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Abstract
This study investigates radiation-functionalised low-density polyethylene (LDPE) nanocomposites
containing multi-walled carbon nanotubes (MWCNTs) at absorbed doses ranging from 0.1 to 4.72 MGy.
The thermophysical and mechanical properties, as well as the Raman spectra, of these composites were
studied. An increase in the absorbed dose of electron irradiation, from 0.05 to 4.72 MGy, resulted in
complex transformations of the intramolecular structure, due to the mechanochemical effect of
macrochain destruction and cross-linking in crystalline and amorphous regions. Quantum chemical
calculations were performed to optimise the geometry, infrared absorption spectra, combinational
scattering, charge distribution, molecular orbital shapes, and localisation of energy levels within the
electron forbidden zone. The electron transition configurations for the PE chain (C9H20) were also
optimised. It was established that the C9H20 molecule is linear with a trans conformation. Single bonds
between carbon and hydrogen atoms form σ-type molecular orbitals. The frequencies of the calculated
vibrational spectra best agree in the range of deformation vibrations.

1. Introduction
The carbon-chain polyethylene (PE) is widely used in a variety of technological industries. Various fillers,
particularly carbon nanotubes (CNTs), are used to enhance the physical and mechanical properties of
this polymer. This enables the properties of polyethylene to be varied over a wide range [1]. Due to the
high electrical conductivity and mechanical properties of CNTs, significant electrical conductivity and
improved mechanical characteristics can be achieved in PE composites [2]. The modification of the
physical and mechanical properties of polymer composites depends significantly on the concentration
of carbon nanotubes, their distribution in the polymer matrix and the manufacturing and processing
methods. The interaction between the polymer component of the composite and the filler particles is
equally important.

The interaction between the components of a polymer composite determines its electrical [3, 4],
dielectric [5, 6] and mechanical properties. Many scientific studies in this field aim to investigate the
interaction processes between the polymer matrix and the filler, the methods of influencing and
improving this interaction, and the processes occurring at the interface, i.e. the contact boundary
between the polymer and the filler particle. Another factor that can significantly affect the properties of
both the polymer matrix and the composite is radiation functionalisation, which promotes the formation
of free radicals and the cross-linking of polyethylene (PE).

A developed defect structure forms in polymers and their composites during synthesis and processing,
or because of radiation damage. These defects can take various forms, including damage to the
intramolecular structure and its supramolecular organisation. Among other defects, polyene defects are
stable in carbon-chain polymers due to the action of ionising radiation. These defects can affect the
physicochemical properties of polymers and their composites, including the modification of vibrational
spectra [7–11].
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This study aims to establish how interphase interaction influences the physical-mechanical,
thermomechanical and oscillatory properties of radiation-functionalised polyethylene-MWCNT polymer
composites.

2. Materials and methods

2.1. Sample preparation
A series of polyethylene samples and nanocomposites based on low-density polyethylene (PE) powder
(type 168-03-070) were produced and filled with MWCNT. The nanotubes, which were produced by
NANOCYL (Sambreville, Belgium), had a diameter of d = 9.5 nm and a length of l = 1.3 µm, and were
selected as electrically conductive fillers. First, the PE powder was thoroughly mechanically mixed with
the corresponding concentration of MWCNTs (1.0 and 2.0 vol.%) by grinding in a porcelain mortar. This
resulted in the filler particles covering the surface of significantly larger polymer powder particles. Next,
the mixture of polymer and MWCNT powders was placed in a steel mould, heated to 170°C, hot-
compacted at 25 MPa, and cooled gradually to room temperature at a rate of 15°C/min. Using the hot
compaction method and two different moulds, samples in shape of discs with a diameter of 30 mm and
a thickness of ~ 1.5 mm and rectangular films with a thickness of ~ 250 µm were obtained.

2.2. Research methods
Thermomechanical studies were carried out on a Q400 EM thermomechanical analyser (TA Instruments,
USA) in penetration mode. The samples were studied in a temperature range from 20 to 250°C at a
heating rate of 10°C/min, under a constant load of 0.5 MPa.

The melting and crystallization behavior PE-MWCNT composites was studied using a differential
scanning calorimeter (TA Instruments DSC Q2000, USA). The experiment was performed from room
temperature up to 160 oC at a rate of 20 оC/min. After melting, the samples were held in the DSC
chamber for 1 min before being cooled to room temperature at a rate of 20 oC/min. Then the sample
was heated using the same method as the first cycle. From the second cycle of DSC studying, the
crystallization temperature (Tc) and the crystallization enthalpy (Hc) were determined in accordance with

the ISO 11357-3 standard.

