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Abstract 

Electrical insulators of organic type are composed by a rigid nucleus of some type of 
epoxy resin and for a housing commonly made of EPDM (ethylene-propylene-diene 
monomer). In the electrical industry, organic insulators with housings made of different 
kinds of rubber have been employed since more than 20 years in high voltage 
transmission lines. However, the mechanisms of deterioration of the rubber are still 
unclear. In fact the progressive deterioration can to produce the unexpected failure of 
the material. 

The wide range of mechanical and electrical properties achieved by the polymers 
cannot be obtained with other type of material. Organic insulators have the advantages 
of low density, easy handling and good resistance to vandalism. However, 
environmental agents can damage them. In fact, rain, dust deposition, corona effect and 
ultraviolet radiation, among others, deteriorate the quality of the polymeric housing 
employed as watersheds. 

In the present work we analyse the disentanglement of the crystalline phase in the 
EPDM by means of the application of an electro-rheological model, recently published. 
We have performed dynamical mechanical analysis in EPDM samples obtained from 
commercial insulators. Samples were checked under different doses of irradiation with a 
low neutron flux.  
 
 
1. Introduction 

The use of polymeric materials for the housing of electrical insulators has the 
advantages of low density, easy handling and good resistance to vandalism. However, 
they can be damaged by environmental agents [1-4].  

A widely used polymer for the housing in organic insulators is EPDM (ethylene-
propylene-diene monomer). This rubber is a semi-crystalline polymer, being the degree 
of crystallinity controlled mainly by the ratio between ethylene and propylene. 
Crystalline zones, also called crystallites, in a polymer can be promoted by the pile-up 
of the chains, giving rise to zones which have some spatial symmetry [5-7]. 

A key point in the field of engineering is to predict the different responses of a given 
system (mechanical, electrical, chemical, etc.), under a predetermined state of external 
excitations. Furthermore, in many cases of interest, several responses are overlapped. 
Therefore, it is necessary to develop electro-rheological models that are adequate for 



engineering applications. Electro-rheology pertains to the study of the coupled 
mechanical and electrical responses of matter [8, 9]. In fact, the knowledge of the 
physical processes, which control the electrical and mechanical stability of the polymer, 
during the ageing in service, is critical to predict the life-time of these components. 

In the present work we have performed dynamical mechanical analysis (DMA) on 
EPDM, employed as housing for non-ceramic insulators in 33kV transmission lines, 
with the aim of obtaining information about the changes in the structure of the EPDM 
after low flux neutron irradiation.  

In addition, we have applied the Mocellini’s model [8, 9] in order to obtain 
information about the loss of crystallinity in neutron irradiated EPDM. 
 
 
2. Theoretical Background 

In this section we summarise the more important concepts of the Mocellini’s model 
which are needed for a better understanding of the present work.  

It is well known that during the polarization in a dielectric material, the appearance 
of dipoles is promoted. In the dipoles the charges are separated by the electric field. 
These stretched dipoles lead to the appearance of elastic forces into the matrix of the 
dielectric material to restore the mechanical equilibrium [8 - 12]. Mocellini’s model 
describes the dielectric material as an assembly of discrete dipole elements having both 
electrical and mechanical components, Figure 1.a. Adding a dipole to an inter-dipole-
space we obtain the so-called elementary unit, Figure 1.b. The overlapping of several 
elementary units allows the description of the deformation of a dielectric material when 
it is subjected to an electrical excitation [8, 9]. 

As it can be seen from Figure 1, this dipole is composed by: (a) a capacitor of plane 
charged plates which promotes the separation of the plates under the application of the 
electric field E, (b) a spring which represent the elastic constraints of the matrix and (c) 
a dashpot which represent the energy loss by irreversibility. This configuration has been 
called elementary dipole of the Voigt type with two parameters [8].  
 
 
3. Experimental Procedure 
 
3.1 Neutron Irradiation 

Irradiation was performed in the RA-4 nuclear reactor of the National Atomic 
Energy Commission of Argentina. The samples were irradiated at room temperature in 
air at atmospheric pressure.  

The RA-4 was operated at 0.7 W. The samples were positioned in the horizontal 
channel, which passes through the reactor core. They were placed inside of a cylinder of 
poly-methyl-methacrylate (PMMA) of 250 mm length and 25 mm diameter with a wall 
and bases of thickness 2 mm  and  20 mm, respectively. 

