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The effect of polymer type on electric breakdown
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Based on the concepts of fast polarization, effective electric field and electron impact ionization criterion, the

effect of polymer type on electric breakdown strength (Epp) on a nanosecond time scale is investigated, and a formula

that qualitatively characterizes the relation between the electric breakdown strength and the polymer type is derived.

According to this formula, it is found that the electric breakdown strength decreases with an increase in the effective

relative dielectric constants of the polymers. By calculating the effective relative dielectric constants for different types

of polymers, the theoretical relation for the electric breakdown strengths of common polymers is predicted. To verify

the prediction, the polymers of PE (polyethylene), PTFE (polytetrafluoroethelene), PMMA (organic glass) and Nylon
are tested with a nanosecond-pulse generator. The experimental result shows Epp (PTFE) > Egp (PMMA) > Epp
(Nylon) > Epp (PE). This result is consistent with the theoretical prediction.
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1. Introduction

Polymers are widely wused in high-voltage
devices!! 3! and pulsed power systems.*=7 Tt is of
great importance to research the electrical properties
of polymers on a nanosecond time scale. In the 1960s,
Martin made some investigations into the volume ef-
fect and the pulse number effect on the electric break-
down strength (Epp) of polymers, and concluded the
famous Martin formulae.[®% In the 1970s, Mesyats re-
ported on the pulse width effect and the pulse polar-
ity effect on Fgp.['% Other research on the rise time
effect,['!] the repetition rate effect!? and the dielec-

tric thickness effect on Egp 3!

has also been reported.
This research is helpful for the application of polymers
on a nanosecond time scale. However, to extend their
application and to provide more criteria for design-
ers and scientists, more of the electrical properties of
polymers should be studied.

In this paper, the polymer type effect on Epp is
firstly investigated and a formula is derived. The the-
oretical bases for this investigation are introduced in
Section 2, and the method for deriving the values of
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the effective dielectric constant (ey.) and the predic-
tion for the Epp relation of polymers are presented
in Section 3. To verify the prediction, experiments
on the Epp of four types of polymers are conducted
and the experimental results are presented in Section
4. In Section 5, the discussion and conclusion on the
derived formula are presented.

2. Theoretical analysis

This section is devoted to the theoretical bases for
the polymer type effect on Egp on a nanosecond time
scale, which comprises three sub-sections: the fast po-
larization phenomenon, the concept of the effective
electric field (F,) and the electron impact ionization

criterion.

2.1. The fast polarization phenomenon

There are five basic types of polarization in
solids.'41% Table 1 lists the mechanisms and the
establishment time (¢.s) for each type of polarization.
From this table, it can be found that on a nanosecond
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Table 1. The five basic types of polarization in solids.

Types

Electronic polarization
/optical polarization
Tonic or atomic polarization
/vibrational polarization
Orientational polarization
Hopping polarization
/relaxation polarization
Space charge polarization

/interfacial polarization

Polarization mechanisms tes/s
Relative elastic displacement
10-15-10-14
of electron clouds to nucleus
Relative elastic displacement
10~ 14-10712
of negative ions to positive ions
Uniform alignment of polar molecules 10-6-10—2
Hopping of localized charges
. . 10=6-10—2
(ions and vacancies, electrons and holes)
Space charge in
10—2-10%

nonuniform dielectrics

time scale, only the electronic polarization and the
ionic/atomic polarization can be established, but the
other three cannot. Moreover, the electronic polar-
ization and the ionic/atomic polarization are both
based on the relative elastic displacement of the neg-
ative particles to the positive ones, which are also dif-
ferent from the other three types. Based on these
two similarities, the electronic polarization and the
ionic/atomic polarization are analysed together with
a unified name: fast polarization. Furthermore, the
relative dielectric constant caused only by fast polar-
ization is called the effective relative dielectric con-
stant, €., to distinguish it from the relative dielectric
constant ¢, caused by all types of polarization.

