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Abstract: The effect of TiO,, ZnO, and BeO metal oxide fillers on the radiothermoluminescence spectra
of polyolefins (polypropylene and high-density polyethylene) was studied using the
radiothermoluminescence (RTL) method. It was determined that depending on the chemical structure and
volume fraction (®%) of the fillers, the nature of the low-temperature relaxation transitions differs, and
the nature and depth of the traps change during the radiolysis at a dose of 10 kGy. TiO,, ZnO, and BeO
fillers have a modifying effect on polyolefins (PP and HDPE) that results in a fall in the polymer's glass
transition temperature (Tg); modifications to the supramolecular structure (SMS) of the polymer cause the
spherulites’ size to decrease; and a reduction in internal stress is also observed. The y-, B1, and B-
relaxation peaks in polypropylene are strongly impacted by TiO, and BeO fillers, according to a
comparison of RTL spectra. Furthermore, it can be seen from the HDPE and HDPE+3%ZnO spectra
comparison that the ZnO filler lowers the radiation intensity across the whole temperature range. On the
other hand, the B-maximum has shifted from 243K to a (10-15)°C higher temperature range. This
suggests a shift towards a high temperature range in the processing temperature of the specified
composite.

Keywords: radiothermoluminescence, polyolefin, filler, polymer, polypropylene, composite, electron,
relaxation, radical, modification, spectrum.

1. Introduction

By applying ionizing radiation to polyolefin-based composite materials with regulated
electrophysical properties, novel materials for electronic engineering can be produced. The
primary benefits of the recently developed polymer composites are their improved functionality
and electrostability as compared to their polymer counterparts.

Newly developed materials exhibit a higher integration density of electronic devices in
the contemporary development of electronic equipment, owing to their extensive range of
functional capabilities. The unique characteristics of materials utilized in hybrid composite
materials — which are composed of organic polymers (polyethylene, polypropylene, polyvinyl
chloride, polyvinylidene fluoride, etc.) and inorganic dispersed particles (Fe2O3, Fe30s, TiOg,
Al>03, ZnO, SiO2, CuO, BeO, ZrO,, BaTiOs, etc.) — determine success in this industry [9, 19,
25].

The electronics industry represents a significant area of use for polymer materials. Due to
their excellent insulative qualities, most polymers are employed extensively. It is noteworthy that
polymer materials (PVC plastics) modified with oxides (eg. Al2Os and SiO.) exhibit a 1.5-2 fold
increase in volume resistivity (pv) and a 1.3-1.9 fold decrease in dielectric loss (tgd). This
contributes significantly to the material’s insulation as well [24].

The radiothermoluminescence (RTL) method is widely used to analyze the structure,
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molecular mobility, and relaxation processes in polymer and polymer composite materials, in
addition to dielectric and thermal activation (TSD) spectroscopic methods. Based on this
method, it is possible to determine the relaxation transition temperature, as well as the glass
transition temperature (Tg), the activation energy of the relaxation, and the degree of
crystallization according to the shape of the RTL glow curve.

The majority of the thorough and methodical research on radiothermoluminescence was
done by Nikolsky and Bubin [1-3]. In this regard, the work of Charez Patric can be mentioned
[4-6].

The essence of radiothermoluminescence is completed by the following: organic and
inorganic compounds radiated at low temperatures glow when heated. The luminescence signal
grows, passes through one or more maxima, and slowly fades. The temperature dependence
graph of luminous intensity is called RTL curves or glow curves. The set of experiments
confirms that the RTL maxima are closely related to the structural transition of the 3-maximum
vitrification. In the RTL curves, the B-maximum for low-density polyethylene manifests itself
similarly at the glass transition temperature. Thus, as a result of cross-linking, cold stretching,
and increasing the heating rate of the polymers, this maximum is shifted towards high
temperatures. A more plausible cause of RTL in a polymer is the recombination of electrons with
positively charged ions during heating of pre-irradiated samples at 77K, i.e., upon heating after
irradiation, the process M* + e — M + hv takes place, where e- is the trapped (stabilized) electron.