The thermal- and fast- neutron fluxes were about 5.2x107 n/cm2s. The flux of thermal 
neutron was calculated inside the sample holder of PMMA by means of activation 
analysis of circular sheets of Au (99.999%). Neutronic noise method was also employed 
in the obtainment of the thermal flux. The fast flux was estimated from the ratio 
between thermal and fast neutrons which exists for the RA-4 Reactor (Siemens SUR 
100) [13]. 
 
3.2 Samples 

Samples were commercial ethylene–propylene-diene-monomer (EPDM) used as 
housing of non-ceramic electrical insulators (Avator of Sitece Electrical Industries) 



which are usually employed in outdoor transmission lines of 33 kV. The nominal molar 
composition of the rubber was 55% ethylene – 42% propylene and 3% diene-monomer.  

The EPDM used in the present work was reinforced with ceramic particles in a 
proportion of 44wt %, determined by means of pirolysis. Ceramic was identified, by 
means of X-ray studies plus refining of the patterns, as Bayerite (alumina-trihydrate, 
ATH) having a triclinic lattice with a = 17.338 Å, b = 10.086 Å, c = 9.73 Å, α= 94.17º, 
β=92.13º and γ=90º  [14, 15]. 

The detail for sample preparation for experimental tests performed in this work are 
describes in detail in Refs. [14, 15].  

Irradiated samples attained doses of  3Gy, 12Gy, 19Gy and 51Gy. 
 
3.3. Measurements 

Measurements of dynamical mechanical analysis (DMA, loss tangent, tan (φ), and 
elastic shear modulus, G’) were carried out as a function of temperature at frequencies 
between 1 and 70 Hz. The measured temperature range was between 180 K and 370 K 
and the heating rate was of about 1º/minute. Measurements were performed under 
Argon atmosphere at atmospheric pressure.  

The samples in  DMA  studies were parallelepiped bars of 5 mm width, 4 mm thick  
and  30 mm length. The maximum shear strain on the sample was 2x10-4.  tan (φ)  
values were independent of the amplitude of oscillating strain, i. e. doubling the applied 
stress led to the doubling of the strain response [14, 15]. 

tan (φ) was calculated from the slope of the straight line which results from the least 
squares fitting of the natural logarithm of all the decaying amplitudes versus time, such 
that 

n  ) (  tan  - )0(Aln   )n(Aln φπ=    (1) 
where  An  is the area of the  nth  decaying oscillation,  A0  is the initial area of the 
starting decaying oscillation and  n  is the period number [16].  

For all these measurements the same initial and end values of the decaying 
amplitudes are used for eliminating some possible distortion for the appearance of 
amplitude dependent damping effects [16]. The main source of error in the evaluation of  
tan (φ)  is related to the measure of the voltage of the decaying oscillations. The error in 
tan (φ)  was less than 3%. 

The values of oscillating frequency, f, were measured with an error less than 1%, 
being the main source of error related to the obtainment of the time where the 
oscillating signal cross zero voltage.  

The elastic shear modulus, G’, for the case of a bar of rectangular section can be 
obtained from the square of the natural oscillating frequency by means of [17] 
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where  k  is a constant which depend of the ratio  b/a,  II  is the moment of inertia of the 
oscillating system,  l  is the length of the sample and  a  and  b  are the half thickness 
and width of the sample, respectively.  

The absolute shear modulus values were calculated with an error less than 10%. This 
error dependent mainly of the errors in the dimensions of the sample. 
 
 
Results and Discussion 

Figure 2 shows  tan (φ)  as a function of temperature for non-irradiated and 
irradiated samples in the range between  270 K  and  360 K. For all the measured 
spectra the natural oscillating frequency was close to 4 Hz. The high temperature zone 



of the relaxation associated to the Tg  transition (glass transition) can be observed at 
around 270 K.  

The wide maximum described by the  tan (φ)  curve within the temperature interval  
290 K – 360 K can be related with the melting of the crystals developed by the chemi-
crystallisation. Indeed, the increase in the  tan (φ)  values for irradiation dose of  19.1 
Gy  is clear. Irradiation at larger doses (51Gy) lead to the small decrease in  tan (φ) 
values, but they are still higher than the corresponding to the non-irradiated sample.  

