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MECHANISMS OF STRUCTURAL
TRANSFORMATIONS IN POLYETHYLENE
NANOCOMPOSITES WITH MULTI-WALLED
CARBON NANOTUBES
The dynamic elastic Young, 𝐸 ′ , and shear, 𝐺′ , moduli in low-density polyethylene nanocomposites with multi-walled carbon nanotubes (MWCNTs) have been studied. It is shown that
those parameters are nonmonotonic with the increasing nanotube concentration. The orientational structure of macromolecules adsorbed on nanotubes begins to play an important role, as
the MWCNT content grows. Its modification gives rise to changes in the vibrational spectra
and the electronic structure of composites and, as a result, may improve their mechanical and
transport properties.
K e y w o r d s: nanocomposites, dynamic elastic modulus, dynamic shear modulus, physical
and mechanical properties.

1. Introduction
The structure and geometry of carbon nanotubes
(CNTs) lead to a number of their unique mechanical, sorptional, heat-conducting, and transport properties [1–5], which allows them to be considered
among the most perfect fillers for polymer nanocomposites. The application of CNTs in polymer matrices makes it possible to reach ultra-low values of
the electrical conductivity percolation threshold [6–
8] and to substantially improve the mechanical properties of the matrices [9]. This improvement takes
place because of the interaction between the poly-

mer macrochains and nanotubes, which results in the
formation of immobilized layers on CNTs [10–12].
At the same time, the indicated layers containing
oriented macromolecules can be characterized by various chain conformations and correspond to different
structures [14, 15]. The aim of this work was to determine both the specific features in the intramolecular
structure of low-density polyethylene nanocomposites
with multi-walled carbon nanotubes and the mechanisms responsible for the concentration dependences
of the dynamic mechanical properties.
2. Experimental Technique
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In this work, low-density polyethylene (LDPE,
Ukraine) with a molecular weight of 80,000 and a
melting point of 108–110 ∘ C was used. Car bon nanotubes were synthesized by the low-temperature cat-
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alytic conversion of carbon monoxide in the presence
of hydrogen. Iron oxides were used as catalysts. The
role of catalyst was played by a fine powder of Fe particles used to fill the reactor. The temperature in the
reactor was 1,000–1,300 K. The nanotubes were purified from impurities by etching them in the solution
NH4 F : HF : H2 O : HCl. The diameter of carbon nanotubes was 𝐷 = 100 nm, and the length 𝑙 = 1.2 𝜇m.
Polyethylene composites with multi-walled carbon
nanotubes (MWCNTs) were fabricated using the
hot-pressing method. The CNT and LDPE components were weighed on a balance with an accuracy
of 0.0001 g. Afterward, they were mixed for 5 min in
an ultrasonic bath in glasses with warm (60 ∘ C) water and a small amount of alcohol. Then those glasses
were left on a table for several days until the alcohol
completely evaporated. The dried mixture was mixed
again, but manually, in order to detach it from the
glass wall, so that it could be poured into a press
mold. After pouring the mixture into the mold, it was
heated to a temperature of 125–130 ∘ C, which was
measured using a thermocouple arranged in a special
hole in the mold. Then the mold was placed into a
press, subjected to a load of 100 bar (10 MPa), and
finally cooled down using a fan. The load and the air
flow were kept constant during the process of mold
cooling to room temperature (for 30 min). The obtained LDPE-MWCNT composites had the form of
disks 30 mm in diameter and 1.5 mm in thickness.
The concentration of nanotubes in the polymer matrix was 0–0.030 vol. frac. The volume concentration
of nanotubes in the polymer matrix, 𝜙f , was calculated according to the formula:
𝜙f =

𝐶 f 𝑑p
,
𝐶f 𝑑p + 𝐶p 𝑑f

(1)

where 𝐶f is the filler mass fraction, 𝐶p the polymer
mass fraction, 𝑑f the filler density, and 𝑑p the polymer
density.
The mechanical properties of LDPE-MWCNT
nanocomposites were studied with the help of a
computerized ultrasonic velocity meter KERN-4
(Ukraine). The dynamic elastic Young modulus was
determined using the formula
𝐸 ′ = 𝜌𝑉l2 ,

(2)

where 𝜌 is the specimen density, and 𝑉l the velocity of quasilongitudinal ultrasonic elastic waves. The
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dynamic shear modulus was determined according to
the formula
𝐺′ = 𝜌𝑉tr2 ,

