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ABSTRACT 

A concept i s  d e s c r i b e d  f o r  a p o s s i b l e  d e f i n i t i o n  of t he  i n t r i n s i c  
d i e l e c t r i c  s t r e n g t h  of i n s u l a t i n g  materials,  which can  be cons idered  as a 
fundamental m a t e r i a l  p rope r ty  s i m i l a r  t o  o t h e r  material  p r o p e r t i e s ,  such a s  
Young's modulus, index  of r e f r a c t i o n ,  and expansion c o e f f i c i e n t s .  The e v e n t s  
l e a d i n g  t o  t h e  r e c o g n i t i o n  of  t h i s  p rope r ty  a r e  r e p o r t e d ,  and t h e  p rope r ty  i s  
def ined .  This  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  concept should f a c i l i t a t e  
i n t e r p r e t a t i o n  of  r e s u l t s  from a c c e l e r a t e d  and/or  n a t u r a l  ag ing  programs 
intended t o  p r e d i c t  e l e c t r i c a l  i n s u l a t i o n  s e r v i c e  l i f e  of encapsu lan t s  i n  
p h o t o v o l t a i c  modules. As a p r a c t i c a l  a p p l i c a t i o n ,  t h i s  new concept enabled  a 
p o s s i b l e  e x p l a n a t i o n  of t h e  cause of f a i l u r e s  i n  bu r i ed  high-voltage c a b l e s  
w i t h  polye thylene  i n s u l a t i o n ,  and a p o s s i b l e  e x p l a n a t i o n  of t h e  causes  of 
e l e c t r i c a l  trees i n  po lye thy lene ;  t hese  a l s o  a r e  desc r ibed .  
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SECTION I 

J 

INTRODUCTION 

The Jet Propulsion Laboratory (JPL) has been assigned by the U.S. 
Department of Energy (DOE) responsibility for managing the Flat-Plate Solar 
Array Project (FSA). This project is responsible for planning and supporting 
mtional research programs to reduce the cost of, and to increase the outdoor 
service life of, terrestrial photovoltaic (PV) modules, with a goal of 30 
years of service. 
of materials that are to function as low-cost, long-life encapsulants for 
solar cells (Reference 1). Figure 1 illustrates the essential material 
components of state-of-the-art commercial photovoltaic modules. 

One phase of this project is concerned with the development 

The central core of an encapsulation system is the pottant, a 
transparent, elastomeric material that is the actual encapsulation medium in a 
module. This material totally encloses and embeds 
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Figure 1. Construction Elements of Photovoltaic Encapsulation Systems 
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their associated electrical circuitry; the demands on a pottant material are 
numerous. Some of the more significant requirements are: 

’ 

(1) Be highly transparent in the silicon solar-cell response 
wavelength region of 0.4 to 1.1 pm. 

( 2 )  Function as electrical insulation for isolating highvoltage dc 
circuitry . 

( 3 )  Serve as a mechanical cushioning and stress relief medium for 
fragile solar cells. 

( 4 )  Be readily processed in automated module fabrication. 

Table 1 lists the five principal transparent, elastomeric materials now 
in use commercially or in advanced stages of development for pottant 
application. Of these five, ethylene vinyl acetate (EVA) is emerging as a 
dominant pottant material (Reference 2) .  

With engineering advances leading to reductions in the cost of 
photovoltaic modules to a current range of $4 to $7 per peak watt output, 
these devices are becoming increasingly attractive to electric utilities as 
alternative sources of commercial power generation. 
increasingly concerned with the long-term (about 30 years) dc electrical 
insulation qualities of pottant materials such as EVA in outdoor weathering 
environments. 

Therefore FSA is becoming 

A review of published literature and journal articles reveals that 
researchers and workers in the field of electrical insulation have been 
seeking an understanding of electrical aging mechanisms as well as the 
development of life-prediction methodologies (Reference 3 ) .  
considerable progress, there are no immediately available methods or 
techniques to assess the electrical insulation life potential of materials 
such as those listed in Table 1. 

But despite 

Table 1. Encapsulation Pottant Materials for Terrestrial 
Photovo 1 t aic Module s 

Mat e ria 1 Status 

Ethylene vinyl acetate (EVA) Commercial/developmental 

Poly vinyl butyral (PVB) Come rc ia 1 

Ethylene methyl acrylate ( E M )  Deve 1 o pme n t a 1 

2-2591 Polyurethane (PU) Commercial 

Poly-n-butyl acrylate (PnBA) Developmental 
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Under FSA research contract, Spectrolab, Inc., a manufacturer of 
photovoltaic modules, recently developed a computer program to model the level 
of electrical field intensities and stresses associated with the geometries of 
encapsulated solar cells (Reference 4 ) .  This was part of the FSA technical 
program related to accelerated aging of encapsulation pottant materials, and 
knowledge of typical electrical stress levels to which pottants would be 
subjected in service was sought. 

However, a mathematical analysis of the Spectrolab computer data led 
serendipiditously to an unexpected finding related to the dielectric strength 
of electrical insulation materials. In essence, it appeared that a 
fundamental definition of an intrinsic dielectric strength of insulation 
materials had been identified, which could be stated as a basic material 
property independent of any test technique or service environment. This is 
similar to other pure material properties such as Young's modulus, index of 
refraction, and coefficient of thermal expansion. 

This document describes the computer modeling, the mathematical analysis 
of the computer data, and resultant speculation on intrinsic dielectric 
strength. The intrinsic dielectric strength concept also provides a fresh 
perspective on implementing experimental programs related to electrical stress 
aging. As a practical matter, the intrinsic dielectric strength concept was 
used theoretically to arrive at a possible explanation of electrical and water 
trees in the polyethylene insulation of high-voltage cables, and also for a 
possible explanation of the occurrences of polyethylene insulation failures in 
buried high-voltage cables. 
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SECTION I1 

THE VOLTAGE GRADIENT 

POTTANT THICKNESS t 

A .  SPECTROLAB, INC., COMPUTER DATA 

Figure 2 is an illustration of a solar cell with a rounded edge of 
radius R, encapsulated in a pottant with thickness t isolating the solar cell 
from an electrically conducting ground plane. The voltage difference between 
the cell and ground is V, and y is the dimensional coordinate between the cell 
and ground. The Spectrolab computer program calculates the maximum electrical 
voltage gradient, (dV/dy)w, that will occur on the rounded edge, as a 
function of V, t, and R. It was found for this example that the computer 
results could be expressed as two dimensionless reduced variables: 

and 

where VA is the average potential gradient = (V/t). 
reduced variables are given in Table 2 ,  for the range of (t/2R) from 0.25 
to 50. 

The values of these two 

The data illustrate the field intensification that results on the 
rounded edge relative to the average potential gradient VA as the solar cell 
radius R is decreased, and also show that the potential gradient (dV/dy)- 
approaches the average potential gradient VA as pottant thickness t 
decreases. 

With these data, an effort was made to combine the two reduced variables 
in a compact mathematical expression for general utility. The procedure 

SOLAR CELL 

Figure 2. Encapsulated Solar-Cell Geometry (Analyzed by 
Spectrolab, Inc.; Reference 4 )  
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Table 2. Computer-Generated Values of  (dV/dy)m/VA and ( t / 2R)  
f o r  the Solar-Cel l  Geometry I l l u s t r a t e d  i n  F igure  2 

1.0969 

1.2195 

1.4277 

1.7705 

2.5536 

3,3692 

4.3383 

5.2687 

0.25 

0.50 

1.00 

2.00 

5.00 

10.00 

20- 00 

50-  00 

involved p l o t t i n g  f i r s t  t h e  r e c i p r o c a l  of (dv/dy)wx/vA ve r sus  ( t / 2R) ,  
i . e . ,  VA/ (dV/dy)m ve r sus  ( t / 2 R ) ,  as shown i n  F igure  3. 
i n  Figure 3 i s  sugges t ive  of a hyperbola ,  and t h e r e f o r e  the  reduced v a r i a b l e  
( t /2R)  w a s  r e c a l c u l a t e d  as  

The d a t a  t r a c e  

1 

(k + 1) 

which i s  equal  t o  

2R 
( t  + 2R) 

Figure 4 i s  a p l o t  of VA/ (dV/dy)w ve r sus  ( 2 R ) / ( t  + 2R), which now 
approaches a more n e a r l y  l i n e a r  r e l a t i o n s h i p .  
t h a t  i f  one o r  o t h e r  of  t h e  reduced v a r i a b l e s  were expressed i n  a power 
r e l a t i o n s h i p ,  l i n e a r i t y  would be achieved.  Therefore  the  same reduced 
v a r i a b l e s  were r e p l o t t e d  on log-log paper as shown i n  Figure 5. Indeed, t he  
i n i t i a l  p o r t i o n  of t he  log-log t r a c e  f o r  small  va lues  of t ,  which i s  on the  
r i g h t ,  i s  v i r t u a l l y  l i n e a r ,  and the  trace f o r  l a r g e  va lues  of t g radua l ly  
develops cu rva tu re .  A s o l i d  l i n e  and a d o t t e d  l i n e  a r e  used i n  Figure 5 t o  
d e f i n e  t h e  l i n e a r  and curved p o r t i o n s ,  r e s p e c t i v e l y .  

In spec t ion  of Figure 4 sugges ts  

6 
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0.1 - 

0 -  I I I 
0 10 20 30 40 50 

t / 2 R  
Figure 3. Plot of Data in Table 2 

The slope of the linear portion is 0.54, therefore resulting, for the 
linear portion, in the following connective relationship: 

0.54 
V A /(dV/dy)MAX 

Equation 1 can be re-expressed as 

= (dV/dylw (2R)0m54 (t + 2R) -0.54 
vA 
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Figure 4 .  Linear-Linear Plot of Table 2 Data as VA/(dV/dy)MAX 
Versus t h e  Variable 2R/(t + 2R) 

and i f  K is defined as 

K = (dV/dy)MAx ( 2R)O' 54 

Equation 2 becomes, finally, 

-0.54 v = K (t + 2R) 
A 

( 3 )  

( 4 )  
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Figure 5. Log-Log Plot of Table 2 Data as VA/(dV/dy)mX 
Versus the Variable 2R/(t + 2R) 

If the term 2R in Equation 4 is ignored, the form of Equation 4 is 
strikingly similar to the historically observed empirical square-root 
relationship between the average breakdown voltage of insulation materials, 
here being VA, and insulation thickness t: 

-L/2 VA = K(t) (5 )  

This empirical relationship is commented on, or utilized for data correlation, 
in a diverse cross section of published papers and articles on electrical 
insulation behavior, and is also described in the appendix of the standard 
ASTM-D-149-64 (Reference 5) test procedure for measuring the dielectric 
strength of insulation materials. I n  general, VA, the average breakdown 
voltage, is assigned to be the dielectric strength, and the caveat is that (at 
least) the experimental test conditions, the environment, material thickness, 
and electrode geometries must be specified. 