The mechanism of chemi-crystallisation was already pointed out for semicrystalline 
polymers subjected to oxidation conditions by Celina et. al. [18] and Winslow [19]. 
Similarly the neutron irradiation of EPDM leads to chemi-crystallisation. In fact, 
neutron irradiation produces chain scission, the scission products having less restricted 
mobility. Disentanglement of such fragments allows them to crystallise into imperfect, 
low-melting point crystals, increasing the overall crystalline content.  

Figure 3 shows the behaviour of  G’  as a function of temperature corresponding to 
the spectra plotted in Figure 2. As it can be seen from the Figure the modulus curve for 
a sample irradiated at 3 Gy  shows an increase which is controlled by the early 
development of cross-linking points by H-pull, in agreement with previous works [14, 
15]. For the sample irradiated at a dose of 12.7 Gy, G’ showed smaller values due to 
chain scission and cutting of the cross-linking points. In contrast, the plots of G’ for the 
sample irradiated at 19.1 Gy showed higher values than those of the non-irradiated one, 
up to 340 K. However, at temperatures higher than 340 K  the value of G’, for irradiated 
samples, falls down.  

This increase in G’ was related to the development of crystalline zones due to the 
chemi-crystallisation process. In addition, the jump down was related to the 
disappearance of the crystals by the melting process. In fact, it can be easily shown that 
the average elastic modulus in an elastic and isotropic medium containing inclusions 
may be written as: 

∑
=

=
N
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(r)  ( μμ fr     (3) 

where fr is the volume fraction of inclusions with a elastic shear modulus μ(r). Then, the 
mean elastic shear modulus of a matrix containing inclusions is higher than the 
corresponding value of the matrix, when the modulus of the matrix without inclusions is 
smaller than the modulus of the inclusions [14, 15]. 

On the other hand, it is well known that EPDM is a semicrystalline polymer usually 
employed in the electrical industry due to its very low content of polar molecules. In 
fact, EPDM chains are composed by a random arrangement of ethylene, propylene and 
diene monomers, which are very weakly polar. The propylene and diene monomers are 
slightly more polar than ethylene. 

In semicrystalline polymers the chains in the rubber matrix can be piled-up by 
folding-back on themselves, originating zones which have some spatial symmetry, 
called crystallites. In EPDM the crystallites are composed by chains having 
predominantly long sequences of ethylene groups.  

Consequently, the crystalline zones are markedly non-polar zones due to the 
symmetry of the ethylene group. In contrast, the amorphous zones of the polymer 
contain the ethylene, propylene and diene groups which were not capable of ordering 
into crystallites. In addition, cross-linking points owing to the curing process appear in 
the amorphous regions [8, 20].  

This chemical intersection points between chains could also generate electric dipoles 
due to the organic peroxides employed for curing. Therefore, the amorphous zone is 
nominally a more polar zone than the crystalline one. These dipoles can operate as 



actuators for the electrical-to mechanical-coupling, transferring the electrical forces in 
mechanical displacement of the polymer chains [8].  

Consequently, we can to relate the followings two parts in order to obtain the 
elementary unit of Figure 1: (a) the crystalline zones with the inter-dipole space and (b) 
the amorphous phase with the electrical dipole. However, into the amorphous phase 
inter-dipoles spaces can also be found. This overlapping can be considered as an 
effective dipole which results of a mean field approximation giving rise to an average 
action (as actuator) when the electric field appears. In other words, the amorphous zone 
is nominally a more polar zone than the crystals, as it was above mentioned. 

The parameters for the Voigt two elements representation of Figure 1.a,  kid  and  bid  
for the inter-dipole space, can be obtained from the experimental data plotted in Figures 
2 and 3. 

Indeed, kid is obtained from  G’  and  bid  is obtained from the expression  G`  tan (φ) / 
ω, as it can be easily deduced for the 2-parameter Voigt representation [8, 9].  

It should be stressed that the coupling of the experimental data with the model is 
made by using the Voigt two parameters representation instead of the more realistic one, 
e.g. involving three parameters, due to the fact that only two variables can be measured 
from the DMA tests. 

Once that  kid  and  bid  are obtained, the relaxation time,  τ , as a function of 
temperature can be obtained from the mechanical measurements. 