When the concept of fast polarization is em-
ployed for polymers, it will only denote the electronic
polarization, since there are no metallic elements in
polymers. Based on the description of the five types
of polarization in Ref. [14], Figure 1 shows the ba-
sic polarization types and the fast polarization phe-

nomenon in polymers. By taking into account the fact
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Fig. 1. The polarization types in poly-

mers.

that e, of a polymer is only determined by its chemi-
cal structure, the polymer type can be represented by

the value of €., and the relation of Egp versus poly-
mer types can be represented by that of Egp versus
Ere-

2.2. The concept of E,

Besides ¢,¢, another concept connected with the
relation of Egp versus polymer types is the effective
electric field or the local electric field, which is written
as FE.. To formulate this concept, the Lorentz model
is employed, which is a small sphere of dielectric ma-
terial removed from around the site of an atom or a
molecule to form a cavity (see Ref. [14]).

According to Lorentz,!' the relation of E. and
the applied field is as follows:

e+ 2
E, = TEOP’ (1)

where E,, is the applied field. From Eq. (1), it can
be seen that for any e, greater than 1, E, being larger
than E,p, will always hold true. Moreover, if the time
is on a nanosecond scale, ¢, should be replaced with
Ere-

2.3. Electron impact ionization criterion

The third concept about the relation concerned
is the electron impact ionization criterion.617 For
breakdown on a nanosecond time scale, since the time
scale is so short, the process can be considered as a
quasi electron one, which means that the breakdown
is caused by the electron impact ionization and multi-
plication in the dielectrics. Therefore, the electron im-
pact ionization criterion can be employed to describe
this process. The basis of this criterion is

e+ A2t At (2)

where € and e are the electrons with high and low
energy, and A and AT are the particles (molecule or
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atom) and its positive forms, respectively. The crite-
rion for Eq. (2) is

AE =eFE . (3)

Equation (3) means that to ionize an atom or
molecule, an electron accelerated in the effective field
FE. must gain energy equal to or larger than the atom
or the molecule’s ionization energy AFE during one free
path A. Inserting Eq. (1) into Eq. (3) gives

245
3

AE

e Eqp. (4)

For the breakdown on a nanosecond time scale, the pa-
rameter €, should be replaced by €, and E,, should
be replaced by Epp. Transformation of Eq. (4) gives

(5)

Since the parameter €. can represent the polymer
type, Equation (5) is considered to be the theoretical
expression of Egp, dependent on the polymer types
on a nanosecond time scale.

It is difficult to predict the relation of Epp to
polymers only using Eq. (5), since the AFE and X for
each type of polymer are not equal to those of oth-
ers. To solve this problem, two ‘bold’ conjectures are
introduced. One is that all the polymers have the
same ionization energy, and the other is that the av-
erage inter-atomic distance for each type of polymer
is basically the same as the others. Using these two
conjectures, one can make a prediction that the larger
the ¢, for a polymer, the smaller the Egp for this
type of polymer.

It should be noted that these two conjectures are
basically acceptable. The reason for this lies in the
fact that even if polymers are different from type to
type, the main atoms comprising the polymers (such
as C, H and O) are the same. This results in the
average ionization energy for atoms or the average
energy gaps for covalent bonds like C-H, C-O, O-H
and C—C being the same. Moreover, since the num-
ber of atoms per unit volume in dielectrics is very large
(1023 cm—3), the average interatomic distance can also
be considered to be the same.

It is also noted that this prediction of the relation
between Epp and polymer types is a qualitative one.
This is because that for polymers, there are always
defects or pores in them. The existence of defects will
import impurity energy levels into the intrinsic energy
levels, which will cause the fluctuation of AE. The

existence of pores will introduce low-density domains
into the polymers, which will cause the variation in
A. Both these effects will lead the prediction to be a
qualitative one.

3. Derivation of &,

To predict Egp related to polymers using Eq. (5),
the values of ¢, for different types of polymers should
be derived.