The mechanical properties of pure polymer and composite films were studied using a uniaxial tensile
test on a tensile testing machine (Shimadzu AGS-10kNX, Japan). The tensile speed was kept constant at
10 mm/min throughout the experiment, in accordance with ISO 527-3.

Raman spectra were studied using a Horiba Jobin Yvon T64000 triple spectrometer with an Ar-Kr ion
laser with a wavelength of 514.5 nm. To excite the photoluminescence spectra, continuous He-Cd laser
lines with a wavelength of 325 nm were used with the T 64000 micro-Raman spectrometer. The
instrumental error of the device is 0.015 cm−¹.
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The radiation exposure of the composites was carried out using an ILU-6 linear electron accelerator. The
electron energy was Ee = 1.8 MeV. The selected absorbed doses were: 0.0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 2.0
and 4.72 MGy. The temperature of the samples during irradiation did not exceed 333 K.

Quantum chemical modelling of the PE chain was performed using the Gaussian 09 software package
and the density functional theory (DFT) method with the B3LYP hybrid functional and 6-31G(d) basis set.

3. Results and discussion

3.1 Thermophysical studys
The thermophysical parameters of polymers and their composites are quite sensitive to the type,
concentration of the filler and its structural organisation in the polymer matrix volume. It is particularly
important in the context of considering the influence of interphase interaction on the characteristics of
composites, since it determines the amount of filler that is in direct contact with the polymer [12].
Another important factor influencing the thermophysical parameters of a polymer material, including the
interaction between its phases, is radiation exposure, which for a polyethylene matrix can result in the
cross-linking of polymer chains or their destruction, depending on the absorbed dose [13].

The melting temperature of PE and its composites was determined based on the temperature
dependence of the heat flow obtained using the DSC method. The degree of crystallinity of the studied
samples was then calculated according to Eq. (1):

1

where ΔHm (J/g) is the melting enthalpy obtained from second heating DSC cycle of the sample, φ is the
mass fraction of the MWCNT, and the ΔH0m is the melting enthalpy of 100% crystalline PE (theoretical
value of 293 J/g) [14].

Figure 1 shows a diagram demonstrating the melting point temperature (Tm) for unfilled PE and
composites with a volume content of 1.0 vol.% MWCNT and 2.0 vol.% MWCNT depending on the
absorbed dose.

As shown in Fig. 1, adding filler to the polymer matrix and increasing its concentration leads to an
increase in the polymer material melting temperature (at 0 MGy): from 109.3°C for neat PE to 111.1°C for
a composite with 1.0 vol.% MWCNT, and up to 112.2°C for 2.0 vol.%. This increase in melting
temperature occurs because the filler particles restrict the thermal motion of the PE macromolecule
chains and therefore require more thermal energy to become disordered during melting.

Xc (%) = ⋅ 100
Δ Hm

Δ H o
m ⋅ (1 − ϕ )
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When neat PE is irradiated with a gradually increasing absorbed dose, a gradual decrease in the melting
point to 103.5°C is observed at an absorbed dose of 0.5 MGy. For PE-MWCNT composites, a sharp
decrease in Tm to 106.5°C and 107.1°C is observed at an absorbed dose of 0.1 MGy for 1.0 vol.% and 2.0
vol.% MWCNT, respectively. When the absorbed dose is increased to 0.3 MGy and 0.5 MGy, the Tm value
decreases by approximately 2°C.

Adding filler and irradiating the composites also affects the degree of crystallinity of the polymer
material (Xc%), as shown in Fig. 2.

According to Fig. 2, the degree of crystallinity of pure PE is 35.7%, and when it is filled with MWCNT, Xc

decreases slightly to 35.4% for 1.0 vol.% MWCNT and 35.0% for 2.0 vol.% MWCNT. Similar behaviour is
described in works [15, 16], where the degree of crystallinity of PE-based composites slightly decreases
with the introduction of nanotubes. In the present study, the method of manufacturing the samples by
hot compaction of a mechanical mixture of polymer and filler powders resulted in a specific
arrangement of the filler within the polymer matrix volume, known as a segregated distribution [17].
Unlike the random (statistical) distribution type, in the segregated distribution type, the filler particles are
localised in the area between large polymer particles rather than being distributed throughout the entire
polymer matrix volume. Consequently, the contact area between the composite phases (polymer and
filler) is significantly reduced, as is the influence of the filler surface on the crystal nucleation processes.
Additionally, adding filler to the polymer matrix, particularly in significant quantities, increases the melt
viscosity, which negatively affects the nucleation process. Together, these two factors lead to a slight
decrease in the degree of crystallinity when MWCNTs are added to the PE matrix. Irradiation of the
studied composites leads to a gradual decrease in the degree of crystallinity with an increase in the
absorbed dose. Thus, at an absorbed dose of 0.5 MGy, Xc(PE) = 31.5%, Xc(PE-1.0% MWCNT) = 31.2%,
Xc(PE-2.0% MWCNT) = 30.1%. This behaviour can usually be explained by the fact that irradiation,
especially at high absorbed doses, causes cross-linking of polymer chains and even their destruction,
which in turn negatively affects the value of Xc. Also, the crystalline regions formed during crystallisation
will be more defective, i.e. imperfect, which should lead to a decrease in their melting point, as shown in
Fig. 1.

