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Two different groups of solid polymer sheets: low density polyethylene (LDPE) sample of thickness 0.006 cm and 0.007 cm along with
high density polyethylene (HDPE) sample of the thickness of 0.009 cm, 0.010 cm were taken in thiswork. The measurement of electrical
properties such as dielectric constant, &' and dielectric loss, ¢” for LDPE and HDPE polymer sheets have been measured using a
dielectric cell. The dielectric cell has been fabricated which consists of two circular parallel plates of pure stainless steel each of 5 cm
diameter and 2 mm thickness. An impedance bridge (GRA 650A) was used for measurement of capacitance, C, and dissipation factor, D
in the audio frequency (AF) range, 100 Hz to 10 kHz. Different samples were loaded in between the two plates of the cell and the
capacitance as well as the dissipation factor were estimated from the dial readings of the bridge. Effect of frequency variation on &',
&" , relaxation time, 7, dissipation factor, tan § and ac conductivity, o were also discussed at audio frequency range. The complex
permittivity, ¢*, related to free dipole oscillating in an alternating field and loss tangent, tand were calculated. The frequency-dependent
conductivity, dielectric behavior, and electrical modulus, both real (M*) and imaginary (M") parts of LDPE and HDPE have been studied
in thiswork. The values of the real part of the electrical modulus (M") did not equal to zero at low frequencies and it is expected that the
electrode polarization may develop in both sheets. These findings reveal an increased coupling among the local dipolar motions in a
short-range order localized motion. The analysis of rea (&') and imaginary (&" ) parts of diglectric permittivity and that electrical
modulus real (M") and imaginary (M") parts signify poly dispersive nature of relaxation time as observed in Cole-Cole plots.
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In continuation of our earlier analysis on characterization and dielectric properties of barium zirconium titanate
prepared by solid state reaction and high energy ball milling processes [1], the electrical properties of solid polymer
sheet have been studied in this work which enable the industry to elicit the characteristic information as regards to its
use as insulator having high dielectric breakdown strength, low dielectric loss and the ability to be easily processed and
also recycled when cross linked [2, 3]. The measurement of dielectric constant is recognized as one of the important
tool for understanding the molecular behavior of associating molecules [4]. Gradua evolution of dielectric theories
based on such measurements has helped in this study further. The physico-chemical behavior of macromolecules could
be ascertained from the study of the frequency and temperature variation of relative permittivity ¢' and dielectric loss
&" [5, 6]. Surface composition of the polymers primarily influences many industrial applications such as wetting,
weathering, permeation friction, electrostatic charging and dye adsorption [7]. However, lack of precise information
regarding functional groups and the surface region-a problem having no counterpart in polymer science, is an important
impediment in this sphere. High density polyethylene (HDPE) and low density polyethylene (LDPE) are low cost, high
tensile strength and percent elongation, has penetrated into the markets like stretching film, merchandizing bags and
also non-packing application like industrial sheeting and agricultural film [8, 9]. Attempt are being made to determine
the size of surface micro-cracks of irradiated polythene terthaphalate (PET) with X-Rays and nonmonotonus
dependence of dissociation rate of polymer on alkali solution [10]. The physico-chemical properties of LDPE with
wood fiber, induced by ion-bombardment are being extensively studied [11, 12]. The physical and chemical nature of
the macromolecules and the molecular mobility of the sub-molecules can be deduced from the study of the variation of
dielectric constant as well as dielectric loss with temperature and frequency and the position of the loss peak [13].

The dielectric properties of solid polyethylene have been investigated in audio frequency (AF) range because of
large size of the molecules. In the present report, an attempt has been made to determine the values of dielectric
constant (&') and dielectric loss (&") of the solid polymers such as high density polyethylene (HDPE) and low density
polyethylene (LDPE) by using an impedance bridge over a frequency range of 100 Hz to 10 kHz at 303.16 K. The cost
of the design is relatively less compared to any other versatile system and can be inducted as standard experiment at an
appropriate level.

