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Summary. The use of modern polymeric materials as dielectrics makes it possible to increase 
operational characteristics of the elements of various electric power and electronic devices. 
The necessary combination of interconnected values of permissible electric field strength and 
maximum operating temperature is crucial when choosing a particular polymer material. The 
relationship of these parameters is nonlinear due to the nonlinear dependence the electrical 
resistivity and the thermal conductivity coefficient on temperature of the polymer material. 
This relationship can be represented in a closed analytical form of integral relations in which 
the variable limit of the integrals is the desired function describing the temperature 
distribution in the dielectric layer. A quantitative analysis of these ratios for five different 
polymeric materials with known electrothermal characteristics has been carried out. The 
results of calculations of the temperature state of the dielectric layer and the distribution in the 
layer of the absolute value of the electric field intensity are given. The presented results can 
be used to justify the choice of a particular polymer material as a dielectric in the designed 
devices. 

1 INTRODUCTION 

Existing polymeric materials used in various electrical and radio engineering devices as 
dielectrics have a fairly high electrical resistivity, characterized at a temperature of about 
300 K by the values of 14 1810 ...10 Ohm m  [1-3]. But with a significant difference in the 
potentials of the electric field on the surfaces of the dielectric layer, even at such electrical 
resistance values, the current passing through the layer causes the release of Joule heat, which 
leads to an increase in the dielectric temperature. The increase in temperature, as a 
consequence, leads to a decrease in the electrical resistivity, which in turn leads to a further 
increase in the amperage and volumetric energy release. The comparatively low coefficient of 
the thermal conductivity of polymeric materials [1, 4, 5] and the insufficient intensity of the 
heat dissipation of the released energy into the external environment create the prerequisites 
for a positive feedback, due to which there is a rapid increase in temperature terminating in 
thermal destruction of the dielectric material (melting, carburization). Such process was called 
the thermal breakdown of the dielectric, in contrast to the electric breakdown [6, 7].  

The reliable functioning of the polymer dielectric with a high electrical potential difference 
is facilitated by the intensification of the escape of the Joule heat released in it and the choice 
of material with the highest possible value of the thermal conductivity, which is desirable to 
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increase with increasing temperature, which is characteristic for some polymer materials. A 
quantitative analysis of the dielectric temperature state, which is necessary for evaluating its 
operability, requires the involvement of modern methods of the mathematical modeling [8-12] 
and is related to the solution of a rather complex nonlinear problem that takes into account the 
interrelationship of the dependences on the electrical resistivity of the dielectric and its 
thermal conductivity. 

In this paper, the problem of steady-state thermal conductivity with a constant difference of 
electric potentials on these surfaces is formulated for a plane layer of a polymer dielectric 
with a given temperature of the cooled surface and an ideally insulated opposite surface. This 
problem forms the basis of the differential form of the mathematical model describing the 
temperature state of the dielectric layer. Necessary for the quantitative analysis of the 
temperature state of this layer the information about dependences on the electrical resistance 
temperature and the thermal conductivity coefficient for several polymeric materials used as 
dielectrics are presented. The differential form of the model is converted to two integral 
relations are used for calculation and subsequent comparison of the temperature distributions 
and the absolute values of the electric field in the layer made from different polymeric 
materials. 

2 PROBLEM STATEMENT 

Let a flat layer of polymer dielectric has a constant thickness h . Then, in the case of 
homogeneous conditions of heat exchange on each of two flat surfaces bounding this layer the 
steady-state temperature distribution ( )T z  is one dimensional and is depending only on one 
coordinate z , counting in the direction normal to the surfaces of the layer. This distribution 
will satisfy a nonlinear differential equation [13]:  

 2( )
( ) ( , ) 0,V

d dT
T q T h

d d

 
      

 (1) 

where /z h  ,   – temperature-dependent thermal conductivity of the dielectric, Vq  – 

volumetric power of energy release, caused by the transition of some of the electrical energy 
into Joule heat and depending both on temperature and on the coordinate. The thermal 
conductivity coefficient of polymer dielectrics, as a rule, increases with increasing 
temperature and depends significantly on their microstructure, which, in turn, can vary with 
temperature. In the case of an amorphous structure corresponding to the chaotic arrangement 
of polymer macromolecules, the thermal conductivity coefficient is usually the smallest and 
grows as the arrangement of the macromolecules is ordered, due to a certain increase in the 
polymer density and characterized by the degree of its crystallinity [1, 4].  