The results of thermomechanical studies of PE and composites based on it filled with MWCNT are
shown in Fig. 3.

Figure 3. Temperature dependence of PE deformation and composites based on it. Curves: 1, 2, 3 -
absorbed dose − 0 MGy; 4, 5, 6 - absorbed dose – 0.1 MGy; 7, 8, 9 - absorbed dose – 0.3 MGy; 10, 11, 12 -
absorbed dose – 0.5 MGy. Curves 1, 4, 7, 10 - PE; 2, 5, 8, 11 - PE-1.0 vol.% MWCNT; 3, 6, 9, 12 - PE-2.0
vol.% MWCNT.

Figure 3 shows the results of the thermomechanical analysis of irradiated PE composites with various
absorbed doses. The TMA curves show the relative deformation values of the samples at a constant
load of 0.5 MPa as a function of temperature. The relative deformation (ε) was calculated as follows:
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3

where: L0 is the initial sample thickness and L is the current sample thickness.

In general, temperature-deformation curves show a slight increase in deformation in the positive
direction. This corresponds to the thermal expansion of the pure polymer and the composites based on
it. This is characteristic of both irradiated and unirradiated samples. Then, at T > Tm, a sharp increase in
deformation is observed, which corresponds to the sample being pushed through under the action of an
applied external load. This is followed by a region where the deformation remains almost unchanged. As
can be seen in Fig. 3 for unirradiated samples (curves 1, 2 and 3), under a constant load creating a
pressure of 0.5 MPa, the deformation of the samples reaches 100%. In contrast, for irradiated samples
(curves 4–12), the deformation is significantly smaller and the sample pushes through slightly under an
external pressure of 0.5 MPa, even at high temperatures. Based on the appearance of curves 4–12, it can
be concluded that radiation-stimulated irradiation leads to a highly elastic state in PE and the
disappearance of the transition to a highly fluid state [18].

As can be seen in Fig. 3, the sharp increase in sample deformation for unirradiated (0 MGy) and
irradiated samples is spread over a wide range of temperatures. For curves 1–3, this interval is 111–
119°C; for curves 4–12, it is 130–137°C. This behaviour of TMA dependencies could reflect PE chain
breaking under irradiation, followed by cross-linking and the formation of a spatial network. This network
increases the material's ability to resist external loads. Therefore, samples in which a spatial network of
cross-linked PE chains has formed require more energy, i.e. higher temperatures, to alter the
conformation of the macromolecular chains, thereby determining the deformation of the polymer
material.

To better demonstrate the thermomechanical behaviour of samples at high temperatures (T > Tm),

deformation values can be tracked at various temperatures, such as 150°C, 200°C and 250°C. Figure 4
shows one such cross-section, which illustrates the change in ε values from the absorbed dose. It
depicts the deformation of neat polymer and composites with the addition of 1.0 vol.% and 2.0 vol.%
MWCNT at different absorbed dose values and a temperature of 200°C.

A common characteristic of irradiated samples is that the deformation value decreases as the absorbed
dose increases. For all series of irradiated samples, the dependence remains that the polymer
composite with 2.0 vol.% MWCNT has the lowest ε value, while the unfilled polymer has the highest ε
value. This demonstrates the influence of nanotubes on the material's ability to resist an applied load.
Therefore, it can be concluded that the interaction between the composite's phases creates a reinforcing
effect in the polymer matrix, thereby interfering with the thermal motion of PE chains. This filler effect
can be attributed to the physical (adsorption) and chemical interaction between the two composite
components at the filler-polymer interface. Depending on the activity of the fillers, the viscosity of

ϵ = (L − L0) /L0 ⋅ 100%
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composites can increase as a result of adsorption interaction, even at low concentrations [19, 20]. When
a load is applied to a polymer material with higher viscosity, its deformation will be less intense.

