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Abstract: HDPE/TiO, composite was obtained from the homogeneous mixture of powders of high
density polyethylene (HDPE) and titanium oxide (TiO2) by the method of hot pressing. It was studied
their specific electroconductivity y.. on alternating current and dielectric properties (¢ / and tgd)
depending on the volume content of TiO, and frequency (25-10° Hz) of measuring electrical field. In a
double logarithmic scale, the dependence Inyc - f(Inv) shows two linear region that indicates the degree
of dependence of conductivity on frequency. It is assumed that in the studied composite samples it was
carried out barrier mechanism of hopping conduction.

It is shown that with increasing concentrations of TiO; in the matrix, the decrease € and tgd
depending on the frequency corresponds to an exponential law and explained by the presence of a number
of dipole elements.

Cole-Cole diagrams were drawn for HDPE and HDPE + TiO, composites on the basis of
experimental data. It was revealed the changes of this dependence, resulting in the stabilization of TiO,
particles in the matrix and showed that the studied samples are characteristic for the whole spectrum of
relaxation times.

Keywords: HDPE + TiO> composite, dielectric loss, dielectric permittivity, electroconductivity,
frequency.

1. Introduction

The development of modern technology requires new multifunctional polymer micro -
and nano-composite materials, used in the development of electroactive components of solid-
state micro - and optoelectronics. Therefore, in recent years, research in the field of development
of materials with special and practically important electrophysical properties based on polymeric
composites, containing micro- and nanoparticles of metal oxides, greatly enhanced. The complex
of methods, allowing to form the nanoparticles in the polymer matrix, has been developed [1-7].
Such composites have a number of unusual and promising application in relation to
electrophysical and optical properties that make them suitable for use as base materials when
developing new sensors [8], photoelectric converters, various types of sensors, piezo materials,
etc. [6,9]. It should be noted that, dielectric permittivity is sufficiently high, in the polymer
composite materials containing dispersed particles of metal oxide, to enable the use of materials
with high specific energy (over 10°Dj/mq) for high-voltage impulse and microwave technology
[10, 11]. However, the expansion of the practical application of polymeric composite materials
(PCM) is limited by the lack of detailed information about the adhesion between the particles
and the matrix and other possible interactions between the phases, the formation of interface near
the micro- and nanoparticle filler, carrier transport mechanism, the role of the phase boundary,
the electron ionic and polarization processes in the formation of their active properties. In this
context, in the development of new PCM, it is necessary to have information about the
temperature and frequency dispersion of the real (¢’) and imaginary (¢”) part of the complex
permittivity (€), dielectric loss tangent (tgd), conductivity constant (ydc) and alternating (yac) and
the basic laws of variation of parameters of the spectrum of dielectric relaxation when introduced
into the polymer matrix of micro - and nanoparticles of inorganic filler [10]. Such studies are
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attractive in terms of miniaturization of electronic components and the transition to technology at
the molecular level, as well as the performance of actual electronic devices (their performance is
largely determined by the rate of relaxation processes). Despite the increase in the number of
experimental studies, dedicated to the study of above mentioned processes in polymer micro -
and nanocomposites [11-16] the question still remains insufficiently known. In this regard, the
study of the dielectric properties and electrical conductivity of the composite medium of HDPE
+ TiO2 in a wide temperature and frequency range seems topical. The results of these studies
will help better understanding of important, but not fully studied issues. This field, which
includes the mechanisms of interaction among the components, electroconductivity, dielectric
relaxation, dielectric loss and the nature of charge transfer processes and energy in the composite
system of polymeric metal oxide. In addition, the improvement of properties of polymer
composites is interesting from the point of view of commercial use and future development of
the micro and nano dielectronics.

In this work, it was carried out experimental study of frequency behavior of dielectric
properties and electroconductivity in order to find opportunities to control the properties of
composite materials based on TiO2 micro particles in a matrix of high density polyethylene.

2. Experimental

As a dielectric (matrix) it has been chosen powdered high density polyethylene (HDPE)
of brand 20806-024, with average molecular weight 95000, crystallinity degree — 52%, melting
point - 130°C and density — 958kg/m?3. Selection of HDPE as a matrix imposed good dielectric
properties and processability of the material. Semiconductor TiO> served as filler.

While preparing film samples of unfilled HDPE and HDPE+TiO, composites, it has been
used process flowsheet, using the operations:

- obtain of TiO2 powders with particle size less than 50 microns;

- drying within 24 h. at T=100°C and admixture of powdery TiO2 with HDPE powder in
a porcelain mortar;

- compressing homogenous mixture of component powders in a hydraulic press with
heated plates under pressure 15 MPa with soaking at temperature 150°C for 5 min. and obtaining
samples of the composites in the form of discs with a diameter of 15mm and thickness of
140+270microns.

