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Abstract 

	 The effect of an applied dc electric field (EF) on the frequency variation of the dielectric dispersion of low-density 
polyethylene (LDPE), grade LA071 was investigated over the frequency range of 500Hzto 40MHz at room temperature. The 
dielectric dispersion data were used to improve the performance of this type of LDPE in cable jacketing. The variations in the 
dielectric constant ε’, dielectric loss factor ε′′, tan δ, and a.c. electrical conductivity σ(ω) with frequency was observed to be 
strongly dependent on the variation in the dc electric field. The results demonstrate that the dielectric constant ε’ and loss fac-
tor ε” vary nonlinearly with the applied field (EF). Herein, the observed relaxation effects are described by the Clausius-Mos-
sotti Debye relation using a set of relaxation times and a possible reason for dipole relaxation is discussed. The change in the 
polymer’s crystallinity due to the electric field can be attributed to the induced bond scission and subsequent cross linking. 

The variation in the ac conductivity with frequency obeys the Jonscher power law n
dc Aωσωσ +=)( at high frequencies, 

whereas the dispersion at lower frequencies confirms the presence of an electrode polarization effect. An increase in the dc 
electric field resulted in a significant decrease in the ac conductivity, and simultaneously reduced the relaxation time. This 
finding may be caused by the hopping of electrons under the effects of the applied electric field. The results have been inter-
preted in terms of electronic conduction. 

Keywords: Dielectric constant; Dissipation Factor; Polyethylene; Power Loss; Tan δ; ac conductivity acσ .
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Introduction 

	 Polyethylene (PE) is widely used as an electrical insula-
tion material because of its low dielectric loss and superior break-
down strength [1-4]. The dielectric loss of PE is low because its 
dipolar orientation polarization is small. By using an extremely 
clean material, an extremely clean environment and a dry cross 
linking method, the field concentration caused by impurities and 
micro voids in the LDPE material used to insulate an extra high 
power cable can be significantly reduced, thus providing a way to 
improve the stability of LDPE in scientific instruments.

	 A nonlinear dielectric, i.e., a material that undergoes 
changes in its conductivity and/or dielectric constant in response 
to an electric field, can be very useful in the design of high volt-
age systems such as cable joints and terminations. In the extreme 
case of highly nonlinear materials such as LDPE, the materials 
can be thought of as dielectrics (often with a large dielectric con-
stant) below a certain field and near-perfect conductors above it. 
Thus, due to this transition, such materials limit the maximum 
field within them. As the voltage of such systems is increased, the 
electric field “penetrates” into the grading system while limiting 
the maximum field that can occur within the system. This lim-
itation of the electric field also contributes to defect tolerance, 
because the field around a defect is also limited [5,6].

	 The a.c. electrical properties of polymers are thus com-
monly and conveniently expressed in the form of the relative 
permittivity and loss tangent as a function of frequency. One of 
the main advantages of frequency-dependent measurements is 
that the contributions of bulk material, grain boundaries, and 
electrode effects can easily be represented if the time constants 
are sufficiently different [7] to allow separation. In addition, di-
electric relaxation, which is due to many different polarization 
mechanisms, is observed under an ac. field. The presence of any 
dielectric relaxation thus corresponds to one or more of the pos-
sible polarization mechanisms that occur on a microscopic scale. 
Each relaxation process may be characterized by a relaxation 
time that describes the decay of its polarization over time in a 
periodic field. Therefore, ac. electrical studies of polymers reveal 
structural details and offer valuable complementary information 
relevant to electrical applications of polymer materials. Howev-
er, certain dielectric quantities or functions are employed more 
often than others depending on the desired application. 

	 The additives used in the manufacture of low-density 
polyethylene (LDPE) cable jackets and the compatibility be-
tween these additives affect the properties of cables insulated by 
such jackets [8-11]. 