Using Equation 5, Figure 6 is a data correlation between the average 
breakdown voltage VA (dielectric strength) and sample thickness t for 
polymethyl methacrylate (PMMA), using data values extracted from technical 
bulletins as remarked in the figure. A least-squares fit of these data with 
Equation 5 conforms to the empirical expectation. 

One explanation for the empirically observed relationship between VA 
and t appears to be rooted in a material flaw theory, remarks on which are 
found in published articles on insulation behavior (e.g., Reference 3 ) .  The 
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concept is that material flaws of whatever kind act to cause or contribute to 
voltage breakdown, and as these flaws are expected to be randomly distributed 
throughout the bulk of the insulation material, thus statistically more flaws 
become available in thicker materials, thus reducing the voltage at breakdown 
(dielectric strength). Conceptually, a flaw-free state occurs for thickness t 
equal to zero; therefore VA in the limit of t = 0 would constitute a 
flaw-free measurement of the intrinsic dielectric strength of insulation 
materials. Stated another way, this view can support research to seek 
identification of these troublesome flaws, elimination of which would lead to 
improvements in insulation materials for electrical service. 

However, Equation 4 ,  and therefore Equation 5 if the term 2R is ignored, 
was generated on the basis of the electrical field distribution throughout a 
space of thickness t, originating from a curved surface of radius R (which 
could also be an edge or corner). This is a material-independent situation. 
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B. A DIFFERENT VIEW 

It is to be noted for Equations 1, 2, or 4 ,  which are merely different 
algebraic forms, that when t is equal to zero, then 

VA = V/t = (dV/dyImX ( 6 )  

It is here that the new concept states that (dV/dy)p+ is the intrinsic 
dielectric strength of insulation materials. The principle is that, as V 
increases, the material in test will fail when (dV/dy) on the electrode 
surface reaches the value of (dV/dy), now considered a material property, and 
which is associated with a specific insulation material. 

Before proceeding further, it is important to determine if the form of 
Equation 4 is unique to the geometry depicted in Figure 2, or is a general 
consequence of any electrode geometries and their associated field distribu- 
tions. Table 3 details two analytical solutions of La Place’s field equations 
for electrode geometries consisting of a needle tip-to-ground plane configura- 
tion, and for a needle-tip-to-needle-tip configuration (References 6 and 7). 

Table 3. Analytical Solutions of La Place’s Field 
Equations for Needle Electrodes 

Tip-To-Ground Plane (Reference 6 )  

(dV/dyIw = 2VA t P/Ln (Q)  

P = (1 + R/tI1I2/R 

Q = [2t + R + 2t1l2 (t + R)”2]/R 

Tip-To-Tip (Reference 7)  

V, t(l + 2R/t) 1 /2 
(dV/dyIW = n 

2R tanh-l [t/(t + 2R)]1’2 

11 



Both of t hese  a n a l y t i c a l  s o l u t i o n s  can be series-expanded (Appendix A ) ,  and 
when t h e  f i rs t  two t e r m s  of each of  t h e i r  r e s p e c t i v e  s e r i e s  expansions are 
a l g e b r a i c a l l y  combined, the  r e s u l t  i s :  

Tip-To-Tip 

T i  p-To -Ground 

Equations 7 and 8, der ived  from a n a l y t i c a l  s o l u t i o n s ,  are i d e n t i c a l  i n  
form t o  Equation 2 ,  which was der ived  from a computer s o l u t i o n  of La P lace ' s  
f i e l d  equat ion  f o r  t h e  geometry i n  Figure 2. 
Equations 2 ,  7 ,  and 8 a r e  the  i n t e g e r  m u l t i p l i e r  of R, and the  va lue  of the  
exponent ,  b o t h  of which a r e  being d i c t a t e d  by e l e c t r o d e  geometr ies  and 
pa i r ings .  Pa i r ings  a r e  the  use of two equ iva len t  e l e c t r o d e s  as i n  Equation 7 ,  
o r  two non-equivalent e l e c t r o d e s  as i n  Equat ions 2 and 8. It i s  convenient  t o  
r e f e r  t o  these  e l e c t r o d e  p a i r i n g s  a s  "symmetric" o r  "asymmetric." 

What i s  d i f f e r e n t  f o r  

I n  gene ra l ,  f o r  small va lues  of t o r  l a r g e  va lues  of R,  Equations 2 ,  7 ,  
and 8 a r e  of t he  gene ra l  form 

= K ( t  + a>-" vA 

where a and n a r e  d i c t a t e d  by e l e c t r o d e  geometr ies  and p a i r i n g s ,  and when 
t = 0,  

( 9 )  

Recently A.S.  P i l l a i  and R. Hackam (Reference 8) r epor t ed  on computer- 
generated va lues  of t he  e l e c t r i c  f i e l d  and p o t e n t i a l  d i s t r i b u t i o n s  f o r  unequal 
spheres  separa ted  by va r ious  gap l e n g t h s ,  and presented  t h e i r  r e s u l t s  i n  t a b l e s .  
Analysis  of t h e i r  t abu la t ed  d a t a  revea led  t h a t ,  f o r  small  gaps,  t h e i r  d a t a  a l s o  
converged t o  f i t  t he  form of Equation 9. This same genera l  convergence a t  
small  va lues  of t of s o l u t i o n s  t o  La P l a c e ' s  f i e l d  equat ions  i s  found i n  very 
e a r l y  l i t e r a t u r e  d a t i n g  back t o  1924 (Reference 91, 1928 (Reference l o ) ,  and 
1941 (Reference 11) .  

Given t h a t  Equation 9 i s  indeed a genera l  convergence s o l u t i o n  a t  s m a l l  
va lues  of t f o r  e l e c t r i c a l  f i e l d  d i s t r i b u t i o n s ,  t h i s  l eads  t o  s p e c u l a t i o n  on 
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what must be t h e  n a t u r a l  i n s u l a t i o n  p rope r ty  of a d i e l e c t r i c  f o r  Equation 9 
behavior  t o  be r e f l e c t e d  i n  the  experimental  t e s t i n g  as i n  Equation 5 f o r  
s o l i d  d i e l e c t r i c s -  
i n s u l a t o r  involves  two d i s t i n c t  s t a g e s ,  an  i n i t i a t i o n  s t a g e  and a propagat ion 
s t a g e ,  and t h a t  t h e  d r i v i n g  stress i s  the  vo l t age  g r a d i e n t  (dV/dy). 
f u r t h e r  specula ted  t h a t  t he  stress, i . e . ,  (dV/dy), r equ i r ed  f o r  i n i t i a t i o n  i s  
greater than  t h e  stress requ i r ed  f o r  propagat ion.  This  p a r a l l e l s ,  f o r  
example, t he  mechanical tear behavior of polymers, which have a h igh  
i n i t i a t i o n  stress and a low propagat ion  s t r e s s .  
e s t a b l i s h  the  (dV/dy) r e l a t i o n s h i p  throughout t he  i n s u l a t o r ,  which f o r  the  
geometry of F igure  2 has  maximum (dV/dy) a t  the  su r face  of t he  rounded edge,  
and minimum (dV/dy) a t  t he  su r face  of t he  oppos i t e ,  f l a t  ground p l a t e .  The 
Spec t ro l ab  computer a n a l y s i s  i n d i c a t e s  t h a t  as the  vo l t age  d i f f e r e n c e  between 
the  two e l e c t r o d e s  i s  inc reased ,  t he  l e v e l  of (dV/dy) a t  any i n s u l a t i o n  
.Location i n c r e a s e s  i n  d i r e c t  p ropor t ion ;  thus  t h e  r e l a t i v e  (dV/dy) r e l a t i o n -  
s h i p  throughout t h e  i n s u l a t i o n  is preserved ,  and only the  magnitude inc reases .  

The working s p e c u l a t i o n  i s  t h a t  e l e c t r i c a l  breakdown of an  

It i s  

Now t h e  e l e c t r o d e  geometr ies  

Since t h e  maximum (dV/dy) i s  a l w a y s  a t  t h e  rounded edge f o r  any vo l t age  
llevel, i n i t i a t i o n  of e l e c t r i c a l  breakdown i n  the  i n s u l a t o r  material  w i l l  occur  
when i n c r e a s i n g  vo l t age  i n c r e a s e s  the  (dV/dy) l e v e l  a t  t he  curved su r face  t o  
be equal  t o  the  r equ i r ed  i n i t i a t i o n  va lue  of t he  i n s u l a t i o n  ma te r i a l .  
T h e r e a f t e r ,  p ropagat ion  proceeds r a p i d l y  through the  i n s u l a t i o n  m a t e r i a l ,  
d r i v e n  by (dV/dy), u n t i l  i t  reaches a l o c a t i o n  i n  the  i n s u l a t i o n  material 
where the  l e v e l  of (dV/dy) e s t a b l i s h e d  by e l e c t r o d e  geometr ies  i s  l e s s  than  
the  propagat ion value.  A t  t h i s  l o c a t i o n ,  propagat ion  s tops .  

Two c o n d i t i o n s  can now occur ;  t he  minimum (dV/dy)MIN e s t a b l i s h e d  by 
t h e  e l e c t r o d e  geometr ies  i s  e i t h e r  g r e a t e r  t han  o r  less than  t h e  propagat ion  
(dV/dy)pRO of  t h e  i n s u l a t i o n  ma te r i a l .  
e l e c t r i c a l  breakdown w i l l  proceed completely through the  i n s u l a t i o n  ma te r i a l .  
1.f less ,  i . e . ,  (dV/dy)MIN C (dV/dy)pRo, e l e c t r i c a l  breakdown w i l l  proceed 
only partway through the  i n s u l a t i o n .  This o f t e n  occurs  wi th  needle  e l e c t r o d e s .  
This  i s  because the  vo l t age  g r a d i e n t s  ( i . e . ,  dV/dy) a r e  very h igh  near  the  
needle  t i p ,  and drop w i t h i n  a s h o r t  d i s t a n c e  i n t o  the i n s u l a t o r  space t o  very 
low va lues ,  which, i n  l i n e  wi th  t h i s  concept ,  a r e  lower than  (dV/dy)pRo of the  
i n s u l a t o r .  For non-needle e l e c t r o d e s ,  such as used f o r  ASTM-D-149 t e s t i n g ,  
(dV/dy)MIN i s  p r e s u m e d  to be greater t h a n  (dV/dy)pRO; t h u s  breakdown 
proceeds t o t a l l y  through the  polymeric i n s u l a t i o n  material. 