Figure 4, shows the behaviour of  τ  as a function of temperature for the samples 
under study. Calculations have been made up to the temperature close to the maximum 
in tan (φ) (320K), since at this temperature the largest volume fraction of crystals are 
melted. The increase in temperature from about 290K up to 320K causes that larger 
crystals to become unstable and melt. Therefore the relaxation time involved in the 
movement of more complex arrangement increases, as it can be seen from Figure 4. 
Temperatures higher than the maximum in  tan (φ)  were not considered because is 
complicated to discriminate the behaviour of the other overlapping mechanisms 
contributing to the total damping, as for example the contribution of the amorphous 
phase. 

The smallest  τ  curve was found out for the sample with the largest development of 
crystallinity, in agreement with the above mentioned. In addition, it appears that the 
chain-scission process is more sensitive to produce changes in the relaxation time than 
the cross-linking process. Indeed, the curve for irradiated sample at 3.2 Gy is practically 
overlapped to the non-.irradiated one. In contrast, sample irradiated at 12 Gy exhibits a 
decrease in the  τ  values. 

It is interesting to remark that the nature of the  tan (φ)  maximum  at around 310K,  is 
non thermally activated, i. e. the peak temperature is not shifted towards higher 
temperatures when the oscillating frequency is increased. This maximum is related to 
the phase transition, having a characteristic temperature where the disentanglement of 
the partially ordered zones occur. This melting point is controlled by a free energy 
which is function of the size of the crystals [21]. 

Moreover, by applying the model described in this work we can obtain a relaxation 
time of the Arrhenius kind, related to the movement of chains into the crystals due to 
their melting; since the model makes a bridge between the two phases of the polymer 
(crystalline and amorphous). In fact, from the mechanical probe we are measuring the 
overlapping of the effects of the two phases. The above explained situation is physically 
different from a point of view of the dielectric relaxation. Indeed, from the electric 
probe we observe the effect on the crystalline phase due to excitation of the amorphous 
one [8].  

 
 



Conclusions 
The relaxation time related to the disentanglement of crystalline zones in low flux 

neutron irradiated EPDM has been calculated from dynamical mechanical analysis 
through an electro-rheological formalism. Irradiated sample with the largest crystallinity 
degree exhibits the smallest relaxation time. Cross-linking process developed during the 
irradiation would appear to have a small effect on the disentanglement of crystals, in 
contrast to the chain-scission process. 
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Figure 1.a: Rheologic Representation of an inter-dipole space, using the 2-parameter 
Voigt Configuration, linking two dipoles. 
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Figure 1.b: Elementary unit described using the 2-parameter Voigt Model. 
 

 



 
 
Figure 2: tan (φ) as a function of temperature for non-irradiated and irradiated samples. 
 
 



 
 

Figure 3: G’ as a function of temperature for non irradiated and irradiated samples. 
 
 



 
Figure 4: Relaxation as a function of temperature for non irradiated and irradiated 
samples. 
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Electrical insulators of organic type are composed by a rigid nucleus of some type of 
epoxy resin and for a housing commonly made of EPDM (ethylene-propylene-diene 
monomer). In the electrical industry, organic insulators with housings made of different 
kinds of rubber have been employed since more than 20 years in high voltage 
transmission lines. However, the mechanisms of deterioration of the rubber are still 
unclear. In fact the progressive deterioration can to produce the unexpected failure of 
the material. 

The wide range of mechanical and electrical properties achieved by the polymers 
cannot be obtained with other type of material. Organic insulators have the advantages 
of low density, easy handling and good resistance to vandalism. However, 
environmental agents can damage them. In fact, rain, dust deposition, corona effect and 
ultraviolet radiation, among others, deteriorate the quality of the polymeric housing 
employed as watersheds. 

In the present work we analyse the disentanglement of the crystalline phase in the 
EPDM by means of the application of an electro-rheological model, recently published. 
We have performed dynamical mechanical analysis in EPDM samples obtained from 
commercial insulators. Samples were checked under different doses of irradiation with a 
low neutron flux.  

Irradiated sample with the largest crystallinity degree exhibits the smallest 
relaxation time. Cross-linking process developed during the irradiation would appear to 
have a small effect on the disentanglement of crystals, in contrast to the chain-scission 
process. 
 
 