	 Electric field analysis, field optimization and field mea-
surement techniques have been introduced to evaluate the per-
formance of devices used in applications characterized by the 
high electric field stress induced by power equipment systems 
and thereby create devices with higher insulation performance, 
lower losses, lower environmental impact and higher reliabili-
ty [12]. In general, the variation of dielectric constant with fre-
quency suggests the presence of higher space charge polarizabil-
ity of the material in the low-frequency region. The electronic 
exchange of the number of ions in the polymeric confirmation 
gives the local displacement of electrons in the direction of the 
applied field, which produces the polarization. As the frequency 
increases, a point is reached where the space charge cannot sus-
tain and comply with the external field. Therefore, the polariza-
tion decreases and exhibits the reduction in the value of dielec-
tric constant as the frequency increases.

	 The present work aimed to study the effect of an applied 
dc field on the dielectric properties of polyethylene LDPE, grade 
LA071 used in insulating cables. ac. impedance data were used 
to determine the dielectric constant, loss factor, and the relax-
ation processes that may be induced by the dc electric field and 
frequency range used.

Experimental Techniques 

Sample Preparation

	 The material used in this work was low-density polyeth-
ylene LA071 produced by Qatar Petrochemical Company (QAP-
CO). The polymer has a melt flow index of 7.0, a crystalline melt-
ing temperature of 108°C, and a density at 23°C of0.918 g/cm3. 
The LDPE was fabricated into thin sheets measuring 50µmin 
thickness. 

Dielectric Measurements 

	 Samples were cut into square pieces, coated with a silver 
paste to create ohmic contacts, and placed in a two electrode-type 
sample holder. The exposed area was 1.368 cm2. Measurements 
of the dielectric constant ( ε’ ), dielectric loss factor ( ε’’ ), and loss 
tangent tan (δ)were performed in the air over a frequency range 
of 0.5kHz - 40MHz and, at 0.8Vusing a HIOKI 3532 LCR tester 
at room temperature. The measurements were repeated over the 
same frequency range before and after the samples were subject-
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ed to external dc electric field ranging from 0 to 105 V cm-1. The 
dc electric fields were applied perpendicularly to the sample lay-
er. The magnitude of the field used did not exceed 105 V cm-1to 
avoid any perturbation in the bulk of the polymer samples. 

	 The complex permittivity
∗ε  consists of real and 

imaginary parts:

 
           εο)          (1) 

	 where
∗ε  is the permittivity 1−=i , dip"ε is the 

loss due to dipolar reorientation, f  is the ionic conductivity, 
f is the frequency and οε  is the permittivity of free space(= 

8.85 ×  F/m). The real component represents the dielectric 
constant, whereas the imaginary component represents the loss 
factor. The dielectric parameters (ε’) and (ε’’) and the electrical 
conductivity (σ) were evaluated using the conventional formula 
discussed in [13,14]. These formulas are:

		  (2) 

            (3)

                (4)

             (5)

	 where ω is the circular frequency, and L and Aare the 
thickness and cross-sectional area of the samples, respectively. 
Loss tangent (δ) data were obtained directly from the measure-
ment bridge, from which (ε’) and (ε’’) were calculated using Eqs.2 
and 4.These results, were then substituted into Debye’s equation 

[15-17], where is the dielectric constant in a static field, is 
the dielectric constant at the upper limit of the frequency range 
(minimum value of ε’) and τis the relaxation time.

	 Debye’s equation can be modified to yield the dielectric 
parameters in the form of a linear equation

                      (6)
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	 The experimental results confirm the validity of the 
equation for LDPE, grade LA071 and it is to be noted that at 
higher frequencies ( 100 kHz) the values of  become con-
stant.

	 By simple mathematical manipulation, one can get the 
dielectric parameters in the form of the equation representing a 
straight line, namely

           (7¯)

	 Equation (7¯) is more useful for the higher frequencies 
it can be written as

                (8)

	 Eq.8 is more useful for higher frequencies [18]. The re-
laxation time can be calculated from the intercept of the linear 
equation.