THEORY
The most generally used methods for measuring dielectric constant (¢') and loss (&") consists of the
measurement of the capacitance of an empty capacitor and the capacitance of the capacitor filled with the dielectric
material. The capacitance C of a capacitor is defined as the ratio of the charge on its plates to the potential difference
between them. For a parallel plate capacitor, the capacitance C can be calculated from the geometry of the system [14]
© S. K. Dash, H. S. Mohanty, B. Dalai, 2021



https://orcid.org/0000-0001-5075-2129
https://orcid.org/0000-0002-1230-156X
https://orcid.org/0000-0001-8401-7501
https://doi.org/10.26565/2312-4334-2021-2-10

128
EEJP. 2 (2021) Sarat K. Dash, Hari S. Mohanty et al

A

C =g, 1 (@)
wheree ' is the dielectric constant of the material a dimensionless property of the material between the two plates
and ¢ ¢ isthe permittivity of free space. Here A is the area of one of the plates and d is the thickness of the material. The
dielectric constant is thus conveniently expressed as the ratio of the capacitance of the capacitor with the materia in
place to its capacitance with vacuum (or air, for which &' =1.0005 at 20°C) between the plates. If aloss-free dielectric
is considered in an alternating electric field, there would be no dissipation of energy, and charging voltage and current
in a capacitor would be 90° out of phase. But when subjected to an alternating field, the polar molecules of a system
rotate towards an equilibrium distribution in molecular orientation with corresponding dielectric polarization. Due to
either very large size of the polar molecule or high frequency of the alternating field, the rotating motion of the
molecule may not be sufficiently rapid for attaining equilibrium, and then the polarization acquires a component out of
phase with the electric field [15,16]. The current through a capacitor, therefore, does not lead the voltage by 90° but
only by (90°-8) where § is often called the loss angle. Therefore, the complex permittivity (¢*) related to free dipole
oscillating in an alternating field isgiven by [17, 18],

& -E,
1+ jor

e=c-je"=¢+ )
where, &, and ¢, are the low and high frequency value of g'(a)), w=2rf ,here f beingthe measuring frequency
and 7 istherelaxation time.

Thereal part of £°[19] is

i T

E=E +(&-6)——- 3
© ( S © ) 1+ a)zz'z ( )
Thereal part &' iscalculated as[20],
, C 1
E = —(—2 J y (4)
C, \1+tan®s
where C isthe measured capacitance, C, is the empty capacitance and tand is the |oss tangent.
The imaginary part of & isgiven by [20]
"n T
E =& — goo _— (5)
(& )1+ °r?
Theimaginary part &” isthe loss factor and calculated as
g"=¢g'tans . (6)
The loss tangent is given by [21, 22]
tans =< @)
g .
The capacitance of a capacitor is
C=¢C,, ®

where C, is the empty capacitance and &' is the relative permittivity of the medium between the plates. The problem
reduces to the measurement of capacitance of a capacitor with and without the dielectric medium for which &' is
calculated. The dielectric lossfactor, &” ismeasured by an electrical bridge using the equation

g"=¢&"Dv, 9

where D isthe dissipation factor and v is the operating frequency.
With measured values of &' and &” at a number of frequencies above the glass transition temperature, the Cole-
Coleplot (&' ~&") can aso be drawn.

TEST METHODS
Description of the dielectric cell
The fabricated dielectric cell (Fig.1) consists of two circular parallel plates of pure stainless steel each of 5 cm
diameter and 2 mm thickness. The entire system was enclosed in a wooden box of dimension 15 cmx15 cmx20 cm with
removable glass plate in the front panel for loading the sample. The dielectric cell was used to measure the dielectric
constant of the specimens.
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The lower plate was mounted horizontally using insulating
adhesive on a plane glass plate fixed over a wooden upright. It was
used as a static plate of the capacitor. The upper plate was rigidly fitted
at its center to the movable head of a micrometer screw for its vertical
movement while maintaining both the plates parallel to each other. The
mounting of both the plates was perfectly horizontal so that both plates,
when in contact, touch each other over the entire surface. The initia
reading of the micrometer screw head was taken under this condition.
The specimen in the form of thin plane sheets was cut into circular
shape with diameter equal to that of the plates. To insert the sample
between the two plates, the upper plate was moved up and the sample
was placed between the plates. Therefore, the screw head was moved
down till the sample sandwiched between the two plates and the final
reading of the micrometer screw head was taken. These readings were
used to compute the thickness of the sample. Two terminals,
electrically connected to the two plates of the capacitor, were provided
on the body of the box for connecting the capacitor to the bridge. The
static lower plate was connected directly while the movable upper plate
connected through a metal spring. The stud of the micrometer screw
was held in position by fixing to the upper casing of the box.