3.1. Method to calculate &,

The Clausius—Mossotti equation (K-M equation)

is employed to calculate &, as!'*1]
re — ]- N s
e o= (6)
Ere +2 3€0

where N is the number of atoms or molecules per unit
volume, ay is the sum of the polarizability of electronic
polarization, and &q is the dielectric constant of the
polymers in vacuum. Since IV is an indirect physical
parameter, it is replaced by the following equation:

N _»p
m — Xt — g 7
where ny, is the mole number, N4 is Avogadro’s num-
ber, M is the atomic or molecular weight, and p is the
density of the polymer. Inserting Eq. (7) into Eq. (6)

gives
Ere — 1M . NAas

€re+2?_ 3¢€0

(8)

The left part of Eq. (8) is called the molar polariz-
ability (R), which represents the macroscopic polariz-
ability in light frequency or on a 107'° s time scale.
For the value of R, since the polymers are composed
of covalent bonds such as C-H, C-O and C-C, it can
be derived via summing up the molar polarizability of
each small covalent bond as

R:Zn—, (9)

where r; represents the molar polarizability of the ith
covalent bond in a polymer. The values of r; for com-
mon covalent bonds are listed in Table 2.['8] Combin-
ing Egs. (8) and (9) gives

M+2p3

e = ———————. 1
€e M—pZTi (O)

Equation (10) is the formula for calculating &, for
different types of polymers.
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Table 2. Polarizability for common covalent bonds.

Covalent Molar Covalent Molar
bond polarizability bond polarizability
C-H 1.70 C=0 3.42
H-H 2.08 C-OH 3.23
Cc-C 1.21 C-NH-C 5.13
C=C 4.15 C-F 1.83
Cc-O 1.42 C—Cl 6.57

3.2. Calculation of €., for polymers

With the data in Table 2 and the density of the
polymers, the key parameter e, for different types
of polymers can be calculated. The calculation pro-
cess is presented by taking PMMA (organic glass) as
an example. Figure 2 shows the chemical structure of
PMMA. Based on this structure, the molecular weight
and the number of various covalent bonds in a sin-
gle PMMA unit are summed up, as listed in Table
3. In this table, it is found that M = 100.12 and
R = 24.7. By taking into account that p (PMMA)
= 1.18-1.19 g/cm?, &, (PMMA) is calculated to be

O

2.23-2.24.
T
I [

n
H
|
H—C c—C—O0—C—H
| | |
H

H H—C—H

Fig. 2. The chemical structure of PMMA.

Table 3. R and M for PMMA.

Number of Species of
covalent bond i atom ZnMe
4C-C 4x1.21 5C 5x12.0107
8C-H 8x1.70 8H 8x1.00794
2C-0 2x1.42 20 2x15.9994
1C==0 1x3.42
Xr; =R =24.7 XnMe = M = 100.1158

Note: n represents the atom number in a single unit for
a type of polymer, and M. represents the weight of this
kind of atom. For example, for C its atom number is 5 and
M. is 12.0107.

Similarly, €, for the other common polymers used
in high-voltage devices are also calculated, as listed
in Table 4. As a comparison, the normal dielectric
constant e, for these polymers are also listed. From
Table 4, one can predict the Egp relations for com-

mon polymers. For example, the Egp relations for

PE (polyethylene), PTFE (polytetrafluoroethelene),
PMMA and Nylon are

Egp (PTFE) > Fpp (PMMA) > EBp (Nylon)
> Epp (PE). (11)

Table 4. The parameters ere and e, for common poly-

mers.

Polymers Ere Er
PTFE 1.77-1.87 2.0-2.2
PMMA 2.23-2.24 3.6
PP 2.26 2.0-2.6
Nylon1010 2.28-2.32 3.0-3.6
PE 2.28-2.34 2.2-2.4

PVC 2.38 46
PS 2.39-2.42 2.4-2.65

4. Experiments to verify the Egp

relations

To verify the prediction in expression (11), some
experiments were designed and conducted.

