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Abstract: The temperature dependence of the alternating current (o4) electrical conductivity of a gamma-
ray-irradiated high-density polyethylene (HDPE) sample was studied during the heating—cooling
cycle, expressed as oac= f(T). The electrical conductivity of the (initial) pure HDPE sample during the
heating—cooling cycle, before irradiation, is related to the mobility of charge carriers (ions) as well as to
the charge carriers injected from the electrode. The increase in conductivity resulting from the absorbed
radiation dose is due to the formation of additional charge carriers in the sample, while the decrease is
attributed to the weakening of bonds between polymer macromolecules caused by the absorbed dose.
During the reverse cooling process of an HDPE sample after irradiation, the supramolecular structure
of the polymer phase undergoes a significant change as a new type of spherulite forms. It should be
noted that while the electrical conductivity at room temperature is Gac=6.4 x 1074 (Q-m)™?, at the end
of the reverse cooling process it has the value . = 1.6 x 1072 (Q-m)™, i.e., os increases approximately
2.5 times.

Keywords: high-density polyethylene, gamma radiation, dose, heating—cooling cycle, temperature,
electrical conductivity.

1. Introduction

Polymers and polymer-based composite materials play a leading role in the development
of global industry. Polymer and polymer composite materials (PCMs) have not only been
successfully applied in various industrial fields but have also become in high demand among
consumers.

It should also be noted that the development of modern technologies is characterized by
the need for new polymer composite materials that can be used in the development of solid-state
electronic components. The acquisition and application of such materials is also attractive in terms
of reducing the size of electronic devices and enabling the transition to molecular-level
technologies that allow for the targeted transfer of electrical charges and energy. In recent years,
the creation of materials containing micro- and nanoparticles of metal oxides has become
widespread in the development of new polymer-based composite materials with unique and
practically significant electrophysical properties [1-8].

The rapid development of modern atomic, space, and electronic industries requires the
advancement of polymer materials used in these fields to meet contemporary standards. Newly
developed polymer composite materials must exhibit high operational quality and be resistant to
the effects of ionizing radiation. As a result of ionizing radiation, structural changes occur in
polymers and the composite materials derived from them. Structural changes that occur after
exposure to ionizing radiation lead to alterations in virtually all physical and chemical properties.
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One of the current challenges is studying the changes that occur in polymers and composite
materials derived from them after exposure to ionizing radiation. Therefore, studying the structure,
physicochemical, electrophysical, and other properties of each polymer is one of the most
important topics from both scientific and practical perspectives [4, 6-12].

In this study, we investigated the temperature dependence of electrical conductivity during
the heating—cooling process of a pure high-density polyethylene (HDPE) sample modified by
gamma radiation.

2. Experimental Methods

To obtain a pure polymer sample, powdered high-density polyethylene (HDPE) (brand
20806-024, average molecular weight 95,000, degree of crystallinity 52%, melting temperature
T = 130 °C, density p = 0.93 g/cm?, volume resistivity p, = 1 x 10'® Q-cm) was used. HDPE
powder is pressed into a metal mold with a thickness of 200 um and a diameter of 40 mm using a
hydraulic press at a pressure of 15 MPa and a temperature of 423 K for 5 minutes. The sample is
then cooled to 273 K (in a water-ice mixture) to obtain pure polymer samples with a thickness of
170 um and a diameter of 40 mm. A pure HDPE sample was exposed to y-irradiation at an
absorbed dose rate of 3.3 x 10* Gy/h using an MPX-y-25M device with a ®°Co radiation source at
room temperature (T = 293 K). The radiation doses (D) were 100, 200, and 500 kGy.

The temperature dependence of the electrical conductivity of the HDPE sample, both
before (initial) and after irradiation, during the heating—cooling process was measured using an
E7-20 immittance measuring device under alternating current (U =1V, v =1 kHz).

3. Experimental Results and Discussion

Figure 1 shows the temperature dependence of the alternating current electrical
conductivity of the initial HDPE sample before irradiation during the heating—cooling process.

As shown in Figure 1, two temperature regions are observed in the temperature dependence
of HDPE conductivity during both heating and cooling. In the heating process, the temperature
ranges are 293-343 K (region 1) and 343-403 K (region I1). In the reverse process, the temperature
ranges are 403-358 K (region 1) and 358-293 K (region Il). In the reverse process, the conductivity
reaches a minimum at 358 K, curves 1 and 2 intersect at 333 K, and a hysteresis loop is formed. It
should also be noted that at room temperature, the conductivity was ¢ = 6.4 x 107 (Q-m)™?, and
during the reverse cooling process, at the end of the cycle, it increased by approximately 2.5 times
to avalue of 6=1.6 x 10733 (Q-m)™%.

It should also be noted that pure polymers contain significant contamination from catalyst
residues, which also act as ion sources due to dissociation products. On the other hand, the
mechanism of electrical conductivity in polymers also depends on their chemical structure and the
charge carriers injected from the electrode [13].

Given that crystallizing polymers consist of both crystalline and amorphous phases, it
should also be noted that the change in conductivity with temperature (during both heating and
cooling) may be related to the mobility and relaxation processes of molecules [14].