Figure 1. Dielectric cell set up Stray capacitance
The capacitance, C, of the capacitor used in this case is given by the
relation:
&' A
4z d 0 (10)

where &' isdielectric constant of the sample, A is area of cross section of each of the plates which is equal to the area
of cross section of the sample, d is distance between the plates which equals the thickness of the sample and Co is stray
capacitance of the instrument.

The stray capacitance, Co, of the instrument has been subtracted from the observed capacitance to get the corrected
value to be used for measurement of &’ . The following procedure was adopted for determining the stray capacitance of
the instrument. The distance between the two plates was varied and the capacitance for different capacitors with air (as
dielectric material) was measured (Table 1).

Table 1. Capacitance values of the cell with various thickness of air gap to determine the stray capacitance.

Thicknessof the | 515 | 4020 | 0,025 | 0.030 | 0.040 | 0.050 | 0.060 | 0.070 | 0.080 | 0.090 | 0.100
airgap (d) incm

1C/ST'1” 100 | 50 | 40 [3333| 25 | 20 | 1667 | 143 | 125 | 11.11 | 100
Capacitance of the
ol inGw00ph | 201 | 118 | 098 | 082 | 067 | 058 | 052 | 048 | 045 | 043 | 0.41

A graph was plotted for C vs. 1/d (Fig. 2). The nature of the
graph shows a straight line with an intercept on the Y -axis, which
gives the value of stray capacitance, C,, of the instrument, which
includes the capacitance due to the connecting leads also.

] |
51'41 / | Impedance bridge

i I

B I

i I

The GRA impedance bridge model 650 A has been used for
measurement of capacitance and dissipation factor. The bridge
has an internal voltage source at 1 kHz. Alternatively, voltage
source at different frequencies has also been applied externaly.
Different samples were loaded in between the two plates of the
cell and the capacitance C as well as the dissipation factor
D (= tans ) were estimated from the dial readings of the bridge.
The frequency of the voltage source was varied from 100 Hz to
10 kHz and the above observations were repeated at number of
Figure 2. Determination of stray capacitance frequencies in this range. Since the capacitance for air dielectric



130
EEJP. 2 (2021) Sarat K. Dash, Hari S. Mohanty et al

already recorded for different plate separations, its value C, was noted. This value is independent of frequency. The
dielectric constant for each frequency is calculated from the relation:

' C_CO
& = ,
Ca_CO

(11)

where &' is didlectric constant of the material, Co is stray capacitance, C, is capacitance with air dielectric and
C is capacitance of the sample as dielectric.

Since the accuracy of measurement of &' and &" depends on measurement of C and tans it is governed by the
limit of accuracy of the impedance bridge used for measurement of C and loss tangent. The accuracy of capacitance
measurement over the range 1pF to 100 uF was 1% while that of the dissipation factor measured over range of 0.002
to 1 was 5%.

Sample preparation
Commercially available low density polyethylene (LDPE) sample of thickness 0.006 cm, 0.007 cm high density
polyethylene (HDPE) sample of thickness of 0.009 cm, 0.010 cm were obtained from the Central Institute of Plastic
Engineering and Technology (CIPET) Extension Centre, Bhubaneswar, India. The specimens were cut to the same size

as that of the capacitor plates and put inside the cell for measurement of the experimental parameters ¢’ and &" of
LDPE and HDPE. The measured value of ¢’ of HDPE agrees with the value of static dielectric constant ¢’ = 3.2
supplied by CIPET, Bhubaneswar.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION
The frequency dependent conductivity, dielectric behavior and electrical modulus of LDPE and HDPE have been

studied. The dielectric constant (&") and the dielectric loss factor (&") of LDPE and HDPE samples were measured at
temperature 303.16K. The relevant data are displayed graphically in Figs. 3-7 and presented in Table 2. The frequency
dependence of &', &" and tané of LDPE and HDPE samples are shown in Fig. 3 and 4.

Figure 3. Variation of &' and &" with frequency for LDPE sample having thickness 0.006 cm and 0.007 cm.

