cross-section at A-A in Fig. 54,
equipment for the separation
method.

cross sectional view of the equipment and Fig. 55 shows the cross section at A-A
in Fig. 54. The crank shaft inside a vacuum vessel can be moved toward right
or left as shown in Fig. 55 and can be turned as shown in Fig. 54. Component
films of a composite ((5) and (6) in Fig. 55) are placed on two electrodes ((4)
and (7)), one of which is fixed to a spring on the crank shaft. By moving the
crank shaft the film (6) is pressed on the film (7) to form a two-layer composite
(lamination). During the separation an operator pulls the crank shaft outward
without turning it to separate the two-layer film. After removing the layer at
position “b”, the crank shaft was turned counter-clockwise (cf. Fig. 54). The
separated part then moved from position “b” to “a”. An electrode or a dielectric
layer with an electrode moves from position “c” to “b” to make a contact with
the remuining layer at “b”. Of course, the electrode or the layer at position “c”
is cooled to the same temperature as the specimen at “b” before hand. All of the
operations including lamination and separation are performed in vacuum. The
movabhle electrode is supported by a spring (9) which ensures the contact between
the specimen and the electrode or between the upper dielectric layer and the lower
one. During the lamination or the separation an operator is able to observe the
specimen through the observation window (10). Other structures of this equipment
for measuring TSC are similar to an ordinary one.

6. 3. Accuracy of Separation Method
The accuracy of the internal field evaluation by the separation method is
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affected by many factors such as contact electrification, interfacial polarization,
mechanical deformation and cooling rate.

In separating at two-layer insulating system the contact electrifications4~59
may cause a problem. However, the charge penetration depth in contact electrifica-
tion was estimated to be shallow (ca. 300nm)54>. This penetration depth is about
1/100 of the specimen thickness. Therefore, after contacting an electrode and
short-circuiting the specimen, the charge due to the contact electrification has a
negligible influence on the internal field of the bulk and, thus, on the intensity of
the dipolar peak even if the charge due to contact electrification moves back to
electrode during the TSC measurement. The influence of electrification caused by
the separation was investigated by measuring TSC spectrum from a PE or EVA
film separated without poling. No TSC peak was observed and this indicates that
there was no influence of contact electrification on the TSC spectrum.

In the separation method, the interfacial charges accumulated during the poling
seem to have no influence on the TSC spectrum for the same reason as above.

The absolute intensity of P, peak in the separated EVA laver from EVA-EVA
is smaller than that from the poled single layer of EVA. This is considered to be
due to mechanical deformation. The influence of mechanical deformation is con-
firmed by the change in capacitance. Figure
56 shows the temperature dependence of
capacitance of the separated EVA layer.
One side of the separated EVA layer is in
contact with a solid electrode, not with
an evaporated electrode. In order to know
the influence of the change in permittivity
with temperature the change in permit-
tivity of EVA is also shown in the same
figure. The permittivity of EVA in-
Fig. 56. Temperature dependence of ca. ClCa5e8 at glass tran§ition temperature of

pacitance of separated EVA layer EVA and the capacitance also increases

and that of permittivity of EVA. reflecting this increase in permittivity.
However, at higher temperatures, in spite

that the permittivity slowly decreases, the

capacitance still increases. This result implies that though the permittivity plays
a role in capacitance change, the change in capacitance mainly results from the
change in distance between electrodes. The separation at liquid nitrogen temperature
results in mechanical deformation of the separated specimen and this makes an
uneven contact between specimen and contact electrode since the specimen is hard
at low temperature. Therefore, the resultant distance between electrodes becomes
larger than the film thickness. As temperature increases the hardness of specimen

decreases and the force due to the spring attached to the upper electrode decreases
the distance between electrodes.

The change in distance between electrodes causes the change in TSC peak in-
tensity and finally results in an error in the internal field evaluation. The mazimum
change in electrode distance was estimated at about —20¢% from the change in
capacitance. The intensities of P, dipolar peak for a single layer of EVA and the
separated EVA layer from the EVA-EVA two-layer film revealed that the total
error resulting from the overall separation procedure is a little more than the
above estimate and reaches about —40 %. Considering the error (—40%) resulting

Capacitance vacistian

Tampecatuce (7€)
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from the separation method, the data given in the following sections have been
calibrated by increasing them by 40 %.