I f  g r e a t e r ,  i .e.,  (dV/dy)MIN > (dV/dy)pRo, 

In  summary, t h i s  concept s t a t e s  t h a t  an  e l e c t r i c a l  f i e l d  imposes a 
mechanical stress on t h e  i n s u l a t i o n  material, and t h a t  mechanical f a i l u r e  i s  
i n i t i a t e d  a t  t h e  s i t e  of  t he  h ighes t  e l e c t r i c a l  f i e l d  i n t e n s i f i c a t i o n ,  which i s ,  
t h e r e f o r e ,  a l s o  t h e  s i t e  of h ighes t  mechanical stress. In  t h i s  concept ,  
i n i t i a t i o n  i s  cons idered  t o  occur  e s s e n t i a l l y  on the  s u r f a c e  of an  i n s u l a t i o n  
m a t e r i a l ,  o r  i f  the  material  enc loses  a conductor ,  a t  t he  i n t e r f a c i a l  su r f ace  
between t h e  conductor  and t h e  i n s u l a t i o n .  
the  environmental  and m a t e r i a l  p r o p e r t i e s  a t  t h e  s u r f a c e  ad jacen t  t o  the  s i t e  of 
h igh  f i e l d  i n t e n s i t y  a r e  more c r i t i c a l  t han  average bulk m a t e r i a l  p r o p e r t i e s ,  o r  
environments some d i s t a n c e  removed. 

Therefore ,  i t  might be expected t h a t  

It is a l s o  w e l l  known t h a t  vo l t age  breakdown of i n s u l a t i o n  materials i s  
a s s o c i a t e d  w i t h  measurable d e t e c t i o n  of e l e c t r i c a l  c u r r e n t -  
e t  a1 (Reference 12)  have repor ted  t h a t  mechanical f r a c t u r e  of polymeric 
materials r e s u l t s  i n  a r e l e a s e  of charged p a r t i c l e s  and e l e c t r o n s  a t  

Recently Dickenson 
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t h e  f r a c t u r e d  i n t e r f a c e .  E lec t rodes  wi th  a p o t e n t i a l  d i f f e r e n c e  a r e  
pos i t i oned  on oppos i te  s i d e s  of t h e  t e s t  mater ia l ,  and a s  the  e l e c t r i c a l - f i e l d -  
induced mechanical stresses i n i t i a t e  mechanical f r a c t u r e ,  t he  f r a c t u r s -  
r e l eased  charge p a r t i c l e s  and e l e c t r o n s  could be a t t r a c t e d  t o  these  e l e c t r o d e s  
and c o n s t i t u t e  a d e t e c t a b l e  c u r r e n t  flow. In  o t h e r  words, c u r r e n t  f low and 
d e t e c t i o n  are consequences of material f r a c t u r e  and breakdown, a s  opposed t o  
be ing  a cause of the  m a t e r i a l  f a i l u r e  by e l e c t r o d e  i n j e c t i o n  of e l e c t r o n s .  

Dickenson e t  a 1  (Reference 13)  observed t h a t  as the  mechanical stress on 
a m a t e r i a l  i s  i n c r e a s e d ,  i n i t i a t i o n  of s t ress - induced  e l e c t r o n  emission i n  the  
material  bulk begins  a t  s t r e s s e s  s u b s t a n t i a l l y  below the  u l t i m a t e  f a i l u r e  
s t r e s s .  The rea f t e r ,  e l e c t r o n  emiss ion  a c c e l e r a t e s  w i th  i n c r e a s i n g  mechanical 
stress. This could be the  o r i g i n  of t he  d ischarge- incept ion-vol tage  i n  e l e c t -  
r i c a l  s t r e s s  t e s t i n g ,  the  vo l t age  a s s o c i a t e d  wi th  i n c i p i e n t  c u r r e n t  d e t e c t i o n ,  
but such vo l t age  i s  s t i l l  s u b s t a n t i a l l y  below the  u l t i m a t e  vo l t age  measured a t  
t o t a l  m a t e r i a l  breakdown. 
t i o n a l  l i m i t "  i s  descr ibed  below, and t h i s  may be the  mechanical s t r e s s  l e v e l  
caused by e l e c t r i c a l  f i e l d  i n t e n s i f i c a t i o n  a s s o c i a t e d  wi th  the  d ischarge-  
incept ion-vol tage.  
the  th re sho ld  vo l t age  recognized a s  the  upper vo l t age  l i m i t  f o r  s a f e  
i n s u l a t i o n  design.  

A mechanical s t r e s s  des ign  l i m i t  c a l l e d  the  "propor- 

It i s  a l s o  p o s t u l a t e d  below t h a t  t he  p ropor t iona l  l i m i t  i s  

C. (dV/dy) AT VOLTAGE BREAKDOWN 

FSA t e s t i n g  r e l a t e d  t o  d i e l e c t r i c  s t r e n g t h  and vo l t age  breakdown mea- 
surements of encapsu la t ion  p o t t a n t  m a t e r i a l s  (Table l )  i s  j u s t  beginning,  and 
only one pre l iminary  s e t  of vo l t age  breakdown d a t a  has  been measured f o r  the  
EVA p o t t a n t .  A t  the  time of t h i s  pre l iminary  t e s t ,  i t  was convenient  t o  use a 

the  concepts  
a f o r t u i t o u s  

symmetric p a i r i n g  of e l e c t r o d e s ,  which was not  d i c t a t e d  by any of 
o r  t h e o r i e s  being descr ibed  i n  t h i s  a r t i c l e .  It turned out  t o  be 
choice .  The t e s t  r e s u l t s  measured on t h r e e  th i cknesses  of EVA f i  
i n  Table 4 ,  a long  wi th  the  c a l c u l a t e d  average d i e l e c t r i c  s t r e n g t h  

Using the  VA and t d a t a  g iven  i n  Table 4 ,  Equation 9 was so 
a ,  and n by a l eas t - squa res  technique t o  y i e l d  the  fo l lowing:  

-0.96 = 19173 ( t  + 3 - 7 4 )  
vA 

and t h e r e f o r e  f o r  t = 0 

(dV/dy)MAX = K(a)-n = 5404 v o l t s / m i l  

m a r e  given 
VA* 

ved f o r  K ,  

(11) 

(12) 
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Table  4. Average Breakdown Voltage of Ethylene  Vinyl Ace ta t e  
f o r  T h r e e  Film Thicknesses 

Th i c kn e s s 
t ,  m i l s  

Average 
a c  Breakdown 
Vo 1 t a g e  , kV 

Aver age 
D i e l e c t r i c  S t r eng th  

VA = V / t ,  kV/mil 

4.7 

6.0 

15.7 

1 1 . 7  

13.0 

17.6 

2.49 

2.17 

1.12 

I n  l i g h t  of t h e  concept being desc r ibed  here,  i t  i s  tempting t o  a s s i g n  t h e  
v a l u e  of (dV/dy)wX = 5404 v o l t s / m i l  a s  t h e  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of 
EVA, and t o  s t a t e  t h a t  whenever t h i s  e l e c t r i c a l  f i e l d  i n t e n s i t y  i s  reached on 
an e l e c t r o d e  s u r f a c e  i n  c o n t a c t  w i t h  EVA, t h e  EVA m a t e r i a l  w i l l  expe r i ence  
v o l t a g e  breakdown. F igu re  7 i s  a log-log p l o t  of VA v e r s u s  t h e  t h i ckness  
t e r m  ( t  + 3.74). T h i s  i s  s i m i l a r  t o  t h e  h i s t o r i c a l l y  e m p i r i c a l  d a t a  
c o r r e l a t i o n  technique  of p l o t t i n g  VA v e r s u s  t h i c k n e s s  t on log-log paper,  
except  t h a t  here t h e  t e r m  a i s  inc luded  a long  w i t h  t i n  t h e  a b s c i s s a .  Again 
VA dec reases  w i t h  i n c r e a s i n g  va lues  of t ,  no t  because of any m a t e r i a l  
c h a r a c t e r i s t i c ,  bu t  because of t h e  behavior of t h e  e l e c t r i c a l  f i e l d  
d i s t r i b u t i o n  a s s o c i a t e d  w i t h  i n c r e a s i n g  t h e  gap t h i c k n e s s  between e l e c t r o d e s  
(which happens here t o  b e  f i l l e d  w i t h  EVA). 

It is  t o  b e  r e c a l l e d  t h a t  t h i s  EVA test was f o r t u i t o u s l y  c a r r i e d  ou t  w i t h  
symmetric e l e c t r o d e s ,  and t h a t  i n  Equation 11 t h e  va lue  of t h e  exponent n i s  
0.96, o r  very n e a r l y  1. T h i s  may be compared w i t h  Equation 7 ,  which i s  t h e  
convergence s o l u t i o n  f o r  smal l  v a l u e s  of t f o r  symmetric t i p - t o - t i p  e l e c t -  
rodes ,  which happens t o  have an exponent n of 1. I f  s i m i l a r i t i e s  con t inue ,  
t h e n  t h e  e f f e c t i v e  rad ius-of -curva ture  R a s s o c i a t e d  w i t h  t h i s  v o l t a g e  break- 
down i s  found i n  t h e  a v a l u e ,  by d i v i d i n g  by 3.  Hence, R is equa l  t o  
3.7413 = 1.24 m i l s .  