In Fig. 1 for some polymeric materials that are used as dielectrics, temperature-dependent 
boundaries of the change in the coefficient of thermal conductivity upon transition from an 
amorphous structure (the lower boundary) to a structure with the greatest density (upper 
bound) are presented [1, 4]. For polipiromellitimide (position 1), the given curves are not 
related to the structural features of the polymer and refer to different modifications of the 
material produced by DuPont (USA) with the Capton trademark (the lower curve is Kapton 
H, and the upper one is Kapton HN [14]). Other materials also have different industrial brands 
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along with the names defined by the chemical composition: for example, 2 - dacron, lavsan, 
mylar, 3 - fluoroplast-3, 4 - macrolon, merlon, 5 - fluoroplast-4, teflon. 

 
Figure 1: The upper and lower boundaries of the change with the temperature of the thermal 

conductivity for some polymer materials: 1 – polypyromellitimide; 2 – polyethylene terephthalate; 3 – 
polychlorotrifluoroethylene; 4 – polycarbonate; 5 – polytetrafluoroethylene 

In Fig. 2 the experimentally obtained dependences on the temperature of the thermal 
conductivity of polytetrafluoroethylene of different densities   are given [1, 15] (from the 

value of 3
* = 2000 kg / m  corresponding to the amorphous structure to the highest value of 

* 3= 2300 kg / m ). For intermediate values of the polymer dielectric density, its thermal 
conductivity at the fixed temperature is recommended to be estimated by the formula [4] 

* *
* * * 0= ( )( ) / ( )           , where *  and *  – the lower and the upper values of this 

coefficient at the density of the polymer *  and * , accordingly. The results of calculations 

using this formula, shown in Fig. 2 for comparison, are in good agreement with the 
experimental data for the density values equal to (in 3kg / m ) 2050 and 2250, the agreement 

for the density * 3= 2100 kg / m  was less reached, and in the remaining cases for some 
values of the temperature the deviations from the experimental data turned out to be more 
essential.  

The power of volumetric energy release in a dielectric at a constant voltage is [16] 

  2
( , ) ( ) ( ) ,Vq T E T      (2) 

where 0E   – modulus of the electric field strength vector,   – temperature-dependent 
electrical resistance of a dielectric at constant voltage. In Fig. 3 for all five of the above 
mentioned polymeric materials, the dependences on the temperature of the decimal logarithm 
of the ratio */   are presented using the data from [1], where, * , Ohm m is the value of the 

electrical resistivity at the temperature = 300T  K for each of the materials: 1610  – 
polypyromellitimide, 151,58 10  – polyethylene terephthalate, 166,31 10  – 
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polychlorotrifluoroethylene, 143,16 10  – polycarbonate, 1710  – polytetrafluoroethylene.  

 
Figure 2: Temperature dependence of the thermal conductivity of polytetrafluoroethylene at 

different density values (in 3kg / m ): 1 – 2000; 2 – 2050; 3 – 2100; 4 – 2140; 5 – 2180; 6 – 2200; 7 – 
2250; 8 – 2300 

At a constant voltage, the absolute value of the current density passing through the 
fragment of the dielectric layer is  

 ( ) ( ) const.j E T     (3) 

Taking into account formulas (2) and (3) equation (1) has the form 

 2( )
( ) ( ) ( ) 0.

d dT
T jh T

d d

 
      

 (4) 

The surface of the dielectric layer with a coordinate = 0  will take is insulated and on the 

opposite cooled surface of the layer where = 1  we set a temperature 1T , i.e. 

 1

=0

( )
( ) = 0, (1) = .

dT
T T T

d 





 (5) 

The electric field potential at = 0  put equal to zero, and the absolute value of the 

potential on the opposite surface denote by 1U . It is clear that the formulated conditions are 

applicable to the dielectric layer doubled thickness with an absolute value of the potential 
difference 12U  and given temperature values 1T  on both surfaces of such layer. Because of 

the nonlinearity of equation (4) its solution with boundary conditions (5) cannot be 
represented in an analytical form solved with respect to function ( )T  . However, with known 
dependences of ( )T  and ( )T , it is possible to construct integral relations connecting these 
dependences with the desired temperature distribution in the dielectric layer. This temperature 
distribution is the variable limit of the integrals in these relations. Such a procedure for 
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solving the problem (in contrast to the finite-difference and finite-element methods) allows 
one to obtain the necessary numerical information with controlled accuracy, since well-known 
quadrature formulas are applicable for calculating the integrals. 