The composite has different field distributions at different temperatures.
Therefore, a slow cooling rate, which is not high enough to freeze in the field
distribution at the poling temperature, results in errors. The appearance of TSC
peak due to carriers near the dipole peak also results in errors in the internal field
estimation. Therefore, these problems have to be taken into account carefully
when the separation method is applied.

6. 4. Internal Field Evaluation from Dipolar TSC Peak

In order to estimate the internal field distribution accurately it is required
that trapped carriers do not affect the dipolar peak and that the peak is large.
The P, pealk of EVA seems to meet the requirements. The P, peak intensities of
the separated EVA layers from EVA-EVA two-layer film are the same. which
supports the reliability of the separation method.

Figure 57 shows the TSC spectra of the separated EVA, which was polarized
in the form of EVA-PE composite and separated from the PE layer at liquid
nitrogen temperature. The poling temperature was 253K in order to measure the
internal field around the glass transition point of EVA and PE. The TSC spectra
clearly show the dipolar peaks around 243K. The two curves show no polarity
dependence. As the P, TSC peak of EVA around 243K results from dipoles?®> (cf.
Section 2.4.) and has linear dependence on applied field (cf. Fig.9), it is possible
to evaluate the internal field. When an average field of 100kV/cm was applied to
the EVA-PE composite, the resultant internal field of the EVA layer was ca. 70
kV/cm (before calibration: 40kV/cm). The internal field of the PE layer is then
calculated at ca. 130kV/cm.

The ratio of the internal fields between EVA and PE in both EVA(+)-PE(—)
and EVA(—)-PE(+) are around 1:2 (before calibration 1:4). The TSC spectra
in Fig. 57 show no polarity dependence and this also implies the voltage divisions
for both polarities are the same. Figure 58 shows the conduction currents in EVA
_PE, EVA and PE at 243K. The conduction currents of EVA-PE show no polarity

~127

Measured at: ~30°C

15 min. after voltage

EVA(+)-PE(~)
o ‘ application
10 L~ -~ —— EVA(-)-PE(+) EVA(+)-PE(-)
) o 1913k EVA(=1-FE(+)
Poling Condition:

4@ ru

100kV/cm -
“5 ozl 15 min. g
g -20°c / “10_“_
9
et
10713 : - IS T S N |
~120 ~80 ~40 0 1 3 10 30 100 300 1000
Temperature °C P (x¥/cm)
Fig. 57. TSC spectra of EVA layer sepa- Fig. 58. Electric field dependence of con-
rated from EVA-PE polarized at duction currents of EVA, PE and

253 K. EVA-PE at 243K.
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peaks of EVA separated from
EVA-PE and EVA single layer.

the poling field as shown in Fig. 61.
(before calibration 30 %) of the average fields of EVA-PE.
Figure 60 shows the TSC spectra of the EVA layer from EVA-PE poled under

380
Temperature

Fig. 60. TSC spectra of EVA separated
from EVA(+)-PE(—) polarized at
343 K.

3]

dependence around 243 K under an electric
field of about 100kV/cm. The conduction
current of EVA is larger than that of PE.
The results of the separation experiments
agree well with the results of conduction
current measurements around this poling
temperature in Fig. 58.

It is reasonable that the internal field
in EVA is smaller than that in PE, since
(1) the conduction in EVA is larger than
that in PE and (ii) the positive carrier
injection into EVA, which affects the con-
duction in the neighboring PE layer is not
dominant around 243K.

On the other hand, this dipole peak
shows strong polarity dependence, when
poling temperature is 343K as shown in
Figs. 59 and 60. This implies that the
voltage division depends on polarity at
higher temperatures.