I n  a 1955 paper (Reference 61 ,  Mason r e p o r t e d  exper imenta l  r e s u l t s  of 
t h e  measurement of t h e  average  d i e l e c t r i c  s t r e n g t h  VA of low-density 
polye thylene  a s  a func t ion  of sample th i ckness .  For h i s  t e s t ,  Mason used an  
.asymmetric e l e c t r o d e  p a i r i n g ,  w i t h  t h e  ground e l e c t r o d e  be ing  a f l a t  plane.  
Using h i s  publ i shed  VA and t d a t a  f o r  po lye thy lene ,  Equation 9 was so lved  by 
,a l e a s t - s q u a r e s  technique  f o r  K ,  a ,  and n ,  y i e l d i n g  t h e  fo l lowing  r e s u l t :  

-0.67 V .  = 8337 ( t  + 1.20) 
A 

isnd f o r  t = 0 

15 

(13) 
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VA = (dV/dy)mX = 7378 volts/mil ( 1 4 )  

His data, plotted as VA versus the term (t + 1.20), are shown in Figure 8. 

Note the striking similarity of Equation 13  for Mason's polyethylene 
data measured with asymmetric electrodes and Equation 8, the convergence 
solution for the asymmetric tip-to-ground electrode configuration. Not on ly  
are the values of the exponent n essentially the same, but also, for Mason's 
data, the value of a, which is equal to R in Equation 8, is the same value of 
R derived from the EVA data using symmetric electrodes. 
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Figure 8. Dielectric Strength of Polyethylene 

It is tempting to assign the value of (dV/dy)m = 7378 volts/mil as 
the intrinsic dielectric strength of polyethylene, and more will be said about 
this below, in combination with the "proportional limit," when the discussion 
centers on buried polyethylene-insulated high voltage cables. 

which was extracted from separate technical data bulletins, was also fit to 
Equation 9 by a least-squares technique, yielding the following: 

Last, the data for polymethyl methacrylate (PMMA) shown in Figure 6 ,  

-0.63 
= 8009 (t + 0.87)  vA 

(15) 

and for t = 0 

VA = (dV/dy)MX = 8740 volts/mil (16) 

The separate technical bulletins reported that the voltage breakdown testing 
was carried out with asymmetric electrodes. 
some inaccuracy that may result from merging separate experiment data, 
Equation 15 reflects the behavior now expected for asymmetric electrodes. 

With recognized possibilities of 
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Comparing the three materials, EVA, polyethylene, and PMMA, they are a 
soft elastomer, a semi-hard thermoplastic, and a rigid plastic, respectively. 
It is noted for each that their respective value of (dV/dy)MAX also in- 
creases in the same order. In itself this is not a new observation, as the 
recognition of a relationship between material hardness and average dielectric 
strength can be found in early literature on electrical insulation studies 
(e.g., Whitehead, Reference 1 3 ) .  Thus if (dV/dy)wX is the intrinsic 
dielectric strength, the observations reported here agree with historical 
observations. 

It is interesting to note that for the three materials, the range of 
(dV/dy) values from 5404 to 8740 volts/mil is surprisingly narrow, considering 
that the materials range from a soft elastomer below its glass transition 
temperature (Tg), to a rigid plastic above its Tg. In 1976,  Swanson et a1 
(Reference 14) reported dielectric strength measurements made on a wide 
variety of polymeric materials, ranging from soft, to semi-hard, to rigid. 
They concluded that Tg had only a slight effect on dielectric strength 
values. 

D. THE EFFECTIVE KADIUS OF CUKVATURE (R) 

The voltage breakdown data reported above were obtained using symmetric 
and asymmetric electrodes contacting the opposite surfaces of a test material, 
as shown in Figure 9. Using those data and Equation 9 ,  an effective radius of 
curvature R of nominal value 1.2 mils was calculated for the EVA and polyethy- 
lene data, and a nominal R value of 0.87 mils was calculated for the PMMA 
data. This latter value may be inaccurate due to the use of merged data from 
different technical data sources. 

Nevertheless, there appears to be no immediate correlation between these 
values of K and those quoted, for example in ASTM-D-149-64, for the radii of 
standard test electrodes. It is interesting to speculate that perhaps there 
should be no correlation at all. This author witnessed experimental ac volt- 
age breakdown testing, and observed that the electrical arc at the moment of 
breakdown leaps from the electrode surface, through air, to the sample. 
Apparently the arc is seeking a site of minimum material thickness in the 
immediate vicinity of the electrode, but it is the "through the air" that may 
be dictating this effective radius of curvature. 

Along these lines, Mason reported data (Reference 6) on measurement of 
the average voltage-at-breakdown VA of polyethylene by needle electrodes 
inserted into the polyethylene test material. The needle electrodes had a 
range of tip radii from about 1.5 to 40 micrometers (0.06 to 1.57 mils), and 
his experimental results are shown in Figure 10, from his Figure 7 ( G )  in 
Reference 6. The average voltage-at-breakdown decreased as the radii of the 
needle tips decreased from 40 to 10 micrometers, and thereafter essentially no 
further reduction in voltage-at-breakdown occurred with continuing decreases 
in the radii of the needle tips. This follows from inspection of his data 
line in Figure 10, but he also has two data points closer to 20 micrometers, 
which appear to be in the asymptotic minimum region for the average breakdown 
voltage. 
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Figure  10. Dependence of  Average Breakdown Vol tage  VA of Embedded 
Needle E lec t rodes  a t  6OoC (F igu re  7b i n  Reference 6 )  

What h i s  d a t a  imply is  t h a t  e l e c t r i c a l  f i e l d  i n t e n s i f i c a t i o n  peaked t o  a 
l i m i t  va lue  when t i p  r a d i i  became less than 10 t o  20 micrometers (z0.4 t o  
0.8 m i l ) ,  no m a t t e r  how much sma l l e r  t h e  t i p  r a d i i .  It i s  i n t e r e s t i n g  t o  
observe  t h a t  these t i p  r a d i i  a r e  i n  t h e  o r d e r  of magnitude of t hose  genera ted  
by t h e  l e a s t - s q u a r e s  f i t  of Equation 9 w i t h  t h e  v o l t a g e  breakdown d a t a  
desc r ibed  above. 
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From t h e  foregoing ,  t h e r e  appears  t o  be a h i n t  t h a t  some n a t u r a l  bu t  no t  
y e t  c l e a r l y  understood l a w  of  phys ics  i s  r e g u l a t i n g  t h i s  e f f e c t i v e  r a d i u s  of 
c u r v a t u r e  t o  be somewhere i n  t h e  nominal range of perhaps 0.4 t o  1.2 m i l s .  I f  
t h i s  i s  accepted ,  even wi thout  c u r r e n t  unders tanding ,  having knowledge of t h a t  
v a l u e  of R t h a t  can be a s s o c i a t e d  wi th  t h e  edges,  c o r n e r s ,  n i c k s ,  and s u r f a c e  
d e n t s  of e l e c t r i c a l l y  conduct ive  d e v i c e s ,  as  w e l l  a s  a v a l u e  of (dV/dy)mX 
t h a t  can be a s s o c i a t e d  with t h e  i n s u l a t i o n  mater ia l ,  and a v a l u e  of  n 
determined by symmetric o r  asymmetric dev ice  c o n f i g u r a t i o n s ,  new v i s t a s  are  
opened on e l ec t r i ca l  stress f a i l u r e  a n a l y s i s ,  and on s a f e  e l e c t r i c a l  stress 
design.  

T h e  1976 a r t i c l e  by Swanson e t  a 1  r e f e r r e d  t o  above (Reference 14) 
r epor t ed  a va lue  of 742 v o l t s / m i l  as  t h e  average d i e l e c t r i c  s t r e n g t h  (VA) 
f o r  low-density polyethylene.  The measurement w a s  made on a 55-mil-thick 
specimen, u s ing  two 112-inch-diameter s t a i n l e s s  s teel  b a l l s  a s  e l e c t r o d e s .  
T h i s  e l e c t r o d e  p a i r i n g  i s  symmetrical .  Using a v a l u e  of R = 1.20 m i l s ,  and 
t h e  symmetrical  t i p - t o - t i p  equa t ion  g iven  i n  Table  3 ,  a v a l u e  of (dV/dy)mX 
= 7653 v o l t s / m i l  can be c a l c u l a t e d  as  t h e  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of 
low-density polye thylene ,  i n  v i r t u a l  agreement wi th  t h e  va lue  c a l c u l a t e d  us ing  
Mason's 1955 da ta .  

T h e r e  remains,  however, an  a d d i t i o n a l  cons ide ra t ion .  The va lue  of  
( d V / d y ) w  as  h e r e i n  employed i s  i d e n t i f i e d  w i t h  ultimate f a i l u r e ,  
i d e n t i c a l l y  as t h e  u l t i m a t e  t e n s i l e  stress i n  mechanical t e s t i n g .  Mechanical 
eng inee r s  do n o t  des ign  load-car ry ing  s t r u c t u r e s  t o  the  l i m i t  of  t h e  u l t i m a t e  
t e n s i l e  stress of t h e  c o n s t r u c t i o n  m a t e r i a l s ,  but  t o  a much lower v a l u e  t h a t  
i s  t y p i c a l l y  less than  t h e  mater ia l ' s  y i e l d  s t ress .  I f  indeed an e l e c t r i c a l  
f i e l d  imposes a mechanical stress on e l e c t r i c a l  i n s u l a t i o n  m a t e r i a l s ,  then  
mechanical proper ty  c o n s i d e r a t i o n s  may provide a c l u e  t o  t h e  s a f e  eng inee r ing  
des ign  l i m i t s  f o r  i n s u l a t i o n  m a t e r i a l s .  

E .  THE PROPORTIONAL LIMIT 

F igu re  l l ( a )  i s  a convent iona l  l i n e a r  p l o t  of a u n i a x i a l l y  measured 
s t r e s s - s t r a i n  curve ,  h e r e  i l l u s t r a t e d  f o r  Mylar p o l y e s t e r  f i l m  ( E . I .  
Du Pont ) .  T h e  stress i s  c a l c u l a t e d  as  t h e  f o r c e  caus ing  ex tens ion  d iv ided  by 
t h e  i n i t i a l  c r o s s - s e c t i o n a l  a r e a  Ag of t h e  t e s t  specimen. 
p l o t t i n g  format r e v e a l s  an  i n i t i a l  nea r - l i nea r  r e l a t i o n s h i p  between stress and 
s t r a i n ,  followed by d e p a r t u r e  from l i n e a r  behavior  a t  a y i e l d  p o i n t ,  and then 
d u c t i l e  behavior  t o  t h e  u l t i m a t e  stress a t  f a i l u r e .  S ince  t h e  c ros s - sec t iona l  
area dec reases  with i n c r e a s i n g  ex tens ion ,  F igure  l l ( a )  does n o t  r e f l e c t  t h e  
t r u e  s t ress ,  which i s  t h e  load  d iv ided  by t h e  a c t u a l  c r o s s - s e c t i o n a l  a r e a  a t  
any ex tens ion  of t h e  t es t  specimen. 