Results and Discussion

Complex dielectric function spectra

	 The dielectric properties of LDPE, grade LA071 were 
demonstrated to be dependent on the applied electric field. The 
results regarding the permittivity and loss tangent of unprocessed 
LDPE, grade LA071 are presented in Figure 1 (a, b and c). The 
real part of the dielectric permittivity is plotted versus the ap-
plied frequency for various electric fields, revealing the frequen-
cy-dependent permittivity (ε′) of LDPE grade LA071 at room 
temperature. The curve of ε′exhibits an exponential decrease 
with frequency and the broadness of the curve suggests that the 
relaxation is induced by many basic processes based on the dis-
tribution of activation energies and relaxation times. These pro-
cesses arise from the polymer’s interaction with the electric field. 
Different types of charge carriers are generally found in polymers 
and contribute to polarization in different ways, depending on 
their interaction with an applied electric field. The collective 
contribution of different charge carriers to polarization produces 
a polarization peak. Accordingly, dielectric relaxation, which is 
due to many polarization mechanisms, is observed under a field. 
Relaxation is caused by the segmental rotation of the polymer 
chains, relaxation of the space charge, or rotation of entire mol-
ecules. The movement of such carriers is achieved at relatively 
high activation energies. Therefore, their contribution to polar-
ization will appear only at high electric fields (V=104 V cm-1).

	 Figure1b shows three response frequency bands for 
the LDPE grade LA071 samples. Overall electric field values in 
the first frequency band(1-10kHz), (ε′) sharply decrease as the 
frequency increases. In the second band (10kHz-1MHz), (ε′) re-
laxation broadness appears to be caused by the main relaxation 
process. In the third frequency band (1MHz-4 MHz) (ε′) slightly 
decreases with frequency, which is attributed to dielectric disper-
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Figure 1-a. The frequency dependence of the permittivity and 
the imaginary part of unprocessed LDPEgrade LA071. 

Figure 1-b. The frequency dependence of the real part ε′ of 
the complex permittivity of LDPE grade LA071 under various 
electric fields.

Figure 1-c. The frequency dependence of the imaginary part ε′′of the complex permittivity of LDPE grade LA071 under vari-
ous electric fields.
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sion. 

	 However, overall frequency ranges, significant changes 
are observed in the dielectric response of LDPE grade LA071 af-
ter applying an electric field, such as the increase in (ε′) with the 
strength of the applied electric field (0.5-100kV cm-1) shown in 
Figure 1b. 

	 Referring again to Figure 1 (a&b), the dependence of 
ε′on the electric field is much weaker for f > 1MHz. Note the 
dramatic increase in the permittivity as the frequency decreases 
below~10kHz-1kHz.This behavior results from the ionic con-
ductivity of the material. The very rapid increase in ε′ with de-
creasing frequency is associated with the effect of space charge 
polarization in the bulk material, structural defects, and elec-
trode effects [19, 20]. For metallic electrodes, a strong electric 
field at the interfaces may arise from the difference in the work 
functions of the metal and the electron affinity of the material. 
These effects are negligible at higher frequencies.

	 Figure 1c shows the variation in the dielectric loss fac-
tor (ε′′) with frequency at different electric field values for LDPE 
grade LA071 samples which demonstrates that relaxation pro-
cesses occur. It is interesting to note that, the increase in the elec-
tric field reduces the intensity of these relaxation processes and 
causes them to shift concerning the relaxation time. Figure 1c 
reveals rapid decreases in the (ε′′) dielectric loss factor in the fre-
quency range (1kHz-1MHz) for the LDPE grade LA071 samples 
over the wide bandwidth, which is attributed to Debye dielectric 
relaxation, caused by dipole rotations resulting from movements 
of the main polymer backbone.

	 Furthermore, low-intensity activated phenomena were 
observed at low frequencies (1-10kHz) in the LDPE grade LA071 
samples due to the local motion of parts of the polymer back-
bone which is consistent with the observations of Mary C Win-
tersgill, et al. [21]. Meanwhile, the large peak observed at (10-100 
kHz) was caused by heat distortion [22, 23]. In all of the samples, 
the dielectric loss (ε′′) was also observed to decrease with the in-
crease in the electric field due to the perturbation of the phonon 
system by the electric field; indeed, the energy transferred to the 
phonons dissipated in the form of heat.

	 Figure 1 illustrates another interesting loss character-
istic that is yet unaccounted for concerning the increase in the 
electric field effect. The LDPE grade LA071 polymers tend to 
have a lower loss than their unprocessed counterparts. This low-
er loss is beneficial because the increase in the electric field that 
causes the dielectric constant to increase also causes the loss to 
decrease considerably. Moreover, the modest increase in per-

mittivity and the significant concomitant decrease in the loss 
tangent of the LDPE grade LA071 polymers due to the applied 
electric field suggests that the electric field may help induce the 
dielectric dispersion of the polymers. 