Figure 59 shows the TSC spectra of
the EVA layer, which were polarized at
343K in the form of EVA-PE with a
negative voltage on the EVA side (EVA
(=)-PE(+)) and separated at liquid

The dipole peaks around 243 K show linear dependence on
Internal electric fields of EVA are 50 %

the same conditions as for Fig. 59 except that the polarity is opposite (EVA(+)-
PE(—)). Unlike the case of EVA(—)-PE(+), TSC spectra show peaks Pc adjacent
to dipole peak P,. which are considered to be due to carriers since the direction is
opposite to that of normal depolarization current. The appearance of Pc peak
strongly influences the apparent intensity of dipole peak P. Therefore, the accurate
evaluation of internal electric field is difficult in this case. However, in spite of
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the existence of Pc, qualitative estimation is still possible. Figure 61 shows the
electric field dependence of P, dipole peak of EVA(—)-PE(+) and EVA(+)-PE
(—). The dipole peak of EVA(+)-PE(—) is smaller than that of EVA(—)-PE(+).
The smaller dipole peak implies a lower field in the EVA layer. Therefore, it is
reasonable to conclude that the internal field of EVA are smaller in EVA(+)-PE
(=) than in EVA(—)-PE(+) at 343K. This implies that the internal field
distribution is dependent on the polarity of the applied voltage.

6. 5. Location of Charges Responsible for Interfacial TSC Peak in
EVA(+)-PE(—)

In Chapter 2, the P, TSC peak in EVA(+)-PE(—) was shown to result from
positive carriers trapped at the EVA-PE interfacial region. However, the exact
location of these positive carriers in the interfacial region is not easy to determine
from TSC measurements. The separation method can provide further information
on the location of the carriers.

The procedure was as follows. After the poling and the cooling of an EVA-PE
two-layer specimen the applied field was removed and one of the layers of the two
layer-film was removed. Then, a non-polarized layer of the same material was
brought into contact with the remaining layer to form a new two-layer system.
The TSC measurement was carried out on the new two-layer system.

Figure 62 shows the TSC of EVA-PE (EVA(+)-PE(—)) whose one layer was
replaced by a fresh layer. Replacing PE layer gives less influence on the intensity
of interfacial TSC peak around 290 K than replacing EVA layer. This suggests that
main part of the interfacial positive carriers responsible for the P, peak are on
the EVA side of the interface. The TSC peak around 240 K in solid line is con-
sidered to result from the orientation of dipoles in EVA layer under the influence
of the PE layer.

The solid line in Fig. 63 shows the TSC spectra of EVA-PE (EVA(—)-PE(+)),
whose PE layer was replaced at liquid nitrogen temperature. This does not differ
much from the TSC of EVA(—)-PE(-+) specimen whose layers were not replaced.
This shows that three TSC peaks (P;, Py and P3) in EVA(—)-PE(+) result from
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Fig. 62. TSC spectra of EVA-PE, one layer Fig. 83. TSC spectra of EVA-PE whose

of which was replaced by a fresh PE layer was replaced by a fresh
film after the poling (EVA(+4+)- film after the poling (EVA(—)-
PE(—)) at 343K and the separation PE(+)) at 343K and the separa-
at liquid nitrogen temperature. tion at liquid nitrogen temperature

and EVA(—)-PE(+).
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EVA layer as shown in Chapter 2.

7. TSC and Conduction Current of Other Combinations of Polymers

7. 1. Introduction

In Chapters 2 to 6 the EVA-PE laminate films were studied. The TSC spectra
and conduction currents of EVA-PE composite showed strong polarity dependences
and, therefore, the simple Maxwell-Wagner model can not be applied to analyze the
EVA-PE composite. However, there are some reports which explained the composite
insulating system by the Maxwell-Wagner model2:3, It is important to clarify
whether the polarity dependence of TSC and conduction current in the EVA-PE
composite is a rare exception or not. For this reason, TSC spectra and conduction
currents from other combinations of polymers were also studied.

7. 2. TSC and Conduction Curvents of EVA-HDPE, EVA-PP, EVA-FEP
and EVA-PET

HDPE (high density polyethylene), PP (polypropylene), FEP (fluorinated
ethylene-propylene copolymer) and PET (polyethylene terephthalate) were used
in the measurements. The physical properties of these materials are summarized
in Table 1. The conduction current measurement and the poling for TSC are
carried out under the electric field of 100kV/cm at 353 K.