The curves in Fig. 3 also illustrate the change in ε with increasing temperature. For neat polyethylene
(PE) and its composites with 1.0 and 2.0 vol.% MWCNT, irradiated with an absorbed dose of 0.1 MGy in
the region T > Tm, an increase in deformation is observed with increasing temperature. However, when
the absorbed dose increases to 0.3 MGy and 0.5 MGy, the trend reverses; at higher temperatures, the
deformation value is smaller. This is particularly evident in curves 10, 11 and 12 in Fig. 3, which
correspond to samples irradiated with an absorbed dose of 0.5 MGy. In the region T > Tm for these
curves, it can be said that thermal expansion of the samples is observed. Similar behaviour was
observed for analogous systems in works [18, 21], which can be explained by the formation of a spatial
network of cross-linked polymer chains, as discussed above.

3.2 Mechanical study
The next step was to investigate the mechanical characteristics of the composites, specifically their
stress-strain relationship at room temperature, using tensile deformation. The values of the elastic
modulus (E, MPa) and the percentage deformation at the point of sample rupture (ε, %) were determined
from the obtained set of stress-strain curves, and are shown in Fig. 5 and Fig. 6, respectively.

As can be seen from Fig. 5, an increase in the content of MWCNTs in the composite leads to a rise in the
material's modulus of elasticity. This effect is observed for both unirradiated samples (0 MGy) and for
each absorbed dose during irradiation. Therefore, the assumption that the phases of the polymer
composite interact and that the nanotubes have a reinforcing effect on the polymer matrix can be
confirmed.

The elastic modulus values of samples that have been irradiated increase significantly compared to
those of non-irradiated samples. This indicates the formation of a spatial network resulting from PE
chain cross-linking under the action of irradiation. An increase in the value of E is observed when
irradiated with an absorbed dose equivalent of 0.1 MGy or 0.3 MGy; a similar situation is described in
[22]. However, for samples with an absorbed dose of 0.5 MGy, the elastic modulus decreases, though
less than at 0.3 MGy and still greater than at 0.1 MGy. This can be explained by the fact that an absorbed
dose equivalent of 0.5 MGy causes destructive effects on the molecular chain structure and the spatial
network formed during cross-linking [23].

Figure 6 shows the deformation at break (ε, %) of PE and its composites at room temperature, as well as
the effect of the absorbed dose on this value under irradiation.

As shown in Fig. 6, the data demonstrate a decrease in material deformation at break with an increase in
the concentration of MWCNTs in the polyethylene matrix. This is because the filler acts as a stress
concentrator, impairing the ability of PE chains to undergo conformational changes during deformation.
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In other words, the nanotubes prevent some possible conformational transformations of the
macromolecular chains when subjected to external loads, resulting in faster sample destruction.

For irradiated samples with absorbed dose equivalents of 0.1 MGy and 0.3 MGy, a decrease in
deformation is observed as the absorbed dose increases. This indicates an increase in material fragility
due to chain cross-linking and a decrease in mobility. Conversely, for samples with an absorbed dose of
0.5 MGy, an increase in ε is observed, demonstrating the superiority of the destructive effect of
irradiation over its ability to form a spatial network of cross-linked chains. More precisely, at high doses
of irradiation, the formed spatial network degrades. This allows certain conformational transformations
of the chains to occur during deformation of the polymer composite material. This results in an increase
in deformation at break.

3.3 Raman spectroscopy
As shown by the authors [24], for pure LDPE at low and intermediate absorbed doses of high-energy
electron irradiation of 0.01–0.7 MGy, all vibrational modes characteristic of polyethylene [25, 26] are
observed, with a change in background behaviour in the range near the overtone at 2730 cm− 1. At the
highest absorbed doses (2.0-4.72 MGy), cross-linking and degradation processes lead to polyethylene
destruction [27].

Figure 7 shows the Raman spectra of polyethylene containing 1.0 vol.% MWCNT in an unirradiated state
and after receiving various doses of electron irradiation. This spectrum is clearly the result of the
superposition of two spectra: the Raman spectra of carbon nanotubes and polyethylene. The Raman
spectrum of the nanotubes exhibits noticeable bands at frequencies of 970, 1354, 1595 and 2709 cm−¹,
corresponding to radial breathing modes, defects in the nanotubes, the fundamental tangential
vibrational mode E2g and the overtone of vibrations localised at defects, respectively. In the frequency

range near 1064 and 1131 cm−¹, the bands belong to the valence vibrations of C–C stretching.

Additionally, twisting modes εt(CH₂) appear near 1295 cm−¹, bending modes δ(CH₂) appear near 1436

cm−¹, and valence stretching modes ν(CH₂) appear near 2853 and 2884 cm−¹. An intense band is also

observed at 3081 cm−¹, which is not typically present in Raman spectra of polyethylene and nanotubes
under normal conditions.