	 The plots of ε′ versus ε′ yield Cole-Cole semicircles 
for modified LDPE grade LA071 at room temperature (Figure 
2a). All of the plots exhibit the usual characteristics indicative of 
polymer electrolysis, consisting of a skewed semicircle with a tilt-
ed tail at the end. The Cole-Cole plots indicate that the material 
is dominated by complex polarization mechanisms with different 
relaxation times. The unprocessed LDPE grade LA071samples 
also exhibit distorted arcs with comparatively large values of ε′′ 
and ε′, as demonstrated in the inset of Figure 2a.

	 However, it is also clear that the ratio (ε′′/ε′) at high fre-
quency is roughly constant (see Figure2b), which is in agreement 
with the universal dielectric response (the Kramers-Kronig rela-
tion) [24]. 

	 The relaxation times obtained using Eq.8are listed in Ta-

ble 1. Figure 3 shows a plot of )log( ∞′−′ εε  versus )log( ωε ′′  
for an LDPE grade LA071 sample, the value of the main relax-
ation time τ was obtained using a linear fitting equation. 

Loss Data

	 Figure 4 shows the variation in the loss tangent (tanδ) 
with the electric field (kV cm-1). This figure indicates that the 
loss tangent behavior in the low-frequency range is appreciable, 
and relaxation peaks are observed. Figure 4a illustrates the in-
crease in tan delta with the electric field strength up to10kV cm-

1at which point tan delta remains nearly constant. This behavior 
indicates that these samples can be used as dielectric materials in 
capacitors. Figure 4b shows a significant decrease in tan delta in 
the high- frequency range of 0.5kHz to 40 MHz for the samples 

considered, tan  rapidly decreases as the frequency increases 
under a constant electric field as shown in Figure 4c.

	 Figure 4c clearly shows that the value of tan plays in-
creasingly dominant role in determining the electrical loss of the 
samples as the frequencies approach the megahertz region (40 

MHz). We note that the values of tan decrease at lower frequen-
cies but still have a significant impact on the electrical loss of the 
samples. We used various fitting functions to evaluate the func-
tional dependence of the dielectric loss on the input frequency. 
The data points, fit in Excel, showed an excellent fit to a pow-
er-law distribution, as demonstrated in Figure 5. As illustrated in 
Figure 5 and Table 2, the losses appear to vary with the α power 

of frequency, where 54.014.0 ≤≤ α .
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Figure 2-a. Cole-Cole plots of (ε′′) versus (ε′) for modified LDPE under different electric fields at room temperature. The inset 
presents a distorted arc for unprocessed LDPE grade LA071.

Figure 2-b. Frequency variation of the ratio (ε″/ε′)for modified LDPE grade LA071samples under different electric fields. 



Figure 3. The plot of log ( ε′ - ε ′∞) versus log (ε ′′/ω) for LDPE grade LA071samples under electric fields (of 0 V/cm, 102 V/cm and 

5 103 V/cm).

Electric Field (KV/cm) The mean relaxation time τ (sec) Exponent R2

0 1.2246 x10-4 0.808 0.988
0.1 7.8886 x10-4 0.863 0.995
0.5 8.6496 x10-5 0.989 0.993

1 4.3052 x10-5 0.815 0.974
5 1.3835 x10-5 1.141 0.978
10 1.2445 x10-5 0.56 0.918

50 3.221 x10-6 0.960 0.979

100 6.16 x10-7 1.237 0.963

Table 1: Relaxation data of LDPE grade LA071
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Figure 4-a, b. Variation in loss tangent (tan δ) of modified LDPE grade LA071 samples under varying electric fields (kVcm-1) at dif-
ferent frequencies.

Figure 4-c. Frequency variation of loss tangent (tan δ) for modified LDPE grade LA071 samples under different electric fields. 
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Figure 5. Power law fit cable loss data for modified LDPE grade LA071 samples under different electric fields.