- During obtain process, the concentration of initial components varied.

All things shown in the work are volumetric. Preparation mode of the composite provides
repetitive electrophysical parameters (electrical resistance, capacitance, dielectric loss, Q-factor)
for the main quantity of samples at the same concentration. Individual samples, which had the
parameters different from the parameters of the main group (their number was smallish), were
not considered within the analysis. It is assumed that, the filler is distributed fairly evenly in the
composite.

The study of the materials were carried out in flat capacitors according to the two-
electrode system in equivalent circuit of parallel connected resistor and capacitor in the
frequency range 25-10° Hz at the temperature of 20C and amplitude of measuring voltage U=1V
using a special screened and earthed heated measuring cell of “sandwich” type, having
measuring system and potential electrodes with diameters of 10 and 15 mm, respectively. The
samples were placed in measuring cell with clamping stainless steel electrodes. The temperature
of the sample was controlled using thermocouple copper-constantan. Alignment of electrodes
was provided by special mandrel in heated chamber. The thickness of test samples determined
the distance between electrodes. Measurement of capacitance C, tangent of dielectric loss angle
tgd, ac — conductivity yac in variable fields were conducted by standard methods in perpendicular
direction to plane of pressing of samples using a broadband precision immitance meter of type
E7-20. Then on the base of measured values of the parameters and geometric dimensions of the
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samples it was determined the values of real &' (&' =C - d /eo S, where S — area of flat sample, d
— thickness of the film) and imaginary €"( &” = &£'tgd ) parts of complex permittivity of
measuring cell with the sample.

Study of electrical (specific conductivity y) and dielectric properties (real part of
dielectric constant &' and dielectric dissipation tgd) was conducted on a two-electrode system in
frequency range 25Hz-10°Hz at the temperature 20°C and amplitude of measuring voltage
U=1W using special screened and grounded heated measuring cell of “sandwich” type, having
the system of measurement and potential electrodes with diameters 10 and 15mm, respectively.
The samples were placed in measuring cell with clamping stainless steel electrodes. The
temperature of the sample was controlled using thermocouple copper-constantan. Measurement
of capacitance C, and tgo of the samples was carried out by broadband precision immitance
meter of type E7-20, and bulk resistance R was measured using teraohmmeter E6-13A. Then on
the base of measured values of the parameters and geometric dimensions of the samples it was
determined the values &' (&' =C - d /eo S, where S — area of flat sample, d — thickness of the
film), €"( &” = &'tgd ) and the value of specific conductivity yac (yac =d/R-S, where R(Ohm)-
sample resistance) of the measuring cell with sample by standard methods.

3. Results and Discussion

The main results of studied frequency dispersion of yac conductivity, &/ and tgd, and Cole-
Cole diagrams of £"=f(¢') HDPE and composite materials on its basis are provided in Figure 1-3.
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Fig.1 The dependence of conductivity on the frequency of AC of HDPE + TiO2.composite.

Research of the dependence of electroconductivity of fyac composite medium of
HDPE+TiO; (the value of yac for unfilled HDPE at v = 1 kHz is ~7,5-10'10(Om-m) 1) on the
content of TiO2 microparticles have shown that there are two regions for conductivity: relatively
rapid increase yac With increasing concentration of TiO2 up to 20% or more slopping in the
region of increase of filler up to 50%. From the linear approximation of the region of curve it
has been defined threshold of electric current flow, which is 25-30%. Decrease in the degree of
increase of yac composites after the formation of a percolation cluster, according to [9], means
that contribution to the conductivity of additional channels in a cluster of particles, forming at
the increase of concentration of the latter above percolation threshold, is substantially less than
the total conduction of channel, formed during the formation of a percolation cluster at the
percolation threshold. When injection microparticle of TiO2 up to 50%, yac HDPE increases up
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to 1,96-10%(Om-m)?, ie more than three orders. We assume that the increase of the
electroconductivity of the investigated composite materials is conditioned by the increase in the
concentration of charge carriers.

Fig.1 shows the change of y.. depending on the frequency at room temperature for HDPE
and composites of HDPE + TiO3 in the double logarithmic scale.