Figure 2 (a, b, c) shows the temperature dependence of the electrical conductivity of a pure
HDPE sample under heating—cooling conditions at doses of D = 100 kGy (a), D = 200 kGy (b),
and D =500 kGy (c).

As shown in Figure 2a, in pure HDPE at a y-irradiation dose of D = 100 kGy, an increase
in electrical conductivity is observed as a function of temperature. Before irradiation (D = 0), the
conductivity at room temperature during the heating process was ¢ = 6.4 x 104 (Q-m)™?, while at
D =100 kGy, it increased to ¢ = 4.2 x 10713 (@-m)™%, representing an increase of approximately
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6.6 times. In the cooling process at T = 293 K, the initial sample had a conductivity of
6=1.6 10" (Q'm)%, while at D = 100 kGy, the conductivity was ¢ = 1.7 x 107 (Q-m)%. As
shown in Figure 2, after y-irradiation, the conductivity reaches a maximum at T=353K,
6=2.8x1071%(Q:m)™ . It should also be noted that in both heating and cooling processes, the
conductivity values nearly coincide in the temperature range of 378-403 K, and a hysteresis loop
forms at 378 K.

During the cooling process, a monotonic decrease in conductivity is observed up to
T = 353 K, followed by a sharp drop down to T = 323 K. In the range of 323-293 K, o5 remains
practically constant. An amorphous—crystalline structure is formed in both unirradiated (initial)
and irradiated polyethylene (PE) up to a dose of 55 kGy [9]. It should also be noted that in
crystallizing polymers, irradiation leads to the breakdown of crystallites, resulting in a decrease in
the overall degree of crystallinity of the polymer. Changes in conductivity with increasing
radiation dose may be attributed to radiolysis products that remain in the material for extended
periods, causing both a decrease and an increase in conductivity [15, 16].

Figure 2b shows the dependence of 1go=f(T) under heating—cooling conditions for pure
HDPE at a radiation dose of D = 200 kGy.

As shown in Figure 2b, the conductivity behavior at an irradiation dose of D = 200 kGy is
nearly identical to that observed at D=100kGy. In the heating process, a conductivity of
6=43x10B(@Q'm)t was obtained at T=293K, while in the reverse process,
c=2x10"(Q-m) ! was observed, representing a one-order decrease. At a significantly higher
radiation dose (D =500 kGy, Fig. 2c), the conductivity increases and reaches a maximum at 373 K
(Gac = 1.43 x 1022 Q-m™). Starting from 373 K, the conductivity decreases sharply and remains
stable until the end of the temperature range. During the reverse cooling process, the conductivity
decreases monotonically, reaching a minimum at 353 K, and then stabilizes at 293 K.
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Fig. 1. Temperature dependence of the electrical conductivity of a pure HDPE sample before
irradiation during the heating-cooling process: lg o = f(T); 1 — heating, 2 — cooling.
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Fig. 2. Temperature dependence /g o = f(T) of the electrical conductivity of a pure HDPE sample under
alternating current during the heating-cooling process at absorption doses of y-radiation:
D =100 kGy (a), D = 200 kGy (b), and D = 500 kGy (c). 1 — heating, 2 — cooling.
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It should also be noted that comparing the log o = f(T) dependence of conductivity before
and after irradiation once again showed that the conductivity behavior during the heating-cooling
process at radiation doses of 100-200 kGy is nearly identical. Thus, the decrease in conductivity
IS more pronounced in the polymer softening temperature range (333-353 K) during both the
heating and cooling processes. This decrease may be associated with the weakening of bonds
between polymer macromolecules as a result of the absorbed dose of y-radiation. As seen in Fig.
2c¢, the temperature dependence of conductivity at a radiation dose of D = 500 kGy differs slightly
from that observed at doses of 100-200 kGy. Thus, during the heating process, a sharp increase in
conductivity was observed in the temperature range of 333-373 K, followed by a sharp decrease
in the range of 373-393 K (Fig. 2c, curve 1). The increase in conductivity in the indicated
temperature range may be attributed to excess charges and enhanced molecular mobility resulting
from the absorbed dose of radiation [5, 8, 13, 14, 16]. During the reverse cooling process, the
supramolecular structure of the polymer phase undergoes a significant change as a new type of
spherulite forms.

It should also be noted that spherulites are commonly occurring molecular structures in
crystalline polymers. Spherulites are polycrystalline structures with symmetry around the crystal
center, formed by the aggregation of similarly oriented lamellae [6, 7, 10-12, 17].