The reliability of the RTL method allows for determining the high sensitivity of the -
transition and using it to study small amounts (a few mg) of polymers. This distinguishes the
RTL method from other methods, as the B-relaxation transition (in dilatometry, methods of
mechanical and dielectric losses, etc.) decreases with decreasing common sensitivity
temperature.

The radiothermoluminescence (RTL) technique was used to examine how the structure
and characteristics of polymers and composites made of them changed after being exposed to
ionizing radiation. [10-13]. Structure at low temperatures (up to 77-293 K), molecular relaxation
processes and the effect of ionizing y-irradiation on these processes were examined in the
systems studied according to RTL spectra. It is known that at low doses of y-irradiation (up to 5
kGy), in the crystalline regions of polyolefins, there are regular areas and traps that form
crystallites for charges of radiation origin, that is, consisting of methylene groups in the main
chain of the macromolecule. [11]. The formation of radicals during the radiolysis of polyethylene
occurs both as a result of the dissociation of excited macromolecules and as a result of secondary
reactions of radicals with hot atoms and ions. Electrons, alkyl, allyl, and polyenyl radicals can be
stabilized in irradiated polyethylene at liquid nitrogen temperature (77K) [14, 15]

The presence of thermoluminescence at low temperatures indicates that both positive and
negative charges can be trapped in polymers. It is believed that there are primarily three types of
electron traps: dielectric gaps (e.g., a certain space bounded by molecular chains arranged in a
certain order), electron-hungry neutral molecules, and free radicals.

It is known from studies of many polymers that all maxima of thermoluminescence are
related to the mobility and structure of different kinetic units of the material.

Oxidation, destruction, and chain-growth processes occurring in polymers during ionizing
radiation affect the relaxation and structural transitions of polymer dielectrics. Therefore, in the
study of these processes at the molecular level, along with the TSD method, the RTL method is
of great importance [7].

It should also be noted that the transition of the polymer from the state of high elasticity
to the next viscous state is called the a-process, and the transition from high elasticity to the



glassy state is called the B-process. We refer to transitions known as y and & that are seen at
temperatures below the glass transition temperature (Tg). The y-transition is related to the
oscillations of several carbon atoms of the main chain of the polymer during the movement of
the individual crystalline segments of the polymer surface, and the &-transition is related to the
rotation of the bonds around the polymer connected to the main chains with short side chain
groups [4, 8].

2. Experimental part

Experimentally, RTL studies were carried out by irradiating the samples at a temperature
of 77K in an MPX-25M type y-irradiator with a radiation source of ®°Co at a dose of 10 kGy (1
mrd) in a vacuumed ampoule and using a TLQ-69M radiothermoluminograph.

In one of the main blocks of the TLQ-69M device, liquid nitrogen circulated in a closed
circuit is used to cool the cryostat. Circulation is achieved by the fact that the liquid nitrogen
droplets poured from the reservoir into the cryostat are partially vaporized and then discharged
back into the reservoir together with the vapor through the outlet channel. Nitrogen circulation
allows the cryostat to quickly cool down to 77 K. The outlet tap is closed to stop circulation.
The steam pressure forces liquid nitrogen into the reservoir. The cryostat's heating element then
activates. A nichrome wire heating element is connected to a step-up autotransformer, which
provides smooth heating of the cryostat in the 77-380K range at a rate of 5 to 50 deg/min. The
heating rate of the cryostat due to the actual heat flow does not exceed 1-2 deg/min.

Figures 1-6 show the radiothermoluminescence curves of high-density polyethylene
(HDPE), ultra-high molecular weight polyethylene (UHMWPE), polypropylene (PP),
HDPE/3%Zn0O, HDPE/5%Zn0O, and HDPE/10%ZnO samples.

Figure 1 demonstrates the RTL curve of a high-density polyethylene (HDPE) sample. As
can be seen from the curve, v, y', and B relaxation peaks were observed at temperatures of 133,
163, and 225K, respectively. It should be noted that with the gradual increase in temperature,
various types of molecular motions associated with dipoles are activated. In this case, the relative
intensities of vy, v/, and P relaxation processes occurring at the indicated low temperatures are
determined by the degree of orientation of the dipole groups.
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Fig. 1. RTL curve of high-density polyethylene (HDPE) sample.