This  convent iona l  

F igu re  l l ( b )  is  a r e p l o t  of  t h e  same load-extension d a t a  on log-log 
coord ina te s ,  as  t r u e  stress ve r sus  s t r a i n .  Although the re  are  s i m i l a r i t i e s  
w i t h  F igu re  l l ( a ) ,  i t  i s  s i g n i f i c a n t  t h a t  t h e  s t ress  a t  d e p a r t u r e  from i n i t i a l  
l i n e a r i t y  i s  no t  a t  t h e  conven t iona l ly  accepted y i e l d  po in t .  
stress a t  depa r tu re  i n  F igure  l l ( b )  i s  c a l l e d  t h e  "p ropor t iona l  l i m i t , "  and 
t y p i c a l l y  i s  a va lue  about  60% of y i e l d .  
i s  about 8,500 l b / i n . 2  (Keference 151, as  compared t o  i t s  y i e l d  stress of 
near  13,500 lb / in .2 ,  w h i c h  can be e x t r a c t e d  from F igure  l l ( a > .  

The a c t u a l  

For Mylar, t h e  "p ropor t iona l  l i m i t "  
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The significance of the "proportional limit," again illustrated with 
Mylar material, is shown in Figure 12. Figure 12(a) is a plot of the flexural 
fatigue properties of Mylar, plotted as number of cycles-to-failure versus the 
peak stress amplitude. The fatigue-endurance limit is that stress level above 
which an abrupt decrease in cycle lifetime occurs. 
8500 lb/in.2, which is also its proportional limit. 

For Mylar, this occurs at 

Mylar, as are many engineering plastic materials (Reference 161, is 
siisceptible to environmental-stress cracking, a phenomenon wherein 
life-under-stress is reduced dramatically when the material is exposed to 
certain gases or liquids, which are specific to the stressed material. 
is highly susceptible to environmental-stress cracking when stressed in the 
presence of methyl ethyl ketone (MEK) solvent (Reference 15). 
a plot of Mylar lifetime when simultaneously stressed and exposed to MEK. 
Note that the susceptibility to environmental-stress cracking vanishes for 
stress levels below the "proportional limit"; that is, the solid data line 
merges asymptotically with the dotted line. 

Mylar 

Figure 12(b) is 

The proportional limit is the upper design limit for mechanical 
service. It is the stress level at which material behavior departs from its 
elastic, Hookian behavior, to ductile characteristics. It can be viewed as 
tlhe beginning point for mechanical service problems, however they may manifest 
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themselves.  
l l i m i t  and u l t i m a t e  stress can l ead  t o  vo ids ,  c r acks ,  premature f a i l u r e s ,  and 
time-dependent l o s s e s  i n  performance. 

Se rv ice  stress leve ls  i n  the  r eg ion  between the  p r o p o r t i o n a l  

I f  indeed e l e c t r i c a l  f i e l d s  impose a mechanical stress on e l e c t r i c a l  
i -n su la t ion  materials,  t hen  the  upper l i m i t  of  (dV/dy) f o r  e l e c t r i c a l  
i n s u l a t i o n  des ign  could be regarded as t h a t  va lue  of (dV/dy) p ropor t iona ted  
downward from knowledge of ( d V / d y ) m  a t  vo l t age  breakdown, and t h e  
mechanical proper ty  va lues  of u l t i m a t e  t e n s i l e  stress and p ropor t iona l  l i m i t .  
With t h i s ,  we can  now proceed t o  o f f e r  a p o s s i b l e  exp lana t ion  f o r  po lye thylene  
i n s u l a t i o n  f a i l u r e s  i n  bur ied  high-voltage c a b l e s ,  and a p o s s i b l e  exp lana t ion  
of  t h e  o r i g i n  of bo th  e l e c t r i c a l  t rees and water trees. 

F. POLYETHYLENE-INSULATED CABLES 

1. O r i e n t a t i o n  

Using Mason's publ ished d a t a  f o r  po lye thylene ,  a va lue  of 
( d V / d y ) m  = 7378 v o l t s / m i l  w a s  c a l c u l a t e d  above f o r  t he  material's 
i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  a t  vo l t age  breakdown. This  va lue  i s  i n  sha rp  
c o n t r a s t  w i th  v a l u e s  a t  or i n  excess  of 20,000 v o l t s / m i l ,  r epor t ed  as the  
i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of po lye thylene  i n  l i t e r a t u r e  a r t i c l e s  d a t i n g  
black t o  t h e  1940s (References 1 7 ,  18, 19, 20). One a r t i c l e  by Austen 
(Reference 20)  r epor t ed  on measurements of t he  d i e l e c t r i c  s t r e n g t h  of o r i e n t e d  
p a r a f f i n  waxes, i n  d i r e c t i o n s  p a r a l l e l  w i t h  and pe rpend icu la r  t o  t h e  
o l r ien ta t ion  ax is .  
s i g n i f i c a n t l y  h igher  when measured i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h e  
o r i e n t a t i o n  a x i s ,  as compared wi th  those measured p a r a l l e l  wi th  the  
o r i e n t a t i o n  a x i s .  

Austen r epor t ed  t h a t  t h e  d i e l e c t r i c  s t r e n g t h s  were 

This c l u e  l ed  t o  t h e  s t r o n g  s u s p i c i o n  t h a t  t h e  polye thylene  
samples,  on which the  e a r l y  d i e l e c t r i c  t e s t i n g  w a s  being performed, had become 
h ighly  o r i e n t e d  as a consequence of t he  method of sample p r e p a r a t i o n  then  i n  
use.  
t o  the  o r i e n t a t i o n  a x i s ,  which would tend t o  y i e l d  the  h ighes t  va lues  f o r  
d i e l e c t r i c  strength. Figure 1 3  is  adapted f r o m  Figures 1 and 2 of Reference 
1 7 ,  i l l u s t r a t i n g  r e c e s s i n g  devices  used t o  prepare  t es t  specimens. 

Fu r the r ,  t h e  measurements were then  made i n  t h e  d i r e c t i o n  pe rpend icu la r  

The approach w a s  t o  p o s i t i o n  a tes t  specimen between a f l a t  base p l a t e  
and a b a l l  or mandrel having a l a r g e  r a d i u s  of cu rva tu re .  The base p l a t e  w a s  
t hen  heated above the  s o f t e n i n g  po in t  of t he  t es t  specimen, and then  the  b a l l  
or mandrel was pressed  i n t o  the  sample t o  gene ra t e  a l a r g e  indented  recess. 
When cooled ,  t he  r e c e s s  was f i l l e d  wi th  an  e l e c t r o d e  material, which by 
geometry acqui red  a l a r g e  r a d i u s  of curva ture .  
u n t i l  breakdown, which occurred a t  the  t h i n n e s t  po in t  i n  t h e  sample, t y p i c a l l y  
a t  t h e  bottom of the  recess .  

Next, vo l t age  was app l i ed  

Two s i t u a t i o n s  then  may develop. F i r s t ,  t he  sample could become 
o r i e n t e d  by t h i s  method of p r e p a r a t i o n ,  and t h e  tes t  proceeds t o  measure t h e  
voltage-at-breakdown i n  the  d i r e c t i o n  pe rpend icu la r  t o  t h e  o r i e n t a t i o n .  
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TEST THICKNESS <O.O02 in. 

MICA SPACERS 

Figure  13. Devices Used by Researchers  Before 1950 t o  Prepare  Recessed 
Test Specimens for Elec t r i ca l -P rope r ty  T e s t i n g  
(F igu res  1 and 2 i n  Reference 1 7 )  
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Second, t h e  e l e c t r o d e  i n  the  r e c e s s  has a l a r g e  r a d i u s  of c u r v a t u r e ,  and under 
t h a t  cond i t ion  VA i s  e s s e n t i a l l y  (dV/dy), t h a t  is 

Indeed, i t  was p r a c t i c e  wi th  the  recessed-specimen technique t o  measure the  
voltage-at-breakdown V as a f u n c t i o n  of sample th i ckness  t ,  which, because of 
l a r g e  R, r e s u l t e d  i n  a l i n e a r  r e l a t i o n s h i p .  Figure 14, adapted from Figure 7 
of Reference 1 7 ,  i s  t y p i c a l  of t h e  measured r e l a t i o n s h i p  between V and t f o r  
po lye thylene ,  having a s lope  t h a t  i s  approximately 20,000 v o l t s / m i l .  

By t h e  very  n a t u r e  of t he  recessed  technique ,  t h e  tes t  r e s u l t s  are an 
i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  i n  accordance wi th  t h e  concept desc r ibed  here .  
What appa ren t ly  could  be d i f f e r e n t  between d a t a  measured on recessed  specimens 
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Figure 14. Representa t ive  I l l u s t r a t i o n  of t h e  Linear  Re la t ionsh ip  
Between Breakdown Voltage and Sample Thickness ,  Using 
Recessed Specimens ( A f t e r  Figure 7 ,  Reference 17) 
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i n  t h e  1940s and those  of Mason r epor t ed  i n  1955 i s  o r i e n t a t i o n  e f f e c t s .  
Mason made h i s  measurements u s ing  con tac t  e l e c t r o d e s  as shown i n  Figure 9 ,  
wi thout  use of  any r e c e s s i n g ;  t h e r e f o r e ,  it can  be presumed t h a t  he t e s t e d  
unor i en ted ,  i s o t r o p i c  polyethylene r e s u l t i n g  i n  a va lue  of (dV/dy)mX = 7378 
vo l t s /mi l .  This  same t e s t  approach w a s  used by Swanson e t  a1 (Reference 19).  
By t ak ing  the  r a t i o  = (20,000/7378),  it would appear  t h a t  t he  recessed  
polye thylene  specimens were being o r i e n t e d  about  t h r e e  t imes i n  the  t h i n n e s t  
p o r t i o n  of t he  r e c e s s ,  assuming a l i n e a r  r e l a t i o n s h i p  between o r i e n t a t i o n  
f a c t o r  and d i e l e c t r i c  s t r e n g t h  inc reases .  This l e v e l  of o r i e n t a t i o n  i s  e a s i l y  
accommodated by d u c t i l e  polymers ( f o r  example, commercial Mylar "A" f i l m  i s  
o r i e n t e d  t h r e e  times i n  both i t s  l eng th  and width d i r e c t i o n s )  (Reference 21),  
and most polymeric f i b e r s  a r e  eas i ly  o r i e n t e d  t o  h igher  o r d e r s  
(Reference 22). Since the  polyethylene i n s u l a t i o n  used on a h i g h v o l t a g e  
cab le  i s  extruded u n i a x i a l l y ,  s i m i l a r l y  a s  a polymer f i b e r ,  i t s  l e v e l  of 
o r i e n t a t i o n  a l igned  wi th  the  co re  might e a s i l y  exceed t h r e e  t imes.  Therefore ,  
as manufactured, i t  would be expected t o  have an a r t i f i c i a l l y  h igh ,  
or ien ta t ion- induced  d i e l e c t r i c  s t r e n g t h  i n  the  d i r e c t i o n  perpendicular  t o  the  
cab le  ax i s .  

