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This paper presents the results of an FTIR spectroscopy study on the physical and chemical structural
modifications induced by gamma irradiation in HDPE polymer and HDPE/GaAs<Te> composite films in absorbed
dose range of ®,=50...350 kGy. It has been shown that gamma irradiation causes changes in the degree of
crystallinity and the formation of polyene (—C=C-) and carbonyl (C=0) groups in polymer and composite films. The
dose dependencies for these modifications exhibit a similar trend, indicating a direct relationship between the degree
of crystallinity and the crosslinking process. Comparative analysis confirms that composite films are more radiation-

resistant than the polymer films.
PACS: 77.-55.-g

INTRODUCTION

Currently, issues related to the effects of ionizing
radiation on polymers and their composites are of
significant interest and the subject of extensive research
efforts [1-5]. Studies of structural changes occurring
under the influence of ionizing radiation, including
gamma radiation, as well as investigations into various
properties of polymer-semiconductor composites using
modern optical-luminescent and electro physical
methods, have demonstrated the possibility of obtaining
new radiation-resistant composite materials with
modified structures and controlled properties [6—11].

Radiation-induced structural modifications in these
materials impose limitations on their exposure to
ionizing radiation. In certain applications, it is essential
that polymer composites withstand radiation without
undergoing structural degradation that modifies its
properties.

Among polymer—semiconductor composites, HDPE
(high-density ~ polyethylene) / GaAs  (GaAs<Te>)
composites are of particular interest, as HDPE is
multifunctional and well-studied polymer, while GaAs
and GaAs<Te> semiconductors exhibit effective
radiation resistance (in particular, GaAs is widely used
as a neutron detector), which expands their potential
applications [5-7].

As previous studies have shown [12-14], the
structural modification of HDPE polymers under the
influence of gamma radiation strongly depends on the
formation processes of crosslinking and chain scission.
It has been established that during irradiation, there is a
balance between these two processes, controlled by the
structural properties of the polymer [15,16]. The
processes of scission and long macromolecular chains,
as well as crosslinking of intermolecular and interchains
are typically observed in different radiation doses. It
should be noted that chain scission occurs throughout
the entire irradiation process while simultaneously
competing with crosslinking. The ratio of crosslinking
to chain scission depends on radiation power and dose,

crystallization and oxidation degrees, and various other
specific material characteristics [17, 18].

It should be noted that structural modifications
induced by gamma irradiation in HDPE polymer and
HDPE/GaAs composite films have been studied using
Fourier-transform infrared (FTIR) spectroscopy, with
results reported in [7]. Therefore, the present work
focuses on the FTIR spectroscopy investigation of
gamma irradiation-induced physical and chemical
structural modifications in HDPE polymer and
HDPE/GaAs<Te> composite films within an absorbed
dose range of ®,=50...350 kGy, at room temperature in
air. The dose dependences of the relative crystallinity
before and after irradiation (physical modification) and
of the optical densities of the characteristic polyene
(-C=C-) and carbonyl (C=0) group bands (chemical
modification) in both polymer and composite films were
obtained. Based on their comparative analysis, the
regions corresponding to crosslinking and scission
processes were identified, and the radiation resistance of
the materials was evaluated.

1. EXPERIMENTAL PART

High-density polyethylene (HDPE) powder (Russia,
Kazan) with a melting point of 130 °C and a density of
947 kg/m* was used as the polymer matrix. According
to X-ray diffraction (XRD) analysis, HDPE exhibits an
orthorhombic structure [9]. GaAs and GaAs<Te>
semiconductors of the A’B” type were used as fillers.
HDPE, HDPE/GaAs, and HDPE/GaAs<Te> films were
obtained using the method described in [1, 2].

HDPE, HDPE/GaAs, and HDPE/GaAs<Te> films
with a thickness of ~100 pm were irradiated by y-
radiation using an MRX-y-20 (*°Co) gamma source
(Azerbaijan, Baku) at an exposure rate of d®,/dt=
1.06 Gy/s. The samples were irradiated in an absorbed
dose range of @, = 50...350 kGy.

FTIR transmission spectra of these films were
recorded using a Varian 640 FTIR spectrometer at room
temperature in the  frequency range  of
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v =4000...400 cm™. The spectra were obtained for both
the polymer and composite films as a function of the
wavenumber.

The optical densities of the transmission bands
corresponding to polyene (-C=C-) and carbonyl (C=0)
vibrations, with maxima at v = 1650 cm™ and v =
1715...1735 cm™ respectively, were determined.

The dose dependencies of the optical density of the
(-C=C-) and (C=0) transmission bands, as well as the
relative degree of crystallinity, were obtained for HDPE
polymer and HDPE/GaAs<Te> composite films, and
their characteristics were analyzed.