Figure 2 shows the RTL curve of the ultra high molecular weight polyethylene



(UHMWPE) sample.

As can be seen from the figure, y, and P relaxation transition peaks appeared at
temperatures of 133 and 234 K. When the RTL curve of the UHMWPE sample is compared with
the RTL curves of the other HDPE and PP samples, we see that the picture is completely
different. So, if two relaxation transition peaks appeared in the UHMWPE sample, three peaks
were observed in the other HDPE and PP samples. These differences may be related to the
supramolecular structure (MSS), chemical, and physical-mechanical properties of the polymers
whose RTL curves we compare and the effect of a-irradiation (Figs. 1, 2, and 3).
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Fig. 2. RTL curve of ultra-high molecular weight polyethylene (UHMWPE) sample.
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Fig. 3. RTL curve of polypropylene(PP) sample.

Four and five relaxation peaks may be seen in Figures 4, 5, and 6, depending on the ZnO
filler's volume fraction (®%). These relaxation peaks were observed at 131K, 181K, 240K, and
282K in the HDPE/3%ZnO composite sample, at 120K, 163K, 181K, 233K, and 267K in the
HDPE/5%ZnO composite sample, and at 133K, 173K, 193K, 240K, and 273K in the
HDPE/10%ZnO composite sample. Here, it is observed that the volume fraction of ZnO filler
has a significant effect on the generation of relaxation peaks at different temperatures and the
temperature shift. It was determined that depending on the chemical structure and volume
fraction (®%) of the filler, the characteristics of low-temperature relaxation transitions differ,
and the nature and depth of the traps change during the radiolysis at a dose of 10 kGy.
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Fig. 4. RTL curve of HDPE/3%ZnO composite sample.
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Fig. 5. RTL curve of HDPE/5%Zn0O composite sample.

1,0 11, relative unit

05 210
133 173 103
273
0 T Y Y T T |
100 150 200 250 300 350
50 T.K

Fig. 6. RTL curve of HDPE/10%ZnO composite sample.

Comparative RTL curves for HDPE (1) and HDPE+3%2ZnO (2) samples that were cooled
to 273K are shown in Figure 7. From the comparison of these spectra (curves 1, 2), it can be seen
that the ZnO filler lowers the radiation intensity in the entire temperature range. On the other



hand, B-maximum shifted from 243K to a (10-15) °C higher temperature range. This indicates
that the processing temperature of the given composite has shifted toward the high-temperature
range. This process can be related to the change of the crystallization level and the shift of the
crystallite sizes in a small region. Another auxiliary explanation is related to the relaxation
(reduction) of internal stress due to the effect of the filler. It should also be noted that the a-peak
in the RTL spectrum of pure HDPE is related to the molecular mobility of bigger crystallites [8].
Changes in the molecular structure of the polymer as a result of the effect of y-irradiation
significantly affect the dielectric properties and relaxation processes. The relaxation of charges
accumulated at the interphase boundary also affects the electrophysical properties of composite
samples[23].
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Fig. 7. Comparative RTL curves of HDPE (1) and HDPE/3%ZnO (2) samples.

Figure 8 shows the RTL curves of the PP+TiO, and PP+BeO samples (1, 2, 3, 4, 5
curves). Here's a side-by-side comparison. The RTL spectrum of the PP+TiO2 composite sample
demonstrates four peaks in the low-temperature range (100-300)K, as shown in Figure 8. If the
RTL curves of isotactic polypropylene are characterized by three maxima at temperatures of 123,
193, and 267K (curve 1), then, in composites, the amplitude of the maxima at 123 and 267K is
reduced, and the maximum at 193K is divided into two very weak intensity maxima (curves 2-4).
We presume that this effect is due to the effect of the filler; an additional weak peak appears in
the temperature range of 173-235K (curves 2-4). It is known that [18] is the B-maximum due to
the relaxation in the vitrification region, which is more sensitive to the structural change when
fillers are added to PP. Figure 8 illustrates how the characteristic B-relaxation peak of pure PP at
193K (activation energy W=0.16 eV) decreases to 181K when the volume fraction of TiO: filler
increases to ® =3% (W=0,18 eV), increases to 195K at ® =5% (W=0.23 eV), and at ® =10% it
has the same value as pure PP (Tn=193K and W=0.16 eV).