4. Result

The electrical conductivity of the (initial) high-density polyethylene (HDPE) sample
during the heating-cooling process before y-irradiation is influenced by the mobility of charge
carriers (ions) as well as by charge carriers injected from the electrode. The increase in
conductivity due to irradiation is attributed to the formation of additional charge carriers in the
sample, while the decrease results from the weakening of bonds between polymer
macromolecules. As a result of irradiation, it was also observed that during the reverse cooling
process, the supramolecular structure of the polymer phase undergoes a significant change, with
the formation of a new type of spherulites.
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TEMHIEPATYPHBIE 3ABUCHMOCTH 3JIEKTPOITPOBOJHOCTH
MNOJIMITUJIEHA BBICOKOU IVIOTHOCTHU, MOAUDPUTITUPOBAHHOT' O
I'AMMA-JTYYAMM B I[TIPOIECCE HAI'PEBA-OXJIAKIAEHUA

H.II. Aaues, M.M. I'yaues, M.H. Baiipamos, P.C. UcmansioBa, A.H. HabueBa

Pe3tome: ObUIM  HCCIIEAOBaHbI TEMIIEPATYPHBIE 3aBHCUMOCTH 3JEKTPHUUECKONH MNPOBOAMMOCTU MpPHU
NEPEMEHHOM TOKE (Gac) OOpasua mosmdTuieHa BbIcOKOM mmioTHoctu (II9BII), mommdunmpoBaHHOTO
ramma-niydamu 6ac = f(T), B mporiecce HarpeBa-oxJaaxaeHHs. DJIEKTpHUUecKasi IPOBOAUMOCTH B IIpoLiecce
HarpeBa-oxJaxjaeHuss uucroro obpasma [IOBIT nepen oOnyueHuem (TepBUYHBIN) 00YyCIIOBJICHA
TIOJIBIDKHOCTBIO HOCHTENICH 3apsiia (MOHOB), a TakKe HOCUTeNel 3apsjia, WHXKEKTUPOBAHHBIX W3
9NIEKTPO/A. YBEIMYEHHE NPOBOAUMOCTH B pe3yjbTaTe MNOIVIOLIAIOMIEH J03bl OOJMYYEHHS! CBSA3aHO C
JIOTIOJTHUTENBHBIMU HOCHTENSIMU 3apsja, oOpasyrommumucs B o0pasile, a YMEHbIIEHHe-C ociaabieHueM
CBSI3U MEXJIy MaKpOMOJIEKYJIaMH TIOJIMMEPa B pe3yJibTare Mmorjomaromield 1o3bl. B mpomecce oopaTHOTO
oxnaxnaeHus odOpasna [IOBII mocne oOmyueHHs HaAMONEKYISpHAs CTPYKTypa HOJIMMEPHOH (asbl
npeTepreBaeT pe3Kue W3MEHEHHUs, TaK YTO 3lech 00pasyroTcs cdepoiauTsl HOBoro tuma. Criemyer
OTMETHTh, YTO B TO BpeMs KaK OJIIEKTPOIPOBOJHOCTh MPU KOMHATHOW TEMIIEpaType COCTaBIISET
Cac=6.4x 107 (Q'M)™Y, B KOHIE mnpolecca OOPaTHOrO OXJIAKJIECHUS OHA TOJNYYMNIA 3HAYEHHE
Gac= 1.6 x 1073 (Q-M) ™%, uT0 03HAUAET, YTO Gac YBENIMUUBAETCSA IPUMEPHO B 2,5 pasa.

Kniouesvie cnosa: monudTUIEH BBICOKOW IUIOTHOCTH, FaMMa-H3JIydeHME, 1033, HarpeB-OXJaXKIEHUE,
TEeMIIEpaTypa, IEKTPOIPOBOIHOCTb.
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QAMMA SUALARLA MODIiFIKASIYA OLUNMUS YUKSOK SIXLIQLI
POLIETILENIN QIZMA-SOYUMA PROSESIND® ELEKTRIK KECIRICILIYININ
TEMPERATUR ASILILIQLARI

N.S. Oliyev, M.M. Quliyev, M.N. Bayramov, R.S. Ismayilova, A.N. Nabiyeva

Xiilasa: Qamma siialarla modifikasiya olunmus yiiksok sixliqli polimer (YSPE) niimunosinin qizma-
soyuma prosesindo elektrik kegiriciliyinin dayison coroyanda (cac) temperatur asililiglart cac= f(T)
todqiq edilmisdir. Siialanmadan oavval (ilkin) tomiz YSPE niimunosinin qizma-soyuma prosesinda
elektrik keciriciliyi yiikdasiyicilarin (ion) yiirikliiyii vo hom do elektroddan injeksiya olunmus
yiikdagtyicilarla baglidir. Siialanmanin udulma dozasi noticasinds kegiriciliyin boyiimosi niimunada
yaranan olava yiikdasiyiclarla, azalmasi iso udulma dozasi noticasinds polimer makromolekullart
arasinda rabitoninn zoif olmasi ilo slagodardir. YSPE niimunosinin siialanmadan sonra oks soyuma
prosesinds polimer fazanin istmolekulyar qurulusu koskin doyisikliys ugrayir, belo ki, burada yeni
tip sferolitlor omolo golir. Qeyd etmok lazimdir ki, otaq temperaturunda elektrik kegiriciliyi
Gac =6.4x107%¥(Q'm)™? oldugu halda, oks soyuma prosesinin sonunda Ga=1.6x 1073 (Q-m)™
giymeatini almisdir, yani oac tagriban 2,5 dofa boyiiyiir.

Agar sézlar: yiikksok sixligh polietilen, gamma siialanma, doza, qizma-soyuma, temperatur, elektrik
keciriciliyi.
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