2. RESULTS AND DISCUSSION

2.1. CHEMICAL STRUCTURAL MODIFICATION

Figs. 1 and 2 show the FTIR transmission spectra of
initial and gamma irradiated HDPE polymer and
HDPE/4 mass% GaAs<Te> composite films.
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Fig. 1. FTIR — spectra of initial and gamma irradiated
HDPE films: HDPE (1); 50 (2);150 (3); 250 (4),
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The choice of the 4 mass% content of GaAs and
GaAs<Te> microparticles is based on the fact that at
this concentration, the degree of crystallinity remains
same (K = 68%) [1, 4].
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Fig. 2. FTIR — spectra of initial and gamma
irradiated HDPE/GaAs<Te> composite films:
GaAs<Te> (1); HDPE (2); HDPE/ GaAs<Te (3);

50 (4); 150 (5); 250 (6), and 350 kGy (7)

The peaks at 2914 and 2846 cm™ represent the
antisymmetric and symmetric stretching of C-H bond in
—CH,-CH,-chain; 1462 cm™ band represent bending
vibration of C-H bond deformation in the plane;
730 cm™ represents inner rocking vibration of —CH,- in
the crystalline part and 720 cm™ as inner rocking
vibration of —CH,- in the amorphous part of HDPE [19].
The main observed transmission bands and their
assignments are listed in Table 1.

and 350 kGy (5)
Table 1
Main vibrations of initial and gamma irradiated HDPE films
Wave | Initial Dose, kGy .
numbe Functlona! group,
v. em 0 50 100 | 150 | 200 | 250 | 300 350 types of vibration
2914 | 2914 | 2914 | 2914 | 2914 | 2914 | 2914 | 2914 | 2914 v (-CH,) stretching
2846 | 2846 | 2846 | 2846 | 2846 | 2846 | 2846 | 2846 | 2846 vs (-CHp) stretching
— — 1715 | 1715 | 1715 | 1720 | 1725 | 1730 | 1735 v (-C=0-) stretching (carbonyl)
— — 1650 | 1650 | 1650 | 1650 | 1650 | 1650 | 1650 v —C=C-) stretching (polyene)
1462 | 1462 | 1462 | 1462 | 1462 | 1462 | 1462 | 1462 | 1462 | O (CHz) deformation in the plane
(amorphous phase)
730 | 730 | 730 | 730 | 730 | 730 | 730 | 730 | 730 | ®(CHz)Innerrocking of (-CH;)
crystal phase
8 (CH,) Inner rocking of (-CH,)
720 720 | 720 | 720 | 720 | 720 | 720 | 720 | 720 amorphous phase
Figs. 1 and 2 also show the transmission spectra of  transmission spectra in the frequency ranges

semiconductor filler GaAs<Te>. As observed, these
spectra are characterized by the presence of phonon
vibrations in the frequency range of v = 600...400 cm™,
with maxima at 523, 453, and 410 cm™ The stability of
the intensities of these bands served as one of the main
criteria for obtaining homogeneous composite films
with same thickness (d = 100 um) [17, 18].

It should be noted that in the gamma-irradiated
samples of HDPE polymer and its composite
(HDPE/GaAs<Te>) films, new bands appear in the
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v =1700...1750 and 1670...1580 cm™ (see Figs. 1 and
2). As follows from the figures, carbonyl groups (C=0)
are formed in the range v=1700...1750 cm™. Similar
results have also been reported in other studies [15, 16],
where the v = 1720 cm™ band was mainly attributed to
ketone groups. As the absorbed radiation dose increases
from 50 to 350 kGy, the maximum of the carbonyl band
shifts by 15 cm™ toward higher frequencies
(v=1735cm™), and its half-width (vy,) broadens by
~30cm™. This indicates the formation of various
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carbonyl-containing degradation products (carboxylic
acids, aldehydes, and ketones) resulting from
rearrangement and reconstruction of macromolecular
radicals [11, 20].

The transmission bands in the frequency range of
v=1670...1580 cm™  correspond  to  stretching
vibrations of —C=C-bonds, mainly associated with the
formation of polyene groups. These bands exhibit a
maximum at v=1650 cm™® and a half-width vy, =
35...60 cm™ (see Figs. 1 and 2).

The formation of (-C=C-) and (C=0) groups under
influence of y-radiation in these composites is further
confirmed by the appearance of optical absorption
bands with maxima at wavelengths A = 280 and 220 nm,
respectively [5].

The transmission spectra of the (-C=C-) and (C=0)
group bands in the frequency range of v=
1700...1500 cm™ were obtained under special recording
conditions, enabling more accurate determination of
their spectral parameters — such as peak positions, half-
widths, and intensities (Fig. 3).