All dependence characterizes the general property of the increase of conductivity with
increasing frequency. It is seen that, the dependence of yac(v) in logarithmic coordinates shows
two linear regions for all samples. This demonstrates the power dependence of conductivity on
frequency. According to [10-12], electroconductivity of composites on alternating current is
represented as the cumulative effect of dc - conductivity (v = 0 Hz) due to the migration of the
charge and frequency-induced dielectric dispersion and described by the expression

Gac(V) = GactAD° 1)

Where c4.- the conductivity in direct current (dc), m=2nv- angular frequency A- constant,
temperature dependent on the temperature T, s-parameter, determined by the nature of the
mechanism of conductivity and temperature-dependent and frequency of the applied electric
field. As a rule [13], O< s< 1 is relevant for many disordered materials, which include HDPE
+TiO2 composites investigated by us. The presence of linear regions in dependence of
Inca.=f(Inv) according to [10], shows hopping mechanism of charge transfer. It is seen from
figure 1 that, for HDPE and all composites in both regions the parameter s<1, which indicates
the existence of nonohmic charge transfer. For all samples of above mentioned certain critical
frequency v. the region of relatively weak dependence yac (I region) moves to a stronger region
(11 region). The corresponding values of v. and parameter of s, calculated from the slope of the
linear regions of yac(Inv)=f(Inv) show that, the parameter of s depends on volume fraction of
filler and with the increase of TiO2 concentration in the polyethylene matrix, it decreases from s:
~ 0,50 up to s1 = 0,14 for I region, but for Il region it decreases from s ~ 0,73 up to s> = 0,57,
which is consistent with the introduction of [9]. In addition, the figure shows that the value of
critical frequency of v shifted to higher frequencies (from 1.10* Hz up to 1.10° I'y Hz), ie, |
region is expanding. Founded value of parameter of s (from 0,14 up to 0,73) indicates a barrier
mechanism of hopping conductivity [15]. According to this model, yac(v) can be explained by
jumping of charge carriers over the states, localized near the Fermi level and for the calculation
of s it was given the formula:
6k,0

S=1- 8 )
W, —k,0In(l/ wr,)

here, w, - the maximum height of the barrier and to- the characteristic time of relaxation of order
of the vibrational period of atom 1o ~10%3 c.

At the Il region (high frequency region) behavior of yac - conductivity of composites
similar to ya. of pure polymer and is typical of the multiplet hopping transport of charge carriers.
Decrease of yac(v) at low frequencies is conditioned by interfacial polarization (Maxwell-
Wagner polarization), caused by the capture of the volume charge at the interface and polar
elements, formed by thermal oxidation of the samples during the obtaining by the method of
thermo-compression. In this region padded electric field moves current carriers to long distances
and electrical conductivity of yqc prevails [14]. The increase of frequency leads to reduction of
average displacement of charge carriers and the real part of electroconductivity, v. changes
under the law of yac(v) ~ v®™ after reaching a certain critical frequency. Relatively rapid
increase of yac(v) at the Il section with the increase of frequency is attributed to the electron
polarization [15].
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Results of the study of frequency dependences of &’ and ¢” of matrix of HDPE (it is not
shown in a separate figure) showed that in the range of studied frequencies of &' practically
remains constant, and €” finds a maximum at v=2-10* Hz, then decreases at v=5-10* Hz, passes
through a minimum and v=2-10° Hz reaches a maximum. A further increase of frequency leads
to a reduction of £” up to v=7,5-10° Hz, then there is observed a tendency to increase of &".
Results of the study of frequency dependency of &' and tgo composites of HDPE + TiO» with
different volume content of TiO: filler at room temperature are shown in Fig. 2 (a, b).
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Fig.2 The frequency dependence of ¢ (a) tgd (b) of HDPE + TiO, composite.

It is seen that with increase of filler concentration (with growth of electroconductivity) up
to 50%, €' increases in frequency ranges 102 and 10° Hz, respectively 35 and 14 times in
comparison with polymer matrix. With concentration increasing up to 50%, the rate of change
(reduction) in €' and tgd increases and for composite HDPE+50%TiO; the rate is maximal. The
values €' and €” recede 5,6 and 153 times, accordingly and the parameter Ae=(gc- €x), where &
and &« - are respectively, low-frequency and high-frequency dielectric constants, describing full
width of dispersion, is equal to 66. More than 20% initial reduction in €’ and ¢”, characteristic for
composites with TiO2 concentration, with an increase in frequency up to 2-10* Hz corresponds to
exponential law. The authors [18] explain such behavior of €' and ¢” of the composites by the
presence of a number of dipole elements (eg., in this case the group CO), which appear during
obtaining by thermal-pressing method and processing of the material by partial thermal oxidation
and their ability to be oriented under electric field. Besides, the authors [18] note that molecular
groups located perpendicular to the cross-section of the polymer, usually make their own
contribution to the mechanism of dielectric relaxation. At low frequencies of impressed voltage
all free dipole elements in the composite are easily oriented through the field (orientation
polarization) and form high value of dielectric permittivity at these frequencies. At high
frequencies the dipole elements do not have time for the field, their orientation becomes more
difficult, oscillation decelerates and orientation polarization disappears which leads to a decrease
in dielectric constant. On the other hand [19], dielectric constant of TiO> particles also decreases
with increase of the frequency of electric field. These two factors substantially lead to decrease
in dielectric constant of HDPE+TiO. composites with increase of the frequency of electric field.
So, practically the constant value of dielectric constant at high frequencies is conditioned by only
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interfacial Maxwell-Wagner polarization [20]. In this field the Kinetics of the process is
characterized by long-term relaxation.