In the PP+TiO> composite samples, the appearance of new peaks in the temperature range
of 200+-300K with activation energies of 0.40, 0.29, and 0.25 eV, the Tn=218K peak at ®=3%,
and Tm=224K at ®=5%-+10% is probably related to the chemical properties of TiO> oxide and
the modifications in the supramolecular structure (SMS) that result from its incorporation into
the polymer. The glow peak at 267K (W=0.68 eV) shifts towards the high-temperature range of
Tm=269K (W=0.37 eV) and then falls to Tm=265K at ®=5% (W=0.43 eV), and the luminescence
maximum (W=0.49 eV) at T=261K at ®=10% shifts towards lower temperatures. Dissimilar to
the PP+TiO> composite, depending on the quantity of BeO in the low-temperature range of
PP+BeO samples characteristic of [-relaxation, PP+BeO samples exhibit RTL peaks at
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Tm=224K (®=3%, W=0.55 V), Tm=221K (®=5%, 0.45 eV), and Tm=219K (®=10%, 0.37 eV).
In the composite samples with BeO volume fraction of ®=3%-+10% in the B-transition region,
the maximum shift values are 14, 19, and 9K, respectively. The RTL curves for pure BeO
include four peaks, primarily at 155, 203, and 276K temperatures, with a minor one at 290K, as
was previously demonstrated in [22]. However, studies [16, 17, 20-22] demonstrate that
thermoluminescence curves in the 77+300K temperature range are typified by two principal
peaks at 155 and 290K, respectively, that have activation energies of 0.59 and 0.87 eV.
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Fig. 8. RTL spectra of PP+TiO, and PP+BeO composite samples for different volume fraction of fillers.
1-PP; 2-3%; 3-5%; 4-10% TiO2; 5-10% BeO.

As can be seen from Fig. 8, for PP+TiO2 and PP+BeO compositions (curve 5 given for
comparison in the figure is the RTL spectrum of the PP+10%BeO sample), corresponding low-
temperature luminescence peaks coincide with the luminescence region related to p-relaxation
processes of pure PP, and in the 250+-290K temperature range are related to TiO2 and BeO metal
oxides. In this instance, with an increase in the amount of TiO2 and BeO, the luminous intensity
for TiO> falls at ®=3%-+5% and rises at ®=10% in the T<290K low-temperature ranges, whereas
BeO shows a drop. Based on information in [22], the glow peak at 290K (W=0.87eV) is
associated with specific and heterovalent doping defects in BeO and is collected in the 4.9eV
band.

Table 1 lists the values of the activation energy W corresponding to each luminescence
maximum of the polymer and composite.

The activation energy W was calculated using the partial peak half-width method [19]
with the following formula:

KT, (T, —AT )

WZG*A—Ti’ (1)

Here, G_- is the coefficient, 1.45 is taken for the first-order relaxation kinetics, T - the
temperature of the luminescence maximum, AT_- half-width of the peak on the side of

increasing intensity; k=1,38-102% C/K=0,86 eV/K — Boltzman constant.
The table indicates that the maximum of the spectrum for the -relaxation in the PP+TiO>
composite is observed when the amount of TiO2 is ®=10% (W=0.49 eV). The observed change
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of W is probably due to the increase in the internal stress of PP in the amorphous domains.
Cross-linking by radiation with small doses of filler (10 kGy) causes a weak change in the
activation energy W, and the filler acts as a structural builder [20].

Table 1
Values of W(eV) - activation energy for pure PP, HDPE sample, and PP+TiO2 and HDPE+3%
ZnO composites with different volume fractions @ (%) of fillers at Tm-maximum luminescence
temperature for B-transition

Characteristics
Material T K W, eV
193 0,16
PP 267 0,68
181 0,18
PP+3% TiO> 218 0,40
269 0,37
195 0,23
PP+5% TiO> 224 0,29
265 0,43
193 0,16
PP+10% TiO; 224 0,25
261 0,49
162 0,17
HDPE 228 0,41
HDPE+3%Zn0 |— 1> 2

As can be seen from Fig. 9, the considered fillers affect the glass transition temperature
Tg of the PP/metal oxide composite in a different manner, for which the dependences of
Tg=f(®D) are significantly different in form.