Electron irradiation with an absorbed dose of 0.05 MGy leads to the rearrangement of PE and nanotubes
(see Fig. 7(b)). Not only does the intensity of the νs(C–C) peak decrease, but the value of the νas(C–C)

band decreases too. The bands near 1067 and 1127 cm−¹ become almost equal in intensity to the band
near 1090 cm−¹, which is associated with macromolecules in a goose-foot conformation. At the same

time, the positions of the bands at 1295, 1440 and 1461 cm−¹, which are characteristic of the
orthorhombic phase of PE, are restored. Compared to the unirradiated sample, the G-band shifts
significantly from 1595 cm−¹ to 1585 cm−¹, which also indicates the formation of radiation defects in the
nanotubes. It is also notable that the band at 3077 cm−¹ is low in intensity.
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At a higher absorbed dose of 0.2 MGy, radiation cross-linking plays a major role than destruction. The
main difference in the Raman spectrum for this nanocomposite, compared to the sample irradiated with
an absorbed dose of 0.05 MGy, is the appearance of a fairly intense band at 3079 cm−¹. It is obvious that
this band is the result of the formation of unsaturated = C–H bonds under the action of irradiation. At
this absorption dose, the main mechanism of macrochain cross-linking is the recombination of free
radicals without the involvement and destruction of vinylene double bonds. Destruction plays a
secondary role compared to cross-linking, which contributes to a decrease in the slighty degree of
crystallinity.

As with a dose of 0.2 MGy, the Raman spectrum at the next absorbed dose of 0.7 MGy retains the main
features characteristic of this nanocomposite (Fig. 7(d)). A very intense band is visible near 3078 cm−¹.
Damage to the PE vibration bands persists. As with an absorbed dose of 0.7 MGy, the overall intensity of
the Raman spectrum continues to decrease with an increase in the absorbed dose of electron irradiation
to 2.0 MGy (Fig. 7(e)). Significant restructuring of the Raman spectrum occurs across all frequency
ranges. Despite the preservation of the PE vibrational modes, the intensity, position and width of the
bands change significantly. All valence vibration bands are preserved, with components at 2852, 2893
and 2930 cm−¹. The band corresponding to the double bond = C–H at 3080 cm−¹ becomes wide and
almost reaches the intensity of the valence vibration band. The D- and, in particular, the G- bands of
nanotubes become much more complicated. Within the range of tangential vibrations, an intense
component of the D′-band is present at 1604 cm−¹, alongside a less intense component at 1515 cm−¹.
Thus, in the amorphous phase, the structure undergoes a complex restructuring process, which, as in the
case of a sample irradiated with an absorbed dose of 0.7 MGy, involves the formation of a developed
spatial network of cross-linked macrochains, as well as a high content of polyene sequences. Due to the
creation of radiation damage and interlayer cross-links, irradiation significantly affects the structure of
nanotubes and, consequently, their effectiveness as a filler.

As can be seen in Fig. 7(f), which shows the Raman spectrum of a PE nanocomposite containing 1.0
vol.% MWCNT after electron irradiation with an absorbed dose of 4.72 MGy, processes like those
occurring in a nanocomposite irradiated with an absorbed dose of 2.0 MGy are taking place in the
specified sample. Clearly, the created effective spatial lattice suppresses crystallisation processes
within the amorphous phase. Conversely, intramolecular cross-linking in crystalline regions occurs at
high absorption doses and leads to the amorphisation of these regions. It is possible that, at this
absorption dose, the polyethylene structure is chemically destroyed. The presence of an intense band
corresponding to unsaturated bonds indicates the accumulation of further polyene sequences in
polyethylene. Thus, in a polyethylene nanocomposite containing 1.0 vol.% MWCNT, complex
transformations of its structure occur at the intramolecular and intermolecular levels as the absorbed
dose of electron irradiation increases from 0.05 to 4.72 MGy. This is due to a combination of mechanical
and chemical effects resulting from the destruction and cross-linking of macromolecules in crystalline
and amorphous regions, which are caused by ionising radiation. This is why interphase interaction plays
a decisive role in polymer composites.
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Figure 8 shows the Raman spectra of polyethylene containing 2.0 vol.% MWCNT in an unirradiated state
and at various absorbed doses of electron irradiation. Like the nanocomposite with 1.0 vol.% MWCNT,
the Raman spectra of the sample with 2.0 vol.% nanotubes appear similar in all states considered. They
are characterised by a combination of Raman spectra from PE and the nanotubes. Scattering in the
valence vibration range (ν(C–C), δ(CH₂)) is significantly lower than the scattering intensity in the D- and
G-bands of the nanotubes. At the same time, the intensity of the valence vibration bands (ν(CH₂))
remains significant. In addition to the lines in the Raman spectrum of the unirradiated nanocomposite
and the sample containing 1.0 vol.% MWCNT, an additional ν(= CH) band appears at 3081 cm−¹.
However, this disappears with an absorption dose of 0.05 MGy. Compared to the nanocomposite with
1.0 vol.% MWCNT, the mechanical and chemical damage to polyethylene caused by 2.0 vol.% nanotubes
are more significant. This is evidenced by the absence of bands belonging to C–C valence vibrations at
1064 and 1131 cm−¹ and bending deformation vibrations at 1463 cm−¹ in the Raman spectrum.
Significant shifts are also observed in the valence vibration bands, with the ν(CH₂) band shifting from
2848 to 2855 cm−¹ and the ν(CH₂) band shifting from 2882 to 2893 cm−¹. Unlike the sample with 1.0
vol.% MWCNT, the intensity of the νs(CH₂) band at 2855 cm−¹ exceeds that of the νas(CH₂) band at 2893