On the basis of the obtained experimental data it has been drawn Cole-Cole graphs for
HDPE and HDPE+TiO> composite medium (Fig.3 a-e) in the case of changes in frequency of
applied exterior electric field. It has been revealed the changes in the shown dependence arising
within stabilization of TiO: particles in HDPE matrix.
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Fig. 3 Cole-Cole diagrams &’(¢) for HDPE (a) and samples of composite of HDPE + 710, (b-e), b-5%;
v-10%; g-20%; d-30%; e-50% TiO,.

In the case of Debye dispersion in equilibrium state, diagrams &"(¢') have proper
semicircle (Cole-Cole diagram). The power of dispersion Ae=¢*-¢° remains unchanged from the
highest to the lowest frequency [21]. From fig.3 it is seen the existence of non-Debye mechanism
of relaxation with a broad distribution of relaxation time, i.e. their range is characteristic to the
studied samples. The reason for non-Debye character of the spectrum is obvious: physical
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constants of effective medium in which, randomly distributed particles of the first and second
components of blend are immersed, depend on frequency v of electric field. The character of the
obtained dependence shows that the polymer matrix and composites have a set of polar elements.
This indicates that non-polar polymer HDPE material initially acquires polar properties within
obtaining (as a result of partial thermal oxidation) and after stabilization there appears TiO>
particles in it. We assume that polar elements in composites appear at phase boundary of
particle-matrix.

It is seen from Fig.3 that diagrams ¢”(¢’) of HDPE+TiO2> composite medium greatly
differ from the diagrams &"(¢') of pure HDPE. With an increase in TiO> concentration in
diagrams of the composites there appears a linear dielectric dispersion range. The authors [21]
associate the linear dispersion with the response to the external relaxation field of polar elements,
which are included in dielectric response as a result of reducing orientation polarization. Since
the system is non-equilibrium, dielectric response depends on preceding state, whereby the
system could not come to the equilibrium state during the time between two states. Migratory
defects “freeze” dipoles and include them in instant reorientation of the complex permittivity
(non-Markov relaxation) [21]. Non-Markov relaxation is a common problem of imperfect
crystals and many polymers, including the composites based on them, which are far from
equilibrium state.

4. Conclusion

1. Itis shown that in the double logarithmic scale, the dependence Iny..=f(Inv) shows two linear
area, that indicates the power dependence of conductivity on the frequency. Founded values of
parameter s (from 0.14 up to 0.73) indicate that barrier mechanism of hopping conduction is
carried out in the investigated composite samples.

2. It is shown that with increasing concentrations of TiO: in the matrix, the decrease of &’ and
tgd depending on the frequency corresponds to an exponential law and explained by the presence
of a number of dipole elements that appear during the addition of TiO> and obtain by method of
thermocompression and processing the material by partial thermal oxidation and their ability to
be orientated under the influence of electric field.

3. Diagrams of the Cole-Cole was drawn for HDPE and HDPE + TiO> composites, the change
of this dependence, resulting in the stabilization of TiO> particles in a matrix was revealed and it
was showed that the investigated samples are characteristic for whole spectrum of relaxation
times.
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YACTOTHAA JUCIIEPCHUA SJIEKTPOITPOBOJHOCTHU U JUDJIEKTPUHYECKHUX
XAPAKTEPUCTUK KOMITO3UTOB INOJUITHUJIEH /TiO2