2. P ropor t iona l  L i m i t  

T a b l e  5 i s  a t a b u l a t i o n  of p r o p e r t i e s  of polyethylene r e s i n s ,  
reproduced from Reference 23. For the  three polyethylene m a t e r i a l s  having t h e  
h ighes t  molecular  weight ,  D-100, D-130, and D-145, t he  average t e n s i l e  
s t r e n g t h  ( u l t i m a t e  s t r e n g t h  a t  f a i l u r e )  i s  3060 l b / i n . 2 ,  and the  average 
y i e l d  s t r e n g t h  i s  1750 lb / in .2 .  
approximately 60% of y i e l d ,  a va lue  of  1050 l b / i n . 2  i s  t h e r e f o r e  es t imated  
as the  p ropor t iona l  l i m i t  f o r  polyethylene.  
u l t i m a t e  s t r e n g t h  (100 x 1050/3060). 
i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  p r o p e r t i e s  and mechanical p r o p e r t i e s ,  and us ing  
the  i s o t r o p i c  d i e l e c t r i c  s t r e n g t h  a t  f a i l u r e ,  ( d V / d y ) m  = 7378 v o l t s / m i l ,  
i t  i s  es t imated  f o r  po lye thylene  t h a t  i t s  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  
a s s o c i a t e d  wi th  the  p ropor t iona l  l i m i t  i s  0.35 x 7378 = 2582 v o l t s / m i l .  
S t a t e d  another  way, t he  th re sho ld  vo l t age  of po lye th lene  f o r  l ong- l i f e  s e r v i c e  
would be about 35% of the  i n i t i a l l y  measured, short- t ime vo l t age  a t  breakdown, 
i f  exper imenta l ly  the  same e l e c t r o d e s  and sample  t h i c k n e s s  were c o n s i s t e n t l y  
employed. 

Since t h e  p ropor t iona l  l i m i t  i s  

This corresponds t o  35% of the  
Invoking a l i n e a r  r e l a t i o n s h i p  between 

3. E f f e c t  of Water 

Figure 15 i l l u s t r a t e s  t h e  e f f e c t  of water  on reducing the  
d i e l e c t r i c  s t r e n g t h  of Mylar. This f i g u r e  i s  reproduced from Du Pont 
Technical  B u l l e t i n  M-4D, which provides  t e c h n i c a l  d a t a  on the  e l e c t r i c a l  
p r o p e r t i e s  of M y l a r  f i l m  material. Analysis  of the  d a t a  i n  Figure 10 
i n d i c a t e s  t h a t  about a 15% reduc t ion  i n  d i e l e c t r i c  s t r e n g t h  occurs  upon going 
from 20% RH t o  80% RH. I f  L i n e a r i t y  i s  assumed, t h i s  same reduc t ion  would be 
expected upon going from 40% RH t o  100% RH, where 40% RH would be a t y p i c a l  
room humidity i n  which d i e l e c t r i c  t e s t i n g  i s  c a r r i e d  o u t ,  and 100% RH would be 
the environment of a bur ied  cab le  i n  moist  s o i l .  It w i l l  be assumed t h a t  the  
polyethylene i n s u l a t i o n  i n  a bur ied  cab le  exper iences  a 15% reduc t ion  i n  
d i e l e c t r i c  s t r e n g t h  p r o p e r t i e s ,  compared wi th  those found i n  l abora to ry  
t e s t ing  . 
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Table  5. P r o p e r t i e s  of  Polye thylene  Res ins  (Adapted from Table  LXXXI, Reference 23) 

(Grade Designation o f  Polyethylene Resins) 
D-55 

Properties D-4 0 ( DYNH ) D-70 D-85 D- 100 D-130 D-145 Test Method 

Molecular weight, average 

Spec if ic gravity 
Stiffness in flexure, p.s.i. 

2 5OC 
0% 

-2 5OC 
U -5OOC 
h, 

Yield strength at 25OC, p.s.i. 
Tensile strength, p.s.i. 
Compressive strength, p .s . i. 
Ultimate elongation at 25OC, % 
Brittle temperature, OC 

14- 
18,000 
0.92 

18- 

0.92 
20,000 

20- 
22,000 
0.92 

24- 
26,000 
0.92 

26- 
28,000 
0.92 

28- 
30,000 
0.92 

30- 
32 , 000 
0.92 

18,000 
30,000 
66,000 
160,000 
1,430 
1,430 

305 
-5 5 

-- 

18,000 
30,000 
66,000 
160 , 000 
1,480 
1,825 
3,000 
560 

-70 
Below 

18,000 
30,000 
66,000 
160,000 
1,490 
1,965 

550 

-70 

-- 

Below 

18,000 
30 , 000 
66,000 
160,000 
1,700 
2,965 

5 80 

-70 

-- 

Below 

18,000 
30,000 
66,000 
160,000 
1,830 
3,160 

605 

-70 

-- 

Below 

18,000 
30,000 
66,000 
160,000 
1,720 
3,060 

625 

-70 

-- 

Below 

18 , 000 
30 , 000 
66,000 
160 , 000 
1,600 
2,435 

5 60 

-70 

-- 

Below 

A.S.T.M. D747-43T 
A.S.T.M. D747-43T 
A.S.T.M. D747 (Tentative) 
A.S.T.M. D747 (Tentative) 
A.S.T.M. D412-41 
A.S.T.M. D412-41 

A.S.T.M. D412-41 
A.S.T.M. D746-43T 

-- 

Impact strength, ft.-lb./in. 
of notch -- 

Tear strength, p.s.i. 44 0 
Abrasion volume loss 

85 
Hardness Durometer D at 25OC 52-54 

(standard butyl rubber = 100) 

>3 
500 

A.S.T.M. D256-43T (A) 
A.S.T.M. D256-41T 

-- 
540 

-- 
560 

-- 
60 5 

-- 
690 

-- 
5 80 

55 
52-54 

50 
52-54 

45 
52-54 

40 
52-54 

35 
52-54 

30 
52-54 

142a 
-- 
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Figure 15. D i e l e c t r i c  S t r eng th  of Mylar F i l m  Mate r i a l  a t  Various 
Humidi t ies  ( A f t e r  Du Pont Co. Technical  B u l l e t i n  M-4D, 
" E l e c t r i c a l  P r o p e r t i e s  of Mylar Po lyes t e r  Film") 

4. Buried Cable 

Most commercial c a b l e s  intended f o r  buried a p p l i c a t i o n  a r e  r a t e d  
a t ,  and ope ra t e  a t ,  15  kV and 60 h e r t z  (Reference 2 6 ) .  The polye thylene  
i n s u l a t i o n  surrounding the  conduct ing co re  i s  about 175 m i l s  t h i c k .  When new, 
the  average vo l t age  a t  breakdown VA of t he  175-mil-thick polyethylene 
i n s u l a t i o n  i s  about 800 v o l t s / m i l ,  and i n  s e r v i c e ,  t he  c a b l e s  opera te  with an 
average vo l t age  g r a d i e n t  ( V / t >  a c r o s s  the  i n s u l a t i o n  of about 85 v o l t s / m i l ,  
f o r  a s a f e t y  margin of about 10 t o  1. 

With t h i s  in format ion ,  an e s t i m a t e  of t h e  i n i t i a l  i n t r i n s i c  d i e l e c t r i c  
s t r e n g t h  of the  polyethylene i n s u l a t i o n  m a t e r i a l  perpendicular  t o  the  cab le  
a x i s  can be made us ing  the  tip-to-ground equa t ion  given i n  Table 3. For t h i s  
c a l c u l a t i o n ,  VA = 800 v o l t s / m i l ,  t = 175 m i l s ,  and R = 1.20 m i l s .  Thus, 
(dV/dyIMAX i s  es t imated  a t  36,742 v o l t s / m i l ,  which, when compared with the 
i s o t r o p i c ,  unor ien ted  value of 7378 v o l t s / m i l ,  i n d i c a t e s  about a f ive- t imes  
o r i e n t a t i o n  of t h e  polyethylene m a t e r i a l ,  which may be a s s o c i a t e d  w i t h  t h e  
cab le  manufacturing process.  

Next the average vo l t age  g rad ien t  t h a t  i s  a s soc ia t ed  w i t h  t he  pro- 
p o r t i o n a l  l i m i t  can be c a l c u l a t e d .  This would be the  maximum s e r v i c e  l e v e l  t o  
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keep t h e  e l e c t r i c a l - f i e l d - i n d u c e d  mechanical stresses a t  o r  below the  
p ropor t iona l  l i m i t ,  which a l s o  keeps t h e  mechanica l - s t ress  l e v e l s  from being 
i n  t h e  d u c t i l e  r e g i o n  of polyethylene.  
(dV/dy) = 2582 v o l t s / m i l ,  t = 175 m i l s ,  and R = 1.20 m i l s .  This  value of R 
would be a s s o c i a t e d  wi th  a l o c a l  s i t e  of h igh  f i e l d  i n t e n s i t y ,  which could be 
s c r a t c h e s ,  n i c k s ,  b u r r s ,  d e n t s  o r  o t h e r  non-smooth s u r f a c e  f e a t u r e s  on t h e  
co re  conductor.  It i s  a l s o  p o s s i b l e  t h a t  embedded p a r t i c l e s  could a c t  a s  
f o c a l  s i tes  f o r  f i e l d  i n t e n s i f i c a t i o n .  Carrying out  t he  c a l c u l a t i o n ,  the  
average vo l t age  g r a d i e n t  a s s o c i a t e d  wi th  the  p ropor t iona l  l i m i t  i s  
56 v o l t s / m i l .  Despi te  t h e  convent iona l  10-to-1 s a f e t y  margin,  t h i s  
c a l c u l a t i o n  s t r o n g l y  sugges t s  t h a t  the  s e r v i c e  environment i s  imposing 
e l e c t r i c a l  f ie ld- induced  mechanical loads  above t h e  p ropor t iona l  l i m i t  of 
po lye thylene ,  and i n  t h e  d u c t i l e  region.  