4.1. Experimental setup and procedure

The schematic diagram of the experimental setup
can be found in Ref. [13], and consists of a nanosecond
pulse generator,'9=21 a sample tank, a load tank and
a diagnostic system. The electrode in the sample tank
is sphere-plane shaped with a diameter of 60 mm to
form a quasi-uniform electric field. The test samples
are made of PE, PMMA, PTFE and Nylon (1010), all
of which are cylindrical with a diameter of 40 mm and
a thickness (d) ranging from 0.5 to 3.5 mm. Both the
electrode and the test sample are immersed in trans-
former oil to avoid surface flashover. The typical out-
put voltage waveform for this setup is trapezoidal with
a pulse width of 8.5 ns, a rise and fall time of 1.5 ns
and a maximum amplitude of 300 kV.

The experimental procedures are designed as fol-
lows: (i) choose 6-10 samples of one kind of polymer
with the same thickness to obtain one Epp versus d
datum; (ii) change the polymer thickness and repeat
procedure (i) five times to obtain one set of Epp ver-
sus d data; (iii) change the polymer types three more
times and repeat procedures (i) and (ii) to obtain the
other three sets of Egp versus d relations.

4.2. Experimental results

The experimental results are shown in Fig. 3. To
show the regularity clearly, the standard error of each
set of data is removed and the results are expressed
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in a log-log coordinate system.['3-??l According to this
figure, it is found that

Esp (PTFE) > Epp (PMMA) > FEBp (Nlel’l)
> Egp (PE). (12)

Expression (12) is consistent with the theoretical pre-
diction shown in expression (11).

2.0 T T T T

1.6

1.4+t

Ep/MV-cm™!

1.0 : .
0.5 1.0 1.5

d/mm

2.0 2.5 3.035

Fig. 3. The dependence of Egp on the dielectric thickness
of four types of polymer.

Besides the aforementioned experimental results,
the experimental result in Ref. [10] also supports the
polymer-type effect on Epp expressed in Eq. (5). This
set of experiments gives the results

EBp (PMMA) > FEgp (PVC) > FEpp (PS) s (13)

where PVC is polyvinyl chloride and PS is polystyr-
ene. According to Table 4, the relation of €,, between
the three types of polymers is

£ (PMMA) < £,0 (PVC) < 10 (PS).  (14)

Expressions (13) and (14) agree with each other.

5. Conclusion and discussion

The polymer-type effect on Egp on a nanosecond
time scale has been investigated in this paper, and a
qualitative formula to characterize the dependence of
Epp on polymer type is derived. It is concluded that
the smaller the effective relative dielectric constant of
a polymer, the larger the Egp of this polymer. It is
believed that this conclusion presents a feasible crite-
rion for choosing polymers for scientists and engineers
when designing insulating structures for high-voltage
devices, especially pulsed power systems.

It is worth mentioning that before applying this
formula and the conclusion, some preconditions should
be clarified.

1) The formula are based on the electron impact
ionization mechanism, which is an avalanche break-
down process belonging to electrical breakdown the-
ory. If the breakdown mechanism is thermal, mechani-
cal or chemical, 23] then the formula will not hold true.

2) The conclusion is established on a nanosecond
time scale. When the time is extended to microsec-
onds (us), milliseconds (ms) or the ac/dc scale, the
conclusion will not be applicable. The reasons for this
lie in the fact that when the time scale gets bigger,
there will be more polarization mechanisms. To solve
this problem, the ay parameter in Eq. (6) should be
added into the corresponding polarizability of the rel-
evant polarization mechanisms.

3) The conjectures that AE and X for each type
of polymer are approximately the same require that
the polymers should be perfect or quasi perfect. If
there are too many defects or pores in the polymers,
they will change the approximate values of AE and
A, which will also cause the inapplicability of the con-
clusion.

Future work is needed to improve the formula and
the conclusion obtained in this paper.
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