The optical densities of the (-C=C-) and (C=0)
group bands were calculated using the following
formula:

D= lg(i) , 1)

where D, I, and 1, are the optical density, the
transmission and the incident intensities, respectively.

Table 2 presents the peak frequencies of the
(-C=C-) and (C=0) group bands and their optical
densities for HDPE and HDPE/GaAs<Te> films. As can
be seen from the table, the maximum of the band
(-C=C-) groups remains nearly unchanged as the
absorbed dose increases from 50 to 350 kGy, while the
optical density values increase.
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Fig. 3. FTIR — spectra of (-C=C-) and (C=0) groups
of initial and gamma irradiated HDPE
polymer (1) and HDPE/GaAs<Te> (2) composite films
in the frequency range v = 1700...1500 cm™

Table 2

Values of maxima and optical densities of carbonyl and polyene bands of gamma irradiated
of HDPE polymer (1) and HDPE/GaAs<Te> (2) composite films

Dose, kGy
No. Sample Wave number, cm? 50 ‘ 100 ‘ 150 ‘ 200 ‘ 250 ‘ 300 ‘ 350
Optical density
1 HDPE 1715...1735 0.16 0.20 0.22 0.22 0.22 0.21 0.20
1650 0.08 0.125 0.13 0.13 0.13 0.12 0.116
1715...1735 0.05 0.080 | 0.084 | 0.085 | 0.085 | 0.084 | 0.086
2 | HDPE/GaAs<Te> 1650 0.024 | 0.041 | 0.042 | 0.042 | 0.042 | 0.042 | 0.043

In order to clarify the roles of crosslinking and chain
scission processes in structural modifications affecting
the radiation resistance of the investigated films, the
dose dependencies of the optical density of the
transmission band of (-C=C-) groups with a maximum
of v=1650 cm™ of HDPE polymer (curve 1) and
HDPE/GaAs<Te> (curve 2) composite films were
obtained (Fig. 4).
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Fig. 4. Dose dependences of the optical density of

band at v = 1650 cm™ of HDPE polymer
and HDPE/GaAs<Te> composite films

A comparative analysis of these dependencies
revealed the following features:

1. All two curves are characterized by the presence
of two regions: the first region at @, < 100...140 kGy

chain scission process; the second linear region at
100...140 <®, <300 kGy is due to the chain scission
process. The first region (®,<100...140kGy) is
dominated by the crosslinking process over chain
scission. The second region (100...140 < @, < 300 kGy)
shows a linear increase in optical density, which is
associated with the dominance of the chain scission
process.

2. It is shown that the optical densities of the
HDPE/GaAs<Te> composite films (1) are ~2 time
lower, respectively, compared to the value of the HDPE
polymer films. It is established that HDPE/GaAs<Te>
composite films are more radiation-resistant in the
absorbed dose range of ®,=50...350 kGy than HDPE
polymer films.

Comparative analysis of dose dependences of optical
densities show that HDPE/GaAs<Te> composite films
in the region of absorbed dose ®,=50...350 kGy
composite films are more radiation-resistant than HDPE
films. The positive effect of the GaAs<Te> filler on the
radiation resistance of the HDPE polymer matrix is also
confirmed by a decrease in the optical densities of the
carbonyl (C=0)-group band in the composite
HDPE/GaAs<Te> films by ~ 1.5 times (see Table 2).
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2.2. PHYSICAL STRUCTURAL MODIFICATION

As shown in Figs. 1 and 2, the FTIR transmission
spectra of the initiall HDPE polymer and
HDPE/GaAs<Te> composite films exhibit absorption
bands with maxima at 730 and 720 cm™. These bands
correspond to the rocking vibrations of CH, groups in
HDPE within the crystalline cell [19]. The absorption at
730 cm™ is characteristic of crystalline regions, while
the band at 720 cm™ represents contributions from both
crystalline and amorphous phases (see Table 1).

In the spectra of y-irradiated polymer and composite
films redistribution in the intensities of the 730 and
720cm™ bands is observed, indicating physical
structural changes in the irradiated samples. One of the
key parameters characterizing these structural changes
is the degree of crystallinity. The degree of crystallinity
of the samples was calculated based on the optical
densities using the following formula [19]:

— 1.4:(D730/D720) @)

1+0.4(D730/D720) '
where D;3 and D7, are optical density of 730 and
720 cm™ bands, respectively, in the FTIR spectra for
HDPE polymer and HDPE/GaAs<Te> composite films.

The relative degrees of crystallinity (K,/Kg) were
determined for both the initial and irradiated HDPE
polymer and HDPE/GaAs<Te> composite films.