cm−¹.

These destruction mechanisms are primarily found in amorphous areas. In the Raman spectra, RDM
bands are observed near 980 cm⁻¹ and D* near 2706 cm−¹. The latter are quite intense due to the
effective transfer of stresses from PE to nanotubes, indicating significant interaction between PE
macromolecules and nanotubes. Electron irradiation of PE nanocomposites containing 2.0 vol.% of
nanotubes and an absorbed dose of 0.05 MGy results in a significant rearrangement of the Raman
spectra across different frequency ranges. Damage to the intramolecular and supramolecular structure
continues. This is partly a consequence of ongoing destruction and partly due to the formation of a
spatial network through ion-molecular and radiation cross-linking of unsaturated bonds. In the Raman
spectrum of the nanocomposite with 2.0 vol.% nanotubes, the intensity of the ν(= CH) band at 3079 cm−¹
is low for the sample with 1.0 vol.% MWCNT. Interaction between the nanotubes and the PE
macromolecules leads to broadening of the D- and G-bands and a significant increase in the intensity of
the D*-band, which is sensitive to such interaction. This interaction may result from radiation cross-
linking occurring not only between macromolecules, but also between them and the nanotubes. The
degradation of macromolecules and the breakdown of the crystal structure occur via mechanisms like
those in a nanocomposite containing 1.0 vol.% MWCNT.

An increase in the absorbed dose to 0.2 MGy continues to facilitate radiation cross-linking processes. At
an absorbed dose of 0.2 MGy, the behaviour of the Raman spectrum resembles that at an absorbed dose
of 0.05 MGy. A low-intensity broad band (ν(= CH)) appears in the Raman spectrum at around 3081 cm−¹.

The bands corresponding to PE vibrations are strongly suppressed. The intensity of the νs(CH₂) band at

around 2854 cm−¹ increases sharply compared to the intensity of the νas(CH₂) band at around 2883

cm−¹. The latter band broadens due to the presence of Fermi resonance components with
Page 11/29



macromolecules at 2897 and 2929 cm−¹. The intense D* overtone band near 2702 cm−¹ is preserved. As
the absorbed dose increases to 0.7 MGy, the Raman spectrum decreases sharply in the frequency
ranges where the PE and MWCNT vibration bands are observed. Alongside the suppression of the
intensity of all bands, there is significant broadening of the ν(CH2) bands and a substantial shift in the

position of the asymmetric valent vibrational mode band of the νas(CH₂) band to 2870 cm−¹.

The intensity of the ν(= CH) band at 3078 cm−¹ exceeds that of the valence vibration bands of the ν(CH₂)
group. The G band shifts significantly to 1583 cm−¹, while the intensity of the D′ component near 1618

cm−¹ increases sharply. The intensity of the D* overtone band approaches that of the ν(CH₂) bands.
These changes to the Raman spectrum indicate that radiation cross-linking continues to promote
intermolecular ordering. An absorbed dose of 2.0 MGy results in a significant rearrangement of the
Raman spectra for both polyethylene and nanotubes. This indicates radical changes in the structure of
the amorphous part, consisting not only of the formation of a spatial cross-linked network, but also of
polyene sequence formation. The specified mechanisms of radiation-stimulated restructuring of
polyethylene filled with nanotubes are manifested by the merging of the valence vibration ν(CH₂) and
Fermi resonance bands, and a significant increase in the width and intensity of the ν(= CH) band of
unsaturated C = C bonds.

At an absorbed dose of 4.72 MGy, radiation-stimulated structural rearrangement is accompanied by
intramolecular cross-linking in crystallites, as well as the potential chemical breakdown of
macromolecules (see Fig. 8(f)).