Figure 4. Variation of &' and &" with frequency for HDPE sample having thickness 0.009 cm and 0.010 cm.
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At very low frequencies, dipoles follow the field and the value of &' ~¢ at quasi-static fields. The values of &’
dlightly decrease with increase in frequency as the dipoles begin to lag behind the field. Dipole then no longer follow
thefield at high frequenciesand &'~ ¢, . Qualitatively such behavior is observed in the trend of &' with frequency and

in agreement with Eq. 3. Again, it is observed that there is substantial increase in dielectric constant &' even at lower
frequencies, attributes to a dipolar contribution of g'(a)) from hopping of electrons between isolated polaron and
bipolaron state. The higher values of g”(a)) at low frequency region may be due to the frequent charged motion within

the sample [19, 20] which favors electrical conductivity effects. Using the relation, @, =1/7 , the relaxation time, 7
for the samplesisfound to be 8.846 x10'1s.

1.0

Figure 5. Variation of loss tangent with frequency for LDPE (thickness 0.006 cm and 0.007 cm)
and HDPE (thickness 0.009 cm and 0.010 cm) samples.

Table 2. Dielectric constant, &', dielectric loss, £" and dissipation factor, tand of low density poly ethylene (LDPE) and high
density poly ethylene (HDPE) samples.

Frequency LDPE = 0.006 cm LDPE = 0.007 cm HDPE = 0.009 cm HDPE =0.010 cm
I-:z Log f &' g" | tano | & g" | tans | & g" | tand | & g" | tano
180 2.255 | 3.789 |1.587| 0.419 |3.849|2.887| 0.750 |3.418]|1.880| 0.550 |2.603|1.952| 0.750
200 2.301 | 3.705 |1.488| 0.402 |3.821|2.522| 0.660 |3.418]|1.709| 0.500 |2.570|1.799| 0.700
220 2.342 | 3.692 |1.287| 0.349 |3.783|2.081| 0.550 |3.386|1.422| 0.420 |2.547|1.579| 0.620
240 2.380 | 3.687 |1.032| 0.280 |3.783]|1.816| 0.480 |3.376]|1.279| 0.379 |2.525|1.389| 0.550
260 2415 | 3.687 |0.914| 0.248 |3.764|1.656| 0.440 |3.360|1.099| 0.327 |2.514|1.232| 0.490
280 2447 | 3.687 |0.809| 0.219 |3.755|1.427| 0.380 |3.344|1.003| 0.300 |2.503|1.101| 0.440
300 2477 | 3.670 |0.734| 0.200 |3.755]|1.314| 0.350 |3.333|0.900| 0.270 |2.492|1.021| 0.410
400 2.602 | 3.634 |0.472| 0.130 |3.717|0.892| 0.240 |3.312|0.596| 0.180 |2.436|0.682| 0.280
500 2.699 | 3.616 |0.343| 0.095 |3.698|0.610| 0.165 |3.270|0.441| 0.135 | 2.402|0.485| 0.202
600 2.778 | 3.603 |0.274| 0.076 |3.679]|0.463| 0.126 |3.249|0.354| 0.109 |2.391|0.382| 0.160
700 2.845 | 3.594 |0.223| 0.062 |3.660|0.366| 0.100 |3.227]|0.290| 0.090 | 2.369|0.313| 0.132
800 2.903 | 3.580 |0.190| 0.053 |3.656]|0.292| 0.080 |3.217]|0.241| 0.075 |2.346|0.265| 0.113
900 2954 | 3571 |0.171| 0.048 |3.646|0.230| 0.063 |3.206|0.215| 0.067 | 2.335|0.226| 0.097
1000 3.000 | 3.562 |0.150| 0.042 |3.641|0.193| 0.053 |3.175/0.187| 0.059 |2.324|0.197| 0.085
2000 3.301 | 3.518 |0.070| 0.020 |3.613|0.101| 0.028 |3.153|0.095| 0.030 | 2.268|0.093| 0.041
3000 3477 | 3.491 |0.052| 0.015 |3.561|0.064| 0.018 |3.111|0.062| 0.020 | 2.246|0.065| 0.029
4000 3.602 | 3.473 |0.042| 0.012 |3.528|0.046| 0.013 |3.100|0.050| 0.016 |2.223|0.049| 0.022
5000 3.699 | 3.464 |0.035| 0.010 |3.514|0.039| 0.011 |3.090(0.040| 0.013 |2.201|0.042| 0.019
6000 3.778 | 3.455 |0.031| 0.009 |3.509|0.035| 0.010 |3.079/0.037| 0.012 |2.190|0.037| 0.017
7000 3.845 | 3.455 |0.031| 0.009 |3.500(0.035| 0.010 |3.079|0.037| 0.012 |2.190|0.035| 0.016
8000 3.903 | 3.446 |0.027| 0.008 |3.490(0.031| 0.009 |3.069(0.034| 0.011 |2.179/0.030| 0.014
9000 3.954 | 3.446 |0.027| 0.008 |3.481|0.028| 0.008 |3.069|0.034| 0.011 |2.167|0.028| 0.013
10000 | 4.000 | 3.446 |0.027| 0.008 |3.481|0.024| 0.007 |3.058|0.030| 0.010 |2.167|0.026| 0.012