Electric Field KV/cm Pre- Exponential Exponent α R2

0 0.00296 0.5936 0.9032
0.1 0.1567 0.5373 0.9307
1 0.0326 0.5332 0.967
5 0.0568 0.4426 0.8844
10 0.04614 0.4428 0.9614
50 0.1827 0.3393 0.9489
100 0.9258 0.1459 0.9163

Table 2: Summary of power-law fit to cable loss data of LDPE grade LA071 affected by different electric fields.

	 The basis of this dependence was described by (R. F. 
Eaton & C. J. Kmiec) [25], with the skin effect varying with the 
square root of the applied frequency. The depth of penetration 
of electromagnetic waves is frequency-dependent. Thus, it can 
be determined that the electrical loss dependence on the square 
root of frequency is due to the skin effect. (R. F. Eaton & C. J. 
Kmiec) [25] expect losses in coaxial cables to also vary with 
the values of the tan delta because tan delta represents electri-
cal dissipative mechanisms within the polymer which are often 
caused by the molecular motions of polar groups either attached 
to or dissolved in polymer chains. Usually, both electrically and 
mechanically induced tangent delta peaks can be observed for 

a given molecular motion; if the polymer does not contain po-
lar groups, the electrical loss induced by the motion may not be 
observed. The effect of polar groups on electrical losses in poly-
ethylene has been reported by Sato in [26], in which the focus 

was on the dependence of tan  on the presence of polar groups 
within polyethylene. Next, we will discuss the modeling of the 

quantitative dependence of cable loss on tan .

	 The samples that were affected by the electric field 
strength of (5x104V/cm and 104 V/cm) exhibited the lowest loss-
es, and the samples affected by an electric field strength of103 

V/cm showed lower losses than those affected by electric fields 
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strengths of 102V/cm or 0V/cm. Therefore, the samples that were 
subjected to a more intensedc electric field effect showed lower 
losses.

Quantitative Modulation Dependence of Cable Loss on 
tan 

	 The two critical properties of polyethylene resins used 
for cable insulation are a low dielectric constant and a low dis-
sipation factor. The dielectric constant (DC) is a function of 
crystallinity or density and increases as density increases. The 
dissipation factor (DF) represents signal loss due to dissipation 
through insulation. Dipolar impurities, end groups, chain folds, 
and branch points cause the DF to increase, as does increase the 
measurement frequency. With the increased need for data and 
signal transmission in today's world, test frequencies can reach 
upwards of several megahertz. Figure 6 (a,b,c&d) shows the DC 
and DF values of HDPE grade LA071 materials used in applica-
tions today. We have established that there exists a direct rela-
tionship between the frequency (MHz), DC dielectric constant, 
(DF) dissipation factor, and electric field strength, which can be 
exploited to optimize the frequency regions over which LDPE 
grade LA071 can be used to insulate conductive cables. In Fig-
ure7, the resolution of Figure 6 (a, b, c, &d) is expanded toward 
the megahertz region. 

•	 Simply increasing the electric field strength would pro-
vide greater insulation by shifting to a high frequency.

•	 If the frequency is substantially higher than that shown 
in Figure7, the material will be capacitively graded, 
whereas if the frequency is substantially less than that 
shown, the system will be resistively graded.

•	 Figure 7 suggests that effective measurement frequency 
must increase substantially with increasing electric field 
strength.

AC Conductivity Spectra

	 Figure 8 plots the variation in the ac conductivity acσ
with frequency for different electric fields at room temperature 
for LDPE grade A071. The ac conductivity acσ  patterns show a 
frequency-independent plateau in the low-frequency region and 
dispersion at higher frequencies. This behavior obeys the Jon-
scher [24, 27] power law nAωσωσ += 0)(  (the solid line is 
the fit to the expression), where 0σ  is the dc conductivity (fre-
quency-independent plateau in the low-frequency region), A is 
a pre-exponential factor and n is a fractional exponent between 
0 and 1. Regarding the electric field effect, the conductivity spec-

Figure 6. Frequency variation with dielectric constant DC and 
dissipation factor DF values for modified LDPE grade LA071 
samples under different electric fields. 