As can be seen, the νas(CH₂) band at 2893 cm-¹ continues to shift towards higher frequencies. The

integral intensity of the combined valence vibration band decreases. The intensity of the ν(= CH) band is
significantly higher than that of the ν(CH₂) band. Therefore, despite the higher concentration of
nanotubes in the nanocomposite containing 2.0 vol.% of MWCNTs, the mechanisms of radiation-
stimulated rearrangement of the intramolecular and supramolecular structures are like those in the PE
nanocomposite containing 1.0 vol.% of nanotubes.

3.4. Quantum chemical study
Quantum chemical optimisation of the polyethylene molecular chain containing nine links was also
performed to study its molecular structure and electronic states. Figure 9 shows the optimised geometry
and charge distribution of the C9H20 polyethylene molecule.

The molecule is linear with a trans conformation. The optimised bond lengths along the chain are all
identical, measuring 1.534 Å. The only exception is the C-C bond lengths of the terminal –CH₃ group,
which are slightly shorter at 1.532 Å.

The uniform length and saturation of hydrocarbon bonds ensure an even distribution of charges on
atoms (Fig. 9b). Consequently, the charges on the carbon atoms are identical, amounting to -0.25 e.u.
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and 0.126 e.u. for the hydrogen atoms (excluding terminal groups). Due to the uniform distribution of
charges along the polyethylene chain, the dipole moment is zero.

Figure 10 shows the distribution of electron energy levels and molecular orbital shapes for polyethylene.
The strong nature of the σ-type molecular orbitals formed by single bonds between carbon and hydrogen
atoms ensures their relatively high energies.

The vertical blue lines in Fig. 10 represent the wavelengths of electronic transitions, along with their
respective oscillator strengths. Values for the most intense transitions are provided in Table 1.

Table 1
Wavelength and oscillator strengths of the

most intense transitions in the optical
spectrum of a nine-membered polyethylene

molecule.
Wavelength (nm) Oscillator strengths

116.26 0.1509

109.81 0.2301

107.21 0.4469

105.17, 0.4889

102.92 0.2275

101.4 0.2943

While the calculated and experimental spectra are qualitatively similar, the position of the absorption
maximum differs significantly: 108.6 nm in the calculated spectrum and approximately 200 nm in the
experimental spectrum. This is because the calculation was performed for a single polyethylene
molecule; interaction with other molecules was not considered. Additionally, the polymer chain length
used in the calculations (9 links) is significantly shorter than that of the polymer in the experimental
samples.

3.5. Infrared and Raman spectroscopy modelling
Figure 11. Calculated IR absorption spectrum of the polyethylene molecule C9H20 (scale factor 0.9614).

The calculated infrared (IR) absorption spectrum contains bands of low frequency (714–872 cm−¹ – CH₂
deformation rocking vibrations), mid-frequency (1078–1470 cm−¹ – CH₂ twisting and bending
deformation vibrations, respectively) and high-frequency (2900–2990 cm−¹ – valence antisymmetric
vibrations of methyl CH₃ groups).

Table 2 shows a comparison of the calculated and experimental frequencies of the IR spectrum for the
LDPE molecule.
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Table 2
Frequencies of calculated νcalc and experimental νexp IR
vibrational modes and types of vibrations for the C9H20

molecule, corresponding to one monomeric link of
LDPE.

νcalc, cm− 1 νexp, cm− 1 [24] Type of oscillations

714 720 δr СН2

872 880 δт СН3

1301 1303 δт СН2

1470 1460 δв СН2

2909 2926 νas(CH3)

2959 2959 νas(CH3)

2988 ~ 2970–3030 νas(CH3)

As can be seen, the calculated modes of vibration of the IR spectrum are in good agreement with the
experimental data obtained by the authors in [24], with only minor frequency shifts.

Figure 12 shows the calculated Raman spectrum of the polyethylene molecule C9H20, the monomeric
structure of which is shown in Fig. 9.

Intense bands appear in the frequency ranges 860–1460 cm−¹ and 2500–3000 cm−¹.

Table 3 shows a comparison of the calculated and experimental frequencies of the LDPE molecule.

Page 14/29



Table 3
Frequencies of calculated νcalc and experimental νexp oscillatory modes
and types of oscillations for the C9H20 molecule, corresponding to one

monomeric chain of LDPE.

νcalc, cm− 1 νexp, cm− 1 [24] Type of oscillations

1032 1063 νas(C–C)(B2g)

1118 1130 νs(C–C)(Ag+B1g)

1290 1295 τ(СН2)( twisting СН2, B2g + B3g)

1459 1416 + 1440 ≈ 1460 δ(СН2)( bending, B1g)

- ~ 2848 νs(CH2) (Ag+B1g)

2890 2882 νas(CH2)(Ag+B1g)

As can be seen, the calculated frequencies of the different vibrational modes agree with the
experimental results obtained by the authors in [24], to varying degrees. The best agreement is observed
in the deformation vibration range of 1060–1460 cm−¹. Conversely, for high-frequency vibrational modes,
there is less agreement between the calculated and experimental values of this molecule's frequencies.