For t h i s  c a l c u l a t i o n ,  

Under these  mechanical loads ,  i t  can  be expected t h a t  time-dependent 
d u c t i l e  response w i l l  occur ,  caus ing  a r e o r i e n t a t i o n  of  t he  polye thylene  i n -  
s u l a t i o n  material from i t s  i n i t i a l  d i r e c t i o n  p a r a l l e l  w i th  t h e  c a b l e  a x i s  t o  a 
d i r e c t i o n  pe rpend icu la r  t o  t h e  c a b l e  axis. It can  f u r t h e r  be suspec ted  t h a t  
the r a t e  of r e o r i e n t a t i o n  w i l l  be h ighes t  a t  t he  i n t e r f a c i a l  s u r f a c e  of poly- 
e thy lene  immediately a d j a c e n t  t o  t h e  s i te  of h igh  f i e l d  i n t e n s i t y ,  t h a t  i s ,  
the h ighes t  mechanical s t r e s s ,  and t h a t  i t  w i l l  f a l l  o f f  p rog res s ive ly  through 
t h e  bulk i n  r e l a t i o n  wi th  outward s p a t i a l  t a p e r i n g  of the  f i e l d  i n t e n s i t y .  

This r e o r i e n t a t i o n  would c o n s t i t u t e  a PHYSICAL AGING p rocess ,  wi th  a t  
least  two a s s o c i a t e d  consequences. F i r s t ,  r e o r i e n t a t i o n  t o  a d i r e c t i o n  
perpendicular  t o  t h e  cab le  a x i s  would cause a gradual  r educ t ion  i n  the  
d i e l e c t r i c  s t r e n g t h  i n  t h a t  d i r e c t i o n .  
o r i e n t a t i o n ,  and i f  bulk r e o r i e n t a t i o n  were t o  approach t h e  i s o t r o p i c  s t a t e ,  
then  i t  can  be p r e d i c t e d  t h a t  t h e  average voltage-at-breakdown measured a c r o s s  
the  i n s u l a t i o n  could g radua l ly  decay from an  i n i t i a l  va lue  of 800 v o l t s / m i l  t o  
a lower va lue  i n  the  o r d e r  of 160 v o l t s / m i l .  However, l o c a l  s u r f a c e  
r e o r i e n t a t i o n  a t  the  s i t e  of h igh  f i e l d  i n t e n s i t y  would be expected t o  be 
g r e a t e r  t han  the  average bulk r e o r i e n t a t i o n .  

Given a near-f ive- t imes manufactur ing 

Second, t h e  r e o r i e n t a t i o n  would be expected t o  produce a change i n  the  
o p t i c a l  b i r e f r i g e n c e  of t he  polyethylene material. It can be s t r o n g l y  
specula ted  t h a t  e l e c t r i c a l  t rees,  as f i r s t  r epor t ed  by Ki t ch in  (Reference 27)  
and l a t e r  by o t h e r s  (References 28, 2 9 1 ,  and which are revea led  on s t a i n e d  
specimens i n  o p t i c a l  microscopy are a m a n i f e s t a t i o n  of r e o r i e n t a t i o n  induced 
o p t i c a l  be re f r igence .  As such,  they would r e f l e c t  mophological changes a t  the  
s u r f a c e  and i n  t h e  bulk material, and would not  be c a v i t i e s ,  vo ids ,  o r  
f i l amen ta ry  tunnels .  Indeed t h e  appearance of  an e l e c t r i c a l  tree de f ined  by 
t h i s  morphological c o n s i d e r a t i o n  could b r idge  a c r o s s  t h e  e n t i r e  t h i c k n e s s  of 
t he  i n s u l a t i o n ,  but  would not  be i n  i t s e l f  any m a n i f e s t a t i o n  of a c t u a l  
e l e c t r i c a l  breakdown. It precedes e l e c t r i c a l  breakdown by r e v e a l i n g  stress 
r e o r i e n t a t i o n ,  which would a l s o  r e s u l t  i n  a lower va lue  of d i e l e c t r i c  
s t r e n g t h ,  as compared wi th  t h a t  of a f r e s h l y  manufactured cable .  Dissado e t  
a 1  (Reference 30) have r epor t ed  t h a t  e l e c t r i c a l  trees ( they  c a l l e d  them water 
t r e e s )  can c r o s s  t h e  e n t i r e  t h i c k n e s s  of po lye thylene  specimens wi thout  an  
a s s o c i a t e d  breakdown. 

With respect t o  a c t u a l  f a i l u r e ,  i t  can  be expected t h a t  t h e  polye thylene  
material immediately ad jacen t  t o  the  s i t e  of h igh  f i e l d  i n t e n s i f i c a t i o n  would 
exper ience  t h e  g r e a t e s t  degree of l o c a l  r e o r i e n t a t i o n ,  compared wi th  l o c a t i o n s  
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away from t h e  s i t e  where t h e  f i e l d  i n t e n s i t i e s  become p r o g r e s s i v e l y  lower. 
W i t h  con t inu ing  l o c a l  r e o r i e n t a t i o n ,  t h e  a s s o c i a t e d  i n t r i n s i c  d i e l e c t r i c  
s t r e n g t h  f o r  v o l t a g e  breakdown con t inues  t o  dec rease  u n t i l  a c r i t i c a l  va lue  i s  
reached. Th i s  i n i t i a t e s  breakdown, which then  propagates  c a t a s t r o p h i c a l l y .  
As observed i n  F i g u r e  15, absorbed water i n  Mylar reduces i t s  
voltage-at-breakdown by about  15%. Thus, absorbed water i n  t h e  bu r i ed  c a b l e s  
can a c t  t o  exace rba te  f a i l u r e  behavior  by lowering t h e  c r i t i c a l  va lue  of 
(dV/dy) r e q u i r e d  f o r  f a i l u r e  i n i t i a t i o n .  This  becomes e s p e c i a l l y  s e r i o u s  i f  
ground water f i n d s  i t s  way t o  t h e  i n t e r f a c e  between t h e  conduct ing co re  and 
t h e  polye thylene  i n s u l a t i o n ,  f o r  it i s  a l s o  a t  t h i s  i n t e r f a c e  t h a t  t h e  maximum 
f i e l d  i n t e n s i t i e s  are  expec ted  t o  be  found. 

It should no t  be  overlooked t h a t  t h e  c r i t i c a l  v a l u e  of  t h e  i n t r i n s i c  
d i e l e c t r i c  s t r e n g t h  f o r  v o l t a g e  breakdown of t h e  l o c a l l y  r e o r i e n t e d  
polye thylene  may be  a t  a margina l  l e v e l ,  when addres s ing  underground s e r v i c e  
o p e r a t i o n s  a s  compared wi th  t h o s e  above ground. I n  t h e  ground, absorbed water  
reduces t h e  c r i t i c a l  v a l u e  below t h e  s e r v i c e  stresses,  and thus  f a i l u r e s  
occur ;  whereas above ground i n  d r i e r  c o n d i t i o n s ,  t h e  c r i t i c a l  v a l u e  may remain 
margina l ly  above t h e  s e r v i c e  stresses. 

L a s t ,  t h e r e  are  t h r e e  o t h e r  matters t o  be  cons idered:  tempera ture ,  
c r o s s l i n k i n g ,  and a n t i - t r e e  agents .  F i r s t ,  i n c r e a s e s  i n  c a b l e  o p e r a t i n g  
tempera tures  would increase t h e  ra te  of d u c t i l e  response  l ead ing  t o  f a s t e r  
stress r e o r i e n t a t i o n .  Thus t i m e s  t o  f a i l u r e  would be expected t o  decrease 
wi th  i n c r e a s i n g  c a b l e  o p e r a t i n g  tempera ture ,  a s  r epor t ed  in Reference 26. 

Second, c r o s s l i n k i n g  of t h e  polye thylene  occurs  throughout  t h e  bu lk ,  b u t  
t h e  l o c a l  r e o r i e n t a t i o n  l ead ing  t o  f a i l u r e  i n i t i a t i o n  would occur  a t  t h e  
s u r f a c e  of t h e  po lye thy lene  immediately a d j a c e n t  t o  t h e  s i t e  o f  t h e  high f i e l d  
i n t e n s i f i c a t i o n .  Bulk c r o s s l i n k i n g  may no t  b e  e f f e c t i v e  i n  r e t a r d i n g  o r  
s topp ing  a s u r f a c e  behavior .  Along t h e s e  l i n e s ,  i t  should be noted t h a t  t h e  
phys i ca l  s t a t e  o r  morphology of c r y s t a l l i n e  polymers such a s  polye thylene ,  
polypropylene,  e tc . ,  can be q u i t e  d i f f e r e n t  a t  s u r f a c e s  a s  compared wi th  those  
i n  t h e  bulk.  I t  o f t e n  happens t h a t  i f  mel ted polymers a r e  a d j a c e n t  t o  
me ta l l i c  s u r f a c e s  du r ing  coo l ing  from t h e  m e l t ,  t h e  c r y s t a l l i n e  c h a r a c t e r  of 
t h e  s u r f a c e  i s  d i f f e r e n t  from t h e  bulk  c r y s t a l l i n e  s t a t e .  T h i s  s u r f a c e  
behavior  has  been termed " t r a n s c r y s t a l l i n i t y , "  and Shaner and Corne l iussen  
(Reference  31) observed such behavior  f o r  polypropylene i n s u l a t i o n  around a 
copper core .  
Dissado e t  a1  (Keference 30) have r e p o r t e d  s i m i l a r  obse rva t ions  w i t h  
po lye thylene  i n s u l a t i o n  m a t e r i a l .  The p o i n t  i s  t h a t  t h e  d i e l e c t r i c  s t r e n g t h  
behavior  of  t h e  s u r f a c e  m a t e r i a l  a d j a c e n t  t o  t h e  conduct ing c o r e ,  w h e r e  
f a i l u r e  would i n i t i a t e ,  may be not  on ly  d i f f e r e n t  from t h e  bulk ,  bu t  s u r f a c e  
t r a n s c r y s t a l l i n i t y  e f f e c t s  may resist  c r o s s l i n k i n g  e f f o r t s .  Thus t h e  f a i l u r e  
p o t e n t i a l  is  e s s e n t i a l l y  unchanged a s  compared with t h a t  o f  uncross l inked  
polye thylene  i n s u l a t i o n .  Bahder e t  a 1  (Reference 26) r e p o r t  t h a t  c r o s s l i n k e d  
polye thylene  c a b l e s  f a i l  i n  s e r v i c e .  