 
Figure 3: Dependence on the temperature of the electrical resistance for some polymeric materials (the 

designations of the curves are identical with Fig. 1) 

3 INTEGRAL RELATIONS 

The substitution ( ) ( )T dT d p     allows to represent equation (4) in the form: 

2( ) ( ) ( ) 0
dp

p jh T T
dT

     

and then write the first integral for this equation 

2

2
1

1

( )
( ) = 2( ) ( ) ( ) .

T

T

dT
T C jh T T dT

d

         
  

Denoting 0T  the unknown temperature value on the ideally insulated surface of the dielectric 

layer and using the boundary condition on this surface in the form of the first equality (5), we 
find the constant 

0
2

1

1

2( ) ( ) ( )
T

T

C jh T T dT      

and after substitution 1C  in the first integral we obtain an ordinary differential equation of the 

first order 
1/2

0( )
( ) = 2 ( ) ( ) .

T

T

dT
T jh T T dT

d

        
   
    (6) 
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Proceeding from the physical meaning of the problem, the left-hand side of equation (6) is 
nonpositive [13]. Therefore, on the right-hand side of this equation, the minus sign should be 
chosen and, after integration, written 

1/2
0

2

0

1
= 2 ( ) ( ) ( ) .

TT

T T

C T T dT T dT
jh





 
         

 
 
   

Using the second equality in (5), we find 
1/2

01

2

0

1
= 1 2 ( ) ( ) ( )

TT

T T

C T T dT T dT
jh


 

      
 
 
   

and in the end we obtain the relation 

 

1/2
0

1

1
1 2 ( ) ( ) ( ) .

TT

T T

T T dT T dT
jh





 
          

 
 
   (7) 

Equation (7) includes unknown values of j  and 0T . In the considered dielectric layer, the 

losses per unit time of electrical energy in the form of Joule heat per unit surface area of the 
layer are equal 1jU . Therefore, by taking into account the formula (6), we can write 

1/2
0

1

=1 1

( )
( ) = 2 ( ) ( ) = .

T

T

dT
T jh T T dT jhU

d 

     
   
  

Hence the integral relation follows 

 
0

2
1

1

= 2 ( ) ( ) ,
T

T

U T T dT   (8) 

which establishes a connection between the functions ( )T  and ( )T  and the required 

temperature 0T  with a value 1U . 

After calculating from the relation (8) the values 0T , putting in the formula (7) = 0  and 

0=T T , we can find the value of the product jh : 

 

1/2
0 0

0

1

= 2 ( ) ( ) ( ) = ( )
T T

T T

jh T T dT T dT I T


 

     
 
 
   (9) 

and then obtain an integral relation 

 

1/2
( ) 0

0 1

1
1 = 2 ( ) ( ) ( ) ,
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TT

T T

T T dT T dT
I T






 
         

 
 

   (10) 

which determines the temperature distribution over the thickness of the dielectric layer. 
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a  

b 

Figure 4: The relationship between the temperature of the ideally insulated surface of the dielectric 
layer from various polymer materials and the electrical potential at a given value T1 – the temperature 

of the cooled surface of the layer (the designations of the curves are identical with Fig. 1);  
a – T1 = 300 K; b – T1 = 280 K 

 

 

Figure 5: The temperature distribution over the 
thickness of the dielectric layer from various 

polymer materials (the designations of the curves 
are identical with Fig. 1) 

Figure 6: The distribution of the absolute value of 
the electric field strength along the thickness for 
various polymeric materials (the designations of 

the curves are identical with Fig. 1) 
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4 QUANTITATIVE ANALYSIS OF INTEGRAL RELATIONS 

With the chosen value of 1 = 300T  K in Fig. 4a in semilogarithmic coordinates, graphs, 

calculated using the integral relationship (8) and illustrating the relation of the value  1U  with 

the temperature 0T  on the ideally insulated surface of the dielectric layer of various polymeric 

materials are given (for polipiromellitimide, polyethylene terephthalate and 
polychlorotrifluoroethylene the temperature dependence of the thermal conductivity ( )T  
(see Fig. 1) extrapolated to the value = 400T  K). For each of the five considered materials at 

> 400T K, the corresponding value 1U  can be assumed constant. In the case of 

polytetrafluoroethylene (position 5), this assumption is valid even at > 350T K. It should be 
noted that with the decrease in the temperature 1T  of the cooled surface of the dielectric layer, 

the values 1U  increases for all the polymeric considered materials (Fig. 4b).  