Figure 7. Magnification of the megahertz insulation region in 
Figure 6.
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trum is reduced as the field strength increases. The small devia-
tion from dcσ (plateau region) in the low-frequency region of 
the conductivity spectra is evidence of the electrode polarization 
effect for these materials, whereas the small dispersion in the 
high-frequency region of the σ spectra is due to the contribu-
tion of segmental motion in LDPE. The values of oσ , A and n 
were obtained by fitting )(ωσ nAωσωσ += 0)( to and are 
tabulated in Table 3. Generally, for ionic conductors, the pow-
er-law exponents (n) may lie between 1 and 0.5, representing 
ideal long-range pathways and diffusion-limited hopping (tor-
tuous pathway), respectively [28]. The values of the exponent 
for the higher frequency slopes of these materials fall within the 
range of0.887 to 0.866. (Table 3), demonstrating that the long-
range drift of ions may be one of the sources of ion conduc-
tion. Table3, clearly shows that the dc conductivity dcσ  ( oσ ) 
decreases with increasing electric field. The overall behavior of 

acσ  follows the universal dynamic response [24], which has 
been widely observed in disordered materials such as ionically 
conducting glasses, [29] conducting polymers, and doped crys-
talline solids [30,31] and is generally believed to be reflected in 
the charge transport behavior of charge carriers.

	 The variation in conductivity with the electric field at 
various frequencies for samples of LDPE grade A071was stud-
ied systematically. Figure 9 demonstrates a sharp decrease in 
conductivity with electric field strength. Furthermore, a slight 
decrease in conductivity is shown in the MHz frequency range. 
The decrease in conductivity due to electric field effects may be 
attributed to the scissoring of polymer chains, resulting in a de-
crease in the free radical concentration, saturation, etc.

Figure 8. Variationin acσ  a.c. conductivity with the frequency of modified LDPE grade LA071 samples under different electric 
fields. The continuous solid line in the σ spectra represents the fit of the experimental data to the power law n

dc Aωσωσ +≡)(

                             
n

dc Aωσωσ +≡)(

Electric Field 
KV/cm

Pre Exponential

dcσ

Exponent

n

R2

0 4 x10-12 0.897 0.966
0.1 1 x10-12 0.878 0.986
1 1 x10-12 0.875 0.986
5 1 x10-12 0.873 0.986
10 1 x10-15 0.871 0.986
50 1 x10-15 0.866 0.986
100 1x10-12 0.867 0.986

Table 3: Fit of the experimental data to the power-law

Figure 9. Dependence of a.c. the conductivity acσ  of LDPE 
grade LA071 under various electric fields at different frequen-
cies= (103 Hz and 104Hz).
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	 Figure8 clearly demonstrates that Mott [32] variable 
range hopping explains the conduction behavior observed in 
disordered and amorphous materials. In the variable hopping 
model, it is assumed that carriers are quasi-free in the sense that 
their localization length is sufficiently long and electron-pho-
non coupling sufficiently small to form polarons that trap charge 
carriers in their phonon clouds. This suggests that the number 
of mobile particles that can be polarized by an electric field is 
reduced by trapping. Applying a strong electric field [33]to the 
materials explored in this study leads to a non-equilibrium state. 
As a consequence, bond lengths are altered and most physical 
properties are affected. 

Conclusions
	 LDPE grade LA071 films were subjected to electric 
fields to study the effects of these fields on the dielectric proper-
ties of the films, our experimental results regarding the electrical 
properties of LDPE gradeLA071 samples demonstrate that the 
samples’ sensitivity to electric field effects varies, meaning that 
these polymers exhibit much more effective insulation when 
they have been subjected to an electric field. Therefore, we sug-
gest that LDPE grade LA071 be used in the manufacture of cable 
jackets. In this study, it was observed that under an electric field 
effect, the dielectric loss of LDPE gradeLA071decreases with fre-
quency, whereas the dielectric constant exhibits random behav-
ior, decreasing up to 500 Hz and then the dependence of ε′ on the 
electric field is much weaker for f > 1MHz.

	 We have established that there exists a direct relation-
ship between frequency (in the MHz range), dielectric losses 
(DF), dielectric constant (DC) and electric field strength that can 
be used to optimize the range of frequency over which LDPE 
grade LA071 can be used as a jacket to insulate conductive ca-
bles.
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