The s u r f a c e  p r o p e r t i e s  and bulk  p r o p e r t i e s  were d i f f e r e n t ,  

Th i rd ,  a n t i - t r e e  agen t s  might be  compounding a d d i t i v e s  t h a t  a c t  t o  ra ise  
t h e  d i e l e c t r i c - s t r e n g t h  p r o p e r t i e s  of po lye thylene ,  t hus  coun te r ing  any reduc- 
t i o n s  t h a t  would be caused by water .  F igu re  16 i s  adapted from Du Pont  tech- 
n i c a l  b u l l e t i n  M-4D i l l u s t r a t i n g  f o r  Mylar t h a t  t ransformer  o i l  dec reases  i t s  
d i e l e c t r i c - s t r e n g t h  p r o p e r t i e s ,  b u t  Freon C-318 i n c r e a s e s  i t s  d i e l e c t r i c -  
s t r e n g t h  p r o p e r t i e s .  
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* FROM DU PONT TECHNICAL BULLETIN M-40, 
"ELECTRICAL PROPERTIES OF MYLAR POLYESTER FILM" 

Figure 16. Effect  of  Electrode Size  on Die l ec tr i c  Strength of Mylar 
(After Du Pont Co. Technical Bul l e t in  M-4D, "Elec tr i ca l  
Properties of Mylar Polyester Film") 
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SECTION I11 

SUMMARY 

This concept indicates that the intrinsic dielectric strengths of 
electrical insulation materials have numerically the value of a potential 
:gradient (dV/dy), which can be generated from experimental measurements of 
average breakdown voltage as a function of sample thickness t. The action of 
an electrical field is to impose a local mechanical stress on the material 
surface, which becomes the initiating mechanism of failure when the generated 
voltage stress gradient equals or exceeds the intrinsic dielectric strength. 
This is followed by fracture propagation driven by electrical-field-induced 
mechanical stresses in the material bulk. Associated with mechanical failure 
is the release of charged particles and electrons along the fracturing 
interface, detected as electrical current in the electrode circuitry. A 
mechanical failure concept permits use of the material property called the 
proportional limit to define voltage design limits for insulation materials in 
electrical service. 

A corollary of this concept is the apparent identification of an 
effective radius of curvature associated with nicks, edges, and corners on 
conducting surfaces, and with contact-style electrodes used for voltage 
breakdown testing. 

The dielectric-strength properties of insulation materials appear to be 
orientation-sensitive, and this feature, along with the use of (dV/dy) as the 
intrinsic dielectric strength and the effective radius of curvature, leads to 
agreement in dielectric data measured by differing techniques such as recessed 
specimens and contact-style electrodes. In addition, a basis was provided for 
offering a possible explanation of the cause of failures in buried 
polyethylene-insulated high-voltage cables, and for electrical trees (water 
trees) produced in the material during service. 

What primarily emerges from the scope of the overall concept is that 
imposing electrical-field-induced mechanical stresses on a material in the 
stress region between the material's proportional limit and ultimate stress 
will produce service problems, no matter how manifested. This document 
emphasizes effects on' polyethylene because of their immediate relevance to 
buried-cable failures, but all other industrially used insulation materials 
would be expected to conform to these concepts. 

For example, Shibuya et a1 (Reference 32) investigated for the voltage 
levels necessary to generate voids in epoxy insulating resins. They 
normalized all of their experimental data to a voltage stress gradient 
(dV/dy), and observed that whenever (dV/dy) exceeded 3 x lo8 V/m 
(7.5 kV/mil), voids occurred, and no voids occurred at (dV/dy) values less 
than 3 x LO8 V/m. 
therefore the value of (dV/dy) = 3 x lo8 V/m could be interpreted as the 
electrical-stress proportional limit for the epoxy resins they studied. 

This is consistent with the concepts described here, and 
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APPENDIX A 

SERIES EXPANSIONS OF THE TIP-TO-TIP AND TIP-TO-GROUND ANALYTICAL 
EXPRESSIONS IN TABLE 3 

T i p-T o-T i p 

The tip-to-tip equation is: 

1/2 V. t(l + 2R/t 

which can be rearranged algebraically to the following form: 

It is convenient to define the variable expression 

-1/2 x = (1 + 2R/t) 

which when substituted into Equation A-2 yields 

vA tanh-' (x) 

(A-2 

( A - 3 )  

(A-4) 

From reference handbooks, the series expression for the inverse hyperbolic 
tangent , tanh-l(x) , is: 

7 
X 

5 
X 

3 
tanh-'(x) = x + - X + -  + . . . . .  7 

+ -  
5 3 (A -5 )  

which can be divided into the numerator term of Equation A-4 ,  l/x, to yield 

x2 - (higher powers of x) 1 (l/x) = - - - - - 
2 2 45 

t anh-l( x) X 
( A - 6 )  

A- 1 



From Equation A-3, x2 = (1 + ZK/t)'l, and therefore (1/x2) = (1 + ZRt), 
which when both are substituted into Equation A-6, and then into Equation A-4, 
will yield sequentially as Equations A-7, A-8, and A-9: 

. . . . )  (dV/dy)MAX 1 4 2  x -  
2 3 45 vA 

= (L-) ( l + t - - -  2K .I 3 
45(1 4 + 2K/t) - . . . . )  

( d V /d y ) 

vA 

(A-7) 

(A-8) 

(A-9) 

When (t/2R) is multiplied into each term of the series expression in 
Equation A-9, the third term as well as all higher terms become numerically 
negligible for small t or large R; therefore Equation A-9 reduces to 

(dV/dy 
= 1 + t/3n 

vA 
(A-10)  

Taking the reciprocal of Equation A-10, and moving out the term 3R 
algebraically, yields the final expression shown as Equation 10 in the text: 

Ti D-To -Ground 

(A-11) 

where 

and 

The tip-to-ground equation is 

Q 2t + R + 2t1/2 (t + R )112]/R [ 

A-2 



Q can be re-expressed as 

Q = [t + 2t1l2 (t + R) + (t + K) /R 1 
where it can be recognized as the binomial expression 

(A-1 3)  

(A-14) 

It is convenient to define CY = t/R, which upon substitution into Equation A-14 
yields 

Exclusive o 

(A-1 5) 

VA, the numerator term of Equation --12, is 2tP, which, 
using the definitions = t/R, results algebraically in the following: 

2tP = 2CP2 ( a  + 1) 112 (A-16) 

Upon substituting Equation A-15 and Equation A-16 into Equation A-12, the 
following algebraic steps can be carried out: 

vA 

vA 

(A-1  7)  

(A-1 8) 

(A-1 9)  

A- 3 



The numbered term ( a +  1)lI2 can be expanded into a series using the well- 
known series expansion 

. . . . .  (A-20) n n(n - 1) x2 + n(n - l>(n - 2) x3 + 
2 6 ( 1 + x )  = 1 + n x +  

and the denominator terms can be expanded into a series using the well-known 
series expansion 

So doing, and drawing together all the terms, yields 

01 1 /2 (1 + 2 Q - $ a 2  1 +-a3. 1 . .) 
(dV/dY - 16  - 

.3+. . .) 
112 vA 

dividing the numerator by denominator rksults in 

2 4 2  
3 45 

( dV/dy 
=1+-.--. + .  . . 

vA 

(A-21) 

(A-22) 

(A-23) 

now ignoring all terms a2 and higher, which become numerically negligible 
for small values of t or large values of R, and substituting fora, Equation 
A-23 becomes 

(dV/dy)mX 2t = I + -  
3R vA 

(A-24) 

From the series expression shown as Equation A-20, Equation A-24 can also be 
expressed as 

2/3 (dV/dy 
= (1 + t/R) 

"A 
(A-25) 
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Taking the reciprocal of Equation A-25, and algebraically moving out the 
variable R, yields the final expression shown as Equation 11 in the text: 

(A-26) 

SYMMETRY 

It should be noted that the tip-to-tip and tip-to-ground equations used 
are symmetrically related, with the midpoint (see Figure A-1) between the two 
needle tips being the ground plane for the tip-to-ground equation. 

This is demonstrated by substituting V/2 and the gap variable T = t/2 in 
the tip-to-tip Equation A-1, yielding 

The right-hand term of Equation A-27 can be rearranged to 

1 /2 dV (1 + R/T) 
d T  1 
- =  

[(l + R/r) 1/21 

and using the mathematical identity 

results in 

(A-27) 

(A-28) 

(A-29) 

(A-30) 

A- 5 
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Figure A-1. Geometry of Symmetry Between the Tip-to-Tip and 
Tip-to-Ground Equations 
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The numerator is now recognized as 2tP observed with the tip-to-ground 
equation, and the remaining step is to transform the denominator algebraically 
to the Ln(Q) form also observed with the tip-to-ground equation. 

To do this, the top and bottom terms of the natural logarithm expression 
are each multiplied by (1 + R/T)~/~ + 1, and after rearranging product terms 
within the natural-logarithm expression, yield 

which then finally becomes 

(A-31) 

(A-32) 

Therefore, the convergence expressions for small values of t or large 
values of R in Equations A-LO and A-24 are interchangeable using the gap variable 
T =  t/2, or t = 2r. The tip-to-tip convergence expression was found to be 

(dV/dy 
= 1 + t/3R 

vA 

which, upon substitution of t = 2 , yields 

2T = I + -  3K 
(dV/dy) 

vA 

as derived above. 

A-7 

(A-33) 

(A-34) 
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