The results depict the high values of &'and &” (Fig. 3-4) and tans (Fig. 5) at frequencies lower than 1 kHz
increase with decreasing frequency, which may be due to space-charge polarization effect [23, 24] in building up of free
charge at the interface between the sample and electrode. The gradual decrease of &', £" and tang with frequencies,
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may be due to typical characteristics of disordered polymer [24] which is in consistent with the findings
of Himanshu et al. [25].

Figure 6. Variation of ac conductivity with frequency for L DPE (thickness 0.006 cm and 0.007 cm)
and HDPE (thickness 0.009 cm and 0.010 cm) samples.

The frequency variation of ac conductivity is, o, =¢,we" [26], where @ =2zf . The value of o, in Fig. 6
decreases non-linearly with frequency attending minima at about 6 kHz then increases at higher frequency. The dropsin
o,. indicate space charge polarization and electrode polarization [18, 19]. The results of o,., ¢'(») for LDPE and

HDPE samples show that the charge transport does not occur via the usual mechanisms attributing in favour of
insulating materials and the possibility of new mechanisms along fixed polaron sites.

@ (b)
Figure 7. Cole-Cole plot of (a) LDPE (thickness 0.006 cm and 0.007 cm) and (b) HDPE (thickness 0.009 cm and 0.010 cm) samples.

The Cole-Cole plot of the dielectric
data, &" (loss) vs. &' (permittivity) is
shown in Fig. 7, which is not conventional
semicircular type in case of an ideal single
relaxation time. The plots are found to be
mostly linear with a slight curvature at low-
frequency region, which indicate the
presence of wide range of relaxation time.
The values of the real part of the electrica
modulus (M") did not equa to zero at low
frequencies and it is expected that the
electrode polarization may develops in both
the sheets. The analysis of real (&') and
imaginary (&") pats of dielectric
permittivity and that of electrica modulus
real (M") and imaginary (M") parts (Fig. 8-9)
Figure 8. Cole-Cole plot of electrical modulus of LDPE (thickness 0.006 cm s_|gn|fy poly dl_sperswe nature of relaxation
and 0.007 cm) and HDPE (thickness 0.009 cm and 0.010 cm) samples. time as shown in Cole-Cole plots.

w
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lam £

@ (b)

Figure 9. Variation of electrical modulus with frequency (a) LDPE (thickness 0.006 cm and 0.007 cm)
and (b) HDPE (thickness 0.009 cm and 0.010 cm) samples.

The variation of electrical modulus, M' and M" with frequency (Fig. 9) corroborates the result of &', &", tand
and o, of LDPE and HDPE samples.

CONCLUSIONS
The dielectric constant (") and dielectric loss factor (¢") of LDPE and HDPE polymers have been measured

using a dielectric cell. Conductivity (o), dissipation factor (tand ), relaxation time (z), electrica modulus (M' and M")
for both LDPE and HDPE were studied. The analysis of real and imaginary parts of both dielectric permittivity and
electric modulus have been performed, which show the polydispersive nature of relaxation time as confirmed by Cole-
Cole plot, complex permittivity as well as the scaling behavior of the modulus spectra. It is supported by the nature of
o, tand and r datain this present study. The frequency dependence of real and imaginary parts of the electrical modulus,
(M" and M") for the samples, are depending on the filler content of LDPE and HDPE sheets.
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Capar K. lam?, Xapi C. Moxantu®, BicBamxir Janaii®
aQizuunuil paxynomem, Pecionanvnuil incmumym oceimu (NCERT), Bxy6anewseap, Ooiwa, 751022, Inois
bDisuunuii paxynomem, Llkona nayx, Yunisepcumem GIET, I'yuynyp 765022, Odiwa, Indis