When the amount of TiOz is ®=3%, the glass transition temperature of the composite
shifts towards a high-temperature range of 2°C compared to the glass transition temperature of
pure PP, and when the amount of BeO is ®=5%, it shifts towards a low-temperature range of
19°C. This allows us to conclude that depending on the chemical structure of the fillers, the
characters of the low-temperature relaxation transitions differ, and the nature and depth of the
traps change during the radiolysis at a dose of 10 kGy.
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Fig 9. Dependences of Tg=f(®@%) in PP/ TiO> (1) and PP/ BeO (2) composites.
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The modifying effect of both TiO. and BeO fillers on polypropylene (due to a decrease in
the value of the polymer's glass transition temperature Tg) is associated with modifications in the
polymer's supramolecular structure (by reducing the size of spherulites), as well as a decrease in
internal stress. A comparison of the RTL spectra in Fig. 8 shows that both fillers (TiO2 and BeO)
significantly affect the y-, B1- and B-relaxation peaks in polypropylene. Ty

Thus, the inclusion of TiO> dispersed oxide in the PP matrix, as with BeO oxide [9], leads
to a change in the intensity of peaks y-, B1-, and - in the RTL curves and the maxima of the
realization temperature, and these can be used to predict the electrophysical, dielectric, and
physical-mechanical properties of the composites obtained on the basis of those fillers.

3. Result

1) It was determined that the characteristics of low-temperature relaxation transitions
differ depending on the chemical structure and volume fraction (®%) of the fillers, and the
nature and depth of the traps change during the radiolysis at a dose of 10 kGy. The modifying
effect of TiO2, ZnO, and BeO fillers on polyolefins (PP and HDPE) (due to the fall in the Ty
value of the polymer's glass transition temperature) is related to the modifications in the
polymer's supramolecular structure (by reducing the size of the spherulites) as well as to the
decrease in internal stress. A comparison of RTL spectra shows that TiO, and BeO fillers
significantly affect the y-, B1-, and B-relaxation peaks in polypropylene.

2) Comparing the HDPE and HDPE+3%ZnO spectra, it is clear that the ZnO filler
reduces the radiation intensity in the entire temperature range. On the other hand, f-maximum
shifted from 243K to a (10-15)°C higher temperature range. This indicates that the processing
temperature of the given composite has shifted toward the high-temperature range.
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BJIMAHUE OKCHAHBIX HAHOJIHI/ITEJIE\I:/JI METAJIVIOB HA
PAJJMOTEPMOJIIOMUMHECIHEHTHBIE (PTJI) CBOUCTBA ITIOJIMOJIE®@NHOB