M.M. Kyaues, H.III. AineB, A.M. Mareppamos, P.C. UcmaiinnoBa

Pe3tome’ 113 TOMOreHHO cMecH MOPOLIKOB MOJIMATHIIEHa BbICOKOH TutoTHOCTH ([IDBII) u okucn TTana
(TiO2) meTtomoMm ropsiero mpeccoBanus moiydeHbl kKomnos3uTbl [IIBIT/TiO,. M3ydensl ux yaenabHas
JNEKTPOTIPOBOTHOCTh Yac HAa TEPEMEHHOM TOKE WM IUAJIEKTPHUECKHE XapaKTepUCTHKH (£ W tgd) B
3aBUCHMOCTH OT 00beMHOr0 conepxkanust TiO2 u acTorsl (25-10° ') U3MEPHUTENBEHOTO 2IEKTPUYECKOTO
moss. B aBoiiHOM morapudpmMudeckoM Macintadbe 3aBUCHMOCTE [Ny, = f(Inv) o6HapykuBaeT 1Ba IMHEHHBIX
y4acTKa, YTO CBHJETEIBCTBYET O CTENEHHOM 3aBUCUMOCTD ITPOBOAMMOCTH OT 4acToThl. [Ipennonaraercs,
YTO B HCCJIC[IOBAHHBIX KOMIIO3UTHBIX O0paslax OCYILIECTBIAETCS OapbepHBbI MEXaHU3M IPBLKKOBON
MPOBOIVMOCTH.

[TokazaHo, 4ro ¢ yBenumueHueM KoHIeHTpammu TiO, B MaTpuile yMEHBbIICHHE € H tgd B
3aBUCUMOCTH OT YacTOThl OTBEYACT HKCIIOHEHLUAIbHOMY 3aKOHY M OOBSCHSETCS NPUCYTCTBUEM PAJ
JIUIIOJIBHBIX 3JIEMEHTOB.

Ha ocHoBaHMM 5KCIIepUMMEHTANBHBIX AAHHBIX NOCTpoeHs! AuarpaMMbl Koyna-Koyma qa [19BIT
u kommo3utoB [IOBII+ TiO,. BblsgBieHb W3MEHEHUs JaHHOW 3aBHCHUMOCTH, BO3HHKAIOLIAE MPU
crabunusaiuu yactur TiO2 B MaTpHIle U MOKa3aHbl, YTO MCCIEIOBAHHBIM 00pa3iiaM CBOMCTBEH LEIbIil
CIIEKTP BPEMEH PEJIaKCaIiH.

Kniwouesvte cnosa: Kommozur IIOBII+ TiO2, nudieKTpUYECKUE MOTEPH, AMIICKTPHYECKAsS
HPOHHUIIAEMOCTB, JIEKTPOIPOBOIHOCTD, YACTOTA.

POLIETILEN/TiO2 KOMPOZITLORININ ELEKTRIK KECIRICIiLiYi VO
DIELEKTRIK XARAKTERISTIKALARININ TEZLIK DiSPERSIYASI

M.M. Guliyev, N.S. 9liyev, A.M. Maharramov, R.S. Ismayilova, M.N. Bayramov

Xulasa: Termik preslomo Gsulu ils yiksak sixlight polietilen (YSPE) va titan oksidinin (TiO2) homogen
qarisigindan YSPE /TiO, kompozitlori alinmigdir. Dayison elektrik sahasinds TiO» hocmi faizindan vo
tezlikdon ( 25-10° Hz) asili olaraq xiisusi kegiricilik (ya. ) Vo dielektrik xarakteristikalar1 (g Vo tgd)
Oyronilmisdir. Ikigat logarifmik Inys - f(lnv) oyrilorinds iki xotti hisso almir ki, bu da kegiriciliyin
tezlikdon istlii asihihigimi  gdstorir. Gman edilir ki, tadqiq edilmis kompozit niimunalarinds sigrayish
kegciriciliyin baryer mexanizmi bas verir.

Gostorilmisdir ki, matrisada TiO> konsentrasiyasinin artimasi ila € vo tgd tezlikdon asili olaraq
azalmasi eksponensial qanuna tabe olur va bir sira dipol elementlorinin olmast ilo izah olunur.

Eksperimental molumatlara osason YSPE vo YSPE /TiO; kompozitlori Uclin Koula-Koula
diagramlar1 qurulmusdur. Matrisada TiO; hissaciklorinin stabillosmosi zamanmi  bu asililiglardaki
doyisikliklor askar edilmisdir vo gosterilmisdir ki, todqiq edilmis niimunalor relaksasiya muddatlorinin
butdv spektri ilo xarakterikdir.

Acar sozlar: YSPE +TiO, kompoziti, dielektrik itkisi, dielektrik niifuzlugu, elektrik kegiriciliyi, tezlik.

43



	4. Conclusion