Figures 64 and 65 show the TSC spectra of EVA-HDPE and EVA-PP, res-
pectively. The TSC spectra of HDPE and PP single-layer films are too small to
appear in these figures. The TSC spectra depend on the polarity of the applied
field and the interfacial P, peak is observed around 290 K only when the specimens
are poled with a positive voltage on the EVA side. Figures 66 and 67 show the
conduction currents of EVA-HDPE and EVA-PP laminate films, respectively. The
conduction currents show remarkable polarity dependence similar to that of EVA-
PE. The conduction current is much larger with a positive voltage on the EVA
side than with a negative voltage on the EVA side. Therefore, the model of con-
duction for EVA-PE in Chapter 3 is also applicable to the cases of EVA-HDPE
and EVA-PP.
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Fig. 64. TSC spectra from EVA-HDPE Fig. 65. TSC spectra from EVA-PP two-
two-layer films. layer films.
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Figures 68 and 69 show TSC spectra and conduction currents of EVA-FEP,
respectively. These show another type of the polarity dependence. When a positive
voltage was applied on the EVA side, TSC spectrum of EVA-FEP does not show a
new interfacial peak but the intensity of a TSC peak around 290 K in EVA(+)-FEP
(—) is larger than that in EVA(—)-FEP(+). The conduction current in EVA(+)-
FEP(—) about 20 minutes after voltage application is smaller than that of EVA
(—)-FEP(+4). However, at initial stage the conduction current in EVA(+)-PE(—)
is larger than that of EVA(—)-PE(+).

Figures 70 and 71 show TSC spectra and conduction currents in EVA-PET
They do not show the polarity dependence.

The model for EVA-PE can not be applied
to the case of EVA-PET under 100kV/cm 3
at 353 K.

In conclusion the model proposed for

the TSC and conduction in EVA-PE com-
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posite is also applicable to some other polymer-polymer composites. This suggests
that the influence of the interface is very important in the polymer composite
system.

8. Conclusion

In order to clarify the effects of interface in 2 polymer-polymer composite
insulating system, TSC, conduction current and dielectric breakdown measurements
were carried out on EVA-PE and other composite films. The main conclusions
obtained in this research are summarized as follows.

TSC and conduction current in EVA-PE showed remarkable dependence on the
polarity of the applied field and electrode material. This is explained by the follow-
ing model. Positive carriers are easily injected into EVA from the Au anode.
Some of them are trapped at the EVA-PE interface and give rise to the interfacial
TSC peak. Most of the positive carriers can pass through the EVA-PE interface
and move in the PE layer, increasing the conduction current in PE by about two
orders of magnitude. In such systems as EVA-PE, the simple application of the
conventional Maxwell-Wagner model leads to wrong conclusions. The existence of
some polar groups at the metal-PE interface is considered to enhance carrier injec-
tion into PE.

The measurements of discharge currents after DC or AC voltage application
were carried out. The difference in discharge current between DC and AC poling
suggests different mechanisms and locations of the trapped carriers for DC and AC
poling.

The internal fields in EVA-PE composite under high fields near dielectric
breakdown were estimated by measuring dielectric strength. Under DC voltage the
ratios of internal fields of PE and EVA are 1.2 at room temperature and 3.1 at
343K. Under impulse voltage the voltage division is determined by the permittivity
of each layer.
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The internal fields in EVA-PE under the fields below the breakdown strength
were estimated by the separation method, which was developed here. The ratio of
internal fields of PE and EVA is about 2 at 243K for both EVA(+)-PE(—) and
EVA(—)-PE(+). At 343K it is about 3 for EVA(—)-PE(+) and higher for EVA
(+)-PE(—). This method also revealed that the positive carriers trapped at the
EVA-PE interface region were located on the EVA side.

The strong polarity dependence of TSC and conduction current was also observed
in other combinations of polymer materials. This indicates that EVA-PE is not an
exceptional case to show the strong polarity dependence and that the application of
the Maxwell-Wagner model should be carefully done to analyze practical composite
insulating systems.
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