The dose dependences of the relative degree of
crystallinity K,/K, in the absorbed dose range
®,=50...350kGy  for HDPE  polymer and
HDPE/GaAs<Te> composite films are shown in Fig. 5.
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Fig. 5. Dose dependences of the relative degree of
crystallinity K, /K, for HDPE polymer
and HDPE/GaAs<Te> composite films

As can be seen from the Fig. 4 the dose dependences
for both polymer and composite films consists of linear
and stationary regions. In the linear region, the rate of
change of K,/K, values for HDPE polymers is
~2.6times higher than for HDPE/GaAs<Te>
composites (curve 2). At values 100 < @, < 350 kGy and
150 <, <350 kGy the K,/K,=f(d,) curves reach
saturation,  respectively. Comparison of  dose
dependences indicates that HDPE/GaAs<Te> composite
film is more radiation-resistant than HDPE polymer.

The observed features are associated with the
formation of radiation defects in the HDPE matrix and a
change in the interaction at the interface. Due to
changes in the interfacial interaction, the

supramolecular structure (SMS) of the polymer changes
[19]. The active centers created in the HDPE matrix
after gamma irradiation interact with the surface of
gallium arsenide micro particles doped with tellurium
(GaAs<Te>), which leads to a change in the degree of
crystallinity and accordingly, the structure. A
comparative analysis of the dose dependencies of
crystallinity (representing physical structural
modification) and the optical density of the C=0
stretching band (representing chemical structural
modification) reveals the following:

1. The dose dependencies for both physical and
chemical structural modifications exhibit a similar
trend. In both cases, they are characterized by the
presence of two regions — linear and stationary.

2. A correlation was observed between physical and
chemical structural modifications of the polymer and its
composite, indicating a direct relationship between the
degree of crystallinity and the crosslinking process.

3. The investigated HDPE/GaAs<Te> composite
films were found to be more radiation-resistant than the
HDPE polymer films.

CONCLUSIONS

Physical and chemical structural modifications in
HDPE polymer and HDPE/GaAs<Te> composite films
induced by gamma irradiation in the absorbed dose
range @,=50...350 kGy at room temperature in air
were investigated by the method of Fourier-IR
spectroscopy. Dose dependencies of the degrees of
crystallinity (representing physical modification) and
the optical densities of the characteristic polyene
(-C=C-) and carbonyl (C=0) functional group bands
(representing chemical modification) were obtained and
their features were analyzed. It was shown that the dose
dependencies for both physical and chemical structural
modifications exhibit a similar trend. In both cases, they
are characterized by the presence of two regions — linear
and stationary. A correlation between radiation-induced
physical and chemical structural modifications of the
polymer and its composite films has been identified,
indicating a relationship between the degree of
crystallinity and the crosslinking process. Comparative
analysis confirms that in the ®,=50...350 kGy
absorbed dose range HDPE/GaAs<Te> composite films
are more radiation-resistant than HDPE polymer films.
This effect is attributed to alterations in the
supramolecular structure of the films and differences in
the interfacial interactions between the polymer matrix
and the fillers. In the case of the composite films, these
interactions result in a more stable matrix structure,
thereby enhancing their radiation resistance.
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CTPYKTYPHI MOJAU®IKAII IMMOJIMEPY IIEBI TA KOMIIO3UTHHUX ILIIBOK
MEBII/GaAs<Te>, AIKI IHITYKOBAHI TAMMA-OINPOMIHEHHSIM

H.H. I'aoxcicea, I'.b. Axmeooea, P.A. Mammaooe

[IpencraBneHO pe3yabTaTH MOCTIHKEHHS (I3MYHUX Ta XIMIYHHX CTPYKTYpPHUX MoAu(Dikamiid, BHKIMKaAHHX
raMma-ornpoMiHeHHsM y noniMepHux mriBkax [TEBII Ta kommo3utHux miiBkax [TEBIT/GaAs<Te> y niama3oni

nornuaenux 03 ¢, = 50...350 x['p. Ilokazano, 1m0 raMMa-onpoOMiHEHHs BUKIHKA€E 3MiHU CTYNEHS KPUCTAlTiYHOCTI
Ta yrBopeHHst noiieHoBux (—C=C-) ta xapooniapaux (C=0) rpyn y noixiMepHUx Ta KOMIIO3UTHHX IUTiBKax. J1030Bi
3aJIKHOCTI 1 IMX MoAM(iKalii JeMOHCTPYIOTh IOMIOHY TEHJCHIIIO, IO BKa3ye Ha MPSIMUI 3BSI30K MiX
CTYIEHEM KPUCTaIIYHOCTI Ta MMPOIEeCOM 3IIMBaHHs. [IOpiBHIBHMI aHANI3 MiATBEPIXKYE, 0 KOMIIO3UTHI IUTIBKH €

OUTBIN paiamifHO CTIHKMMH, HiXK TIOJIMEPHI TUTiBKH.
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