H.II. Aaune, M.M. I'ynues, M.H. BaiipamoB, P.C. UcmaiinnoBa

Peztome: Metonom pamuorepmontomuaectieHu  (PTJI) m3ydeHO BIMSHHE METaNTOOKCHIHBIX
HanonHureneit TiOz, ZnO u BeO Ha paguoTepMOJIIOMHHECIICHTHBIC CIEKTPHl TMOJIHOJIC(HUHOB
(monumponuieHa W TOJMATWICHA BBICOKOW IJIOTHOCTH). YCTAaHOBJIEHO, YTO B 3aBUCHMOCTH OT
XUMHAYECKOTO CTPOCHHUSI HAINOJMHHUTENEH M ux oO0beMHOH npomu (P%) pazauyaroTcs XapakTepbl
HU3KOTEMIIEpaTYPHBIX pENaKCAMOHHBIX MEPeXoJ0B, a B Tpolecce paxuonmza mpu npoze 10 xIp
M3MEHSIOTCS XapaKTep U MIyOHMHa JIoByIIeK. Moaudunupyromiee neicteue Hanoiauureneit TiOz, ZnO u
BeO na nonumonedunst (T u TIDBII) npuBoaUT K CHUYKEHHIO 3HAYCHHUS TemrepaTypsl crekioBanus (T.)
MoJIMMepa, U3MEHEHHUIO HaAMOJeKy sipHOH cTpykTypsl (HMC) monmumepa oOycnaBiMBarOT YMEHbIICHUE
pasMepoB c(eposMTOB, a TaKKe MPOSBISETCS CHIKEHHE BHYTPEHHUX HanpsbkeHuid. CpaBHeHHE
cnektpoB RTL moxkaseiBaer, uro Hamomautenmn TiOz m BeO oOka3pIBalOT 3aMEeTHOE BIHSHHE HAa THKH
penakcanuu y-, B1 - u B monmmnpornmiene. Taxke u3 cpaBHeHus crektpos [19BII u I10BIIe+3% ZnO
BHUIHO, YTO HAIIOJTHUTCIIb ZnO cHMWKaeT HHTEHCUBHOCTH H3JIYYCHHA BO BCCM AHAIIA30HC TCMIIECpaTyp. C
npyroit croponsl, MK-makcumym cmectmcs ¢ 243K Ha (10-15)K B 061acTh BBRICOKHX TeMIieparyp. JTo
MIOKa3bIBACT, YTO TeMIeparypa OOpadOTKM JaHHOTO KOMIIO3MTa CMECTWIACh B 00JacTb BBICOKHX
TeMIeparyp.

Knroueswie cnosa: pPaauoOTEPMOIIOMUHECIICHII N, HOHHOHe(bHH, HAIlOJIHUTCIIb, IMOJIUMED, IMOJIUIIPOIINIICH,
KOMIIO3UT, 3JICKTPOH, pClaKcalusd, paguKkal, MO,I[I/I(I)I/IKaI_II/IH, CIHECKTP.

METAL OKSID DOLDURUCULARININ POLIOLEFINLORIN
RADIOTERMOLUMINESSENSIYA (RTL) XASSOLORINO TOSIRI

N.S. Oliyev, M.M. Quliyev, M.N. Bayramov, R.S. ismayilova

Xiilasa: Radiotermoliiminessensiya (RTL) metodu ilo TiO,, ZnO va BeO metal okksid doldurucularinin
poliolefinlarin(polipropilen va yiiksok sixligli polietilen) radiotermoliiminessensiya spektrlarine tasir
todqiq edilmisdir. Miiayyan edilmisdir ki, doldurucularin kimyavi qurulusundan va hacmi payindan (®%)
asili olaraq asag1 temperaturlu relaksasiya kegidlorinin xarakterlori farglonirlor va 10 kQr dozada radioliz
prosesi zamani talalarin tabisti va darinliyi dayisir. TiO2, ZnO va BeO doldurucularinin poliolefinlora (PP
va YSPE) modifikasiyaedici tasiri polimerin siisologma temperaturunun (T) giymatinin azalmasina sobab
olur, polimerin iistmolekulyar qurulusundaki(UMQ) doyisikliklor sferolitlorin &lgiilorinin kigilmosini
sortloamdirir vo ham da daxili gorginliklorin azalmasi da 6ziinii gostarir. RTL spektrlorinin miigayisasi
gostarir ki, TiO2 va BeO dolduruculari polipropilends y-, B1- vo B-relaksasiya piklarina nazora ¢arpacaq
doracads tesir edirlor.Hom do, YSPE vo YSPE+3%ZnO spektrlorin miiqayisasindon aydin olur ki, ZnO
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doldurucusu biitiin temperatur intervalinda stialanma intensivliyini azaldir. Digar torafdon, B-maksimum
243K-dan (10-15)°C yiiksok temperatur oblastina siirligmiisdiir. Bu onu gostarir ki, verilmis kompozitin
isloanma temperaturu yiiksok temperatur oblastina stirtismiisdir.

Acar sozlar: radiotermoliiminessensiya, poliolefin, doldurucu, polimer, polipropilen, kompozit, elektron,
relaksasiya, radikal, modifikasiya, spektr.
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