Choosing the same values for 1 = 300T  K and 0 = 400T  K for all the polymer considered 

materials, let us compare the temperature distributions in the dielectric layer. In Fig. 5 graphs 
of the dependences ( )T   calculated using the integral relation (10) are given. In this case, for 
each of the materials, the above-mentioned range of variation with temperature of the thermal 
conductivity coefficient is taken into account. But for all the considered materials, the 
difference in the temperature distributions corresponding to the two limiting dependences 

( )T  (see Fig. 1) does not exceed the value 0 10.005( )T T  at < 0.999 . Therefore, these 

distributions pertaining to the fixed material are shown in Fig. 5 with one common schedule.  
The distribution of temperature along the thickness of the layer of polytetrafluoroethylene 

is most uneven, which is associated with the largest change in the accepted temperature range 
of the resistivity (according to Fig. 3, by almost four orders). For polycarbonate, the electrical 
resistance changes only by a factor of 10, which leads to a more gently varying temperature 
over the thickness of the layer made of this material. 

The calculated dependences ( )T   make it possible to find the distribution over the 
thickness of the dielectric layer of the absolute value of the electric field strength. Using 
formulas (3) and (9), we write 

   0
*

1 0 1 0 0

( )( )
( ) = = ( ) = ( ) .

( ) ( ) ( )

I TE h jh
E T T

U T U T U T


      

The value * = 1E  corresponds to the homogeneous distribution ( )E  . In Fig. 6, graphs of the 

dependence for all the polymer materials under consideration at the chosen values of 

1 = 300T  K and 0 = 400T  K are presented in semilogarithmic coordinates. The most non-

uniform distribution of the electric field strength arises in the layer of polytetrafluoroethylene: 
the lower boundary of the thermal conductivity coefficient corresponds to the values of 

*(0) 0.0050E   and *(1) 250.4E   (curve 5 with dark circles), and its upper boundary is 

*(0) 0.0052E   and *(1) 262.2E   (curve 5 with light circles). The main reason for this 

unevenness is the significant change in the electrical resistivity noted above for this material 
in this temperature range. 

The impact on the distribution of the electric field strength changes of the dependence of 
thermal conductivity on temperature is most significant for the polychlorotrifluoroethylene 
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layer: for the lower border *(0) 0.0709E   and *(1) 17.80E  , and for the upper boundary - 

*(0) 0.0786E   and *(1) 19.7E  . 

In the case of the other three polymeric materials this effect is insignificant and for each of 
them the dependences are shown in Fig. 6 one common schedule. The smallest change in the 
electric field strength is in the polycarbonate layer: *(0) 0.326E   and *(1) 3.27E  , which is 

also associated with a relatively small change in the electrical resistivity in the temperature 
range under consideration. 

5 CONCLUSION 

On the basis of the formulated nonlinear mathematical model of steady-state thermal 
conductivity in a plane dielectric layer under the influence of a constant difference of electric 
potentials, integral relations are constructed. These relations describe the distribution of the 
electric field strength and temperature in this layer. Integral relations take into account the 
change of the electrical resistance and its thermal conductivity with temperature and are used 
to establish the relations between the highest values of temperature in the dielectric layer and 
the difference of electric potentials on the surfaces of this layer. For five different polymeric 
materials with known thermoelectric characteristics, a quantitative analysis of this relationship 
has been carried out and the temperature and electric field distributions over the thickness of 
the layer have been calculated. When comparing the results of this analysis, it was found that 
the highest values of the allowable working temperature and the limiting difference of electric 
potentials can be realized when polytetrafluoroethylene is used as a dielectric. The obtained 
results allow to make a comparative analysis of the expediency of using a specific polymer 
material as a dielectric in the designed electrical and radio engineering devices. 
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