V wiit poborti Gy B3siTi TBEpI MOJIIMEpPHI JIMCTH, 3pa30K 3 mojieTwieny Hu3bKoi uinsaocti (LDPE) Tosuunoro 0,006 cm, 0,007 cm,
i 3pa3zok nomiernneny Bucokol mmineHocTi (HDPE) ToBmmuo 0,009 cM, 0,010 cM. BuMiproBaHHS €NEKTPHYHUX BIACTHBOCTEH,
TaKMX SK JieJeKTPHIHA KOHCTAHTA &' Ta JieNeKTpUdHi BTpaTH &' , Ans TBepAuX moniMepaux nucTis LDPE ta HDPE mpoBoammocs,
BUKOPUCTOBYIOUH JiCJICKTPUYHUN elleMeHT. ByJlo BHIOTOBICHO Mi€NEKTPHYHUH €JNEeMEHT, SKHUH CKJIafaBcs 3 IBOX KPYIIIMX
napajenbHHUX IUIACTHH 13 YUCTOI HepiKaBilovoi cTaii, KO)KHa JiaMeTpoMm 5 cM i ToBuuHOW0 2 MM. [ BuMiproBanHs emHocTi C Ta
koedimienra mucumnanii D B miamasoni 3BykoBoi wactotu (AF), Bix 100 T'm no 10 x[u, BHKOPHUCTOBYBAIM iMIICAAHCHHN MiCT
(GRA 650A). Pi3ni 3pa3ku 3aBaHTaXyBaJld MiJK [BOMA IUIACTHHAMH €IIEMEHTa, @ EMHICTh, 4 TAKOK KOS(ILiEHT JUCHIALIl OL[iHIOBAIIH
33 MOKa3aHHAMH IIKAIM MOCTa. BIMB 3MiHM yactotw Ha &', &", yac penmakcauii 7, koedilieHT aucunanii tan § i MpoBigHICTH
3MIHHOTO CTPyMy © TakoX OyB pO3INISIHYTHil AJIi [ianma3oHy 3BYKOBHX YacCTOT. P03paxoBaHO KOMIUICKCHY IiCJICKTPHYHY
MIPOHUKHICTD &*, TOB'A3aHy 3 BUIBHUM AWIIONEM, IO KOJIMBAETHCSA y 3MIHHOMY IIOJI, Ta TaHTeHC BTpaT tano . Y miit poboti Oyio
JOCII/PKEHO YaCTOTHO-3aJICKHY MPOBIAHICTh, MICNCKTPHYHHUN XapakTep Ta CIEKTPUYHHI MOIyib, HilicHy (M') ta ysBry (M")
yactuau LDPE ta HDPE. 3HaueHHs AiCHOT YaCTHHH €JIEKTPUYHOTr0 Moayist (M') He HOpIBHIOBAIO HYIIO HA HHU3BKUX YacCTOTAX, i
OYiKy€eTbCs, IO MOJAPH3ALlis eJNEKTPOAa MOXKEe PO3BMHYTHCSA B 000X Jivctax. Lli pe3ynbTaTH BUABIAIOTH 3MILJHEHHS 3B'SI3Ky MiX
JIOKAILHUMH JIUTOJAPHUME PyXaMH B JIOKJIi30BaHOMY PYycCi GJIMKHBOTO TIOpsIKY. AHaii3 peansHoi (&' ) Ta yasHoi (£" ) wacTunu
JeJIeKTPUYHOT MPOHMKHOCTI, a Takox peanbHa (M') Ta ysBaa (M") 4acTHHM €IEKTPUYHOTO MOIYJIS BKa3yIOTh HA MOJiJUCICPCHUI
XapakTep 4acy pelakcarii, sk e crioctepiraeTbest Ha rpagikax Koymn-Koyora.

KJIFOYOBI CJIOBA: LDPE, HDPE, nienekrpndHa IpOHUKHICTE, Ai€IEKTPUIHI BTPATH, IPOBIIHICT 3MIHHOTO CTPyMy