5.Conclusions
The thermophysical, spectroscopic and mechanical properties of polyethylene (PE) and composites
filled with multi-walled carbon nanotubes (MWCNTs) based on it are complex and depend on the
absorbed dose. Irradiation of PE-based polymer composites has two effects: cross-linking forms a
spatial network of polymer chains, and the material degrades at high doses of irradiation. Introducing a
filler and cross-linking macromolecular chains significantly affects the conformational transformations
of macromolecules, reflected in changes to the polymer material's properties.

1. An increase in the absorbed dose during irradiation leads to a decrease in the material's melting
point and degree of crystallinity, due to the formation of a defective structure.

2. Thermomechanical studies have revealed a notable decrease in the deformation of irradiated PE-
MWCNT composites. For a series of samples with an absorbed dose of 0.5 MGy, thermal expansion
was observed at temperatures above 180°C in the region of highly elastic deformation.
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3. The mechanical properties of PE-MWCNT composites, specifically the modulus of elasticity and
deformation at break, exhibit non-monotonic behaviour. The elastic modulus increases with an
increase in the absorbed dose during irradiation up to 0.3 MGy; however, for 0.5 MGy, it begins to
decrease. Meanwhile, the deformation at break exhibits the opposite behaviour, which is associated
with the degradation of the spatial network of cross-linked PE chains.

4. The calculated and experimental Raman spectra correlate best in the 1060–1460 cm-¹ frequency
range of deformation vibrations.

5. The presence of an intense band of Raman spectra for PE corresponding to double bonds = C–H at
about 3081 cm-¹ at different doses of electron irradiation absorption indicates the formation of π-
conjugated polyene sequences. For PE nanocomposites with 1.0 and 2.0 vol.% MWCNT, the
mechanisms of radiation-stimulated transformations of the intramolecular and supramolecular
structure remain similar. They include: mechanochemical and radiation destruction of the crystalline
phase, radiation cross-linking of macromolecules with the formation of π-conjugated polyene
sequences of various lengths, and radiation damage to carbon nanotubes.

6. There is qualitative agreement between the bands of the main vibrations in the calculated IR and
Raman spectra, with slight frequency shifts.
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Figures

Figure 1

Melting temperature of PE and its composites at different absorbed radiation doses.
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Figure 2

Degree of crystallinity of PE and its composites at different absorbed radiation doses.
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Figure 3

Temperature dependence of PE deformation and composites based on it. Curves: 1, 2, 3 - absorbed dose
- 0 MGy; 4, 5, 6 - absorbed dose – 0.1 MGy; 7, 8, 9 - absorbed dose – 0.3 MGy; 10, 11, 12 - absorbed dose
– 0.5 MGy. Curves 1, 4, 7, 10 - PE; 2, 5, 8, 11 - PE-1.0 vol.% MWCNT; 3, 6, 9, 12 - PE-2.0 vol.% MWCNT.
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Figure 4

Deformation of PE and PE-MWCNT composites at a temperature of 200 °C at different absorbed doses
of irradiation.

Page 22/29



Figure 5

Modulus of elasticity of unfilled PE and its composites with 1.0 vol.% and 2.0 vol.% of MWCNT irradiated
with different absorbed doses.
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Figure 6

Deformation at break of PE and PE-MWCNT composites at different absorbed doses under irradiation.
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Figure 7

Raman spectra of polyethylene nanocomposites filled with 1.0 vol.% MWCNT in an unirradiated state (a)
and after electron irradiation with absorbed doses of 0.05 (b), 0.2 (c), 0.7 (d), 2.0 (e) and 4.72 MGy (f). 
(λex=514.5 nm, T=293 K, Ee=1.8 MeV).
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Figure 8

Raman spectra of polyethylene nanocomposites filled with 2.0 vol.% MWCNT in an unirradiated state (a)
and after electron irradiation with absorbed doses of 0.05 (b), 0.2 (c), 0.7 (d), 2.0 (e) and 4.72 MGy (f)
(λex=514.5 nm, T=293 K, Ee=1.8 MeV).
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Figure 9

Optimised geometry (a) and charge distribution (b) of the C9H20 polyethylene molecule.
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Figure 10

Distribution of electronic levels and molecular orbital shapes within the energy gap region, and the
calculated absorption spectrum of the PE link.

Figure 11

Calculated IR absorption spectrum of the polyethylene molecule C9H20 (scale factor 0.9614).
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Figure 12

Calculated Raman spectrum of the C9H20 molecule (scale factor 0.9614).
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