(3)

where 𝑉tr is the velocity of quasitransverse ultrasonic elastic waves. The error of velocity measurements was 1%.
The Raman spectra were measured in the refection
geometry and at room temperature on a Horiba Jobin
Yvon T64000 triple spectrometer (Japan) equipped
with a cooled CCD detector. The spectra were excited by an Ar–Kr ion laser line with the wavelength
𝜆𝐿 = 488 nm. To excite the photoluminescence (PL)
spectra, the lines of a continuous He–Cd laser with
the wavelength 𝜆𝐿 = 325 nm and an Ar–Kr ion laser
with the wavelength 𝜆𝐿 = 488 nm were used. The
spectral resolution of the device was 0.015 cm−1 . The
Raman and PL spectra were resolved into components with the help of the PeakFit v4.11 software
(the Gauss+Lor contour, the number of iterations
𝑟 = 0.998).
3. Results and Their Discussion
The concentration dependences of the dynamic elastic
Young modulus 𝐸 ′ and the dynamic shear modulus
𝐺′ are shown in Fig. 1.
The behavior of the dynamic elastic Young modulus 𝐸 ′ is non-monotonic with the increasing nanotube
concentration (Fig. 1, 𝑎). As the MWCNT content
becomes higher, the orientational structure of macromolecules adsorbed on the nanotubes begins to play
an important role. The role of indicated structured
layers also increases at that. One can see that the
dynamic modulus 𝐸 ′ first increases drastically at low
concentrations. Afterward, the reached value is maintained with a tendency to a slight growth owing to the
formation of an oriented structure in the considered
layers [9, 10].
Such a behavior is not exactly reproduced for the
shear modulus 𝐺′ (Fig. 1, 𝑏). The orientational structure of macromolecules in the polymer layers between
neighbor nanotubes plays an important role in maintaining the enhanced value of 𝐺′ in a wide concentration interval. Since the appearance of a polymer
layer with a specific structure is a result of the interaction between the phases, its presence should be
accompanied by a reconstruction of vibrational and
photoluminescent spectra [16–18].
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In Fig. 2, the Raman spectrum obtained for LDPE
at the excitation wavelength 𝜆exc = 488 nm is
shown. One can see that, in a frequency interval of
1000–3000 cm−1 , the spectrum can be divided into
low- and high-frequency sections. The observed bands
correspond to the vibrational modes of C–C and C–
H bonds in trans-chains and macromolecules in the
crystalline and amorphous polymer phases. The frequencies of those bands are indicated in Fig. 3.
The 1065-cm−1 band corresponds to asymmetric
stretching vibrations of the C–C bond in the molecular backbone in the trans-chains with the symmetry type 𝐵2𝑔 + 𝐵3𝑔 [𝑣as (C–C)]. The low-intensity
band at 1082 cm−1 corresponds to the stretching vibrations of the C–C bond in the amorphous phase
[𝑣as (C–C)], and the band at 1131 cm−1 is associated with the symmetric stretching vibrations in the
trans-chains with the symmetry type 𝐴𝑔 + 𝐵1𝑔 [𝑣𝑠
(C–C)]. The next intensive band at 1298 cm−1 corresponds to torsional vibrations in the crystalline phase
with the symmetry type 𝐵2𝑔 + 𝐵3𝑔 [𝑣𝑡 (C–C)]. The
next three bands at 1421, 1441, and 1462 cm−1 , unlike
the previous bands associated with stretching vibrations or torsional vibrations of the C–C bond in the
macromolecular backbone, are connected with bending (deformation) vibrations and vibrations of CH2
groups.
In particular, the band at 1421 cm−1 is associated
with deformation vibrations 𝛿(CH2 ) and pendulum
vibrations 𝜔(CH2 ) in the crystalline phase characterized by an orthorhombic structure with the symmetry type 𝐴𝑔 . The band at 1441 cm−1 corresponds
to deformation vibrations 𝛿(CH2 ) in the amorphous
phase of polyethylene trans-chains with the symmetry type 𝐴𝑔 + 𝐵1𝑔 . Symmetric stretching vibrations
𝑣𝑠 (CH2 ) result in the appearance of a band at about
2854 cm−1 with the symmetry type 𝐴𝑔 + 𝐵1𝑔 , and
asymmetric stretching vibrations 𝑣as (CH2 ) in the appearance of a band at 2885 cm−1 . The other bands
are classified as a manifestation of the Fermi resonance between fundamental vibrations (2725 cm−1 )
and are related to the second-order spectral bands (at
2902 and 2917 cm−1 ) or to symmetric and asymmetric vibrations of methyl groups (CH2 ), i.e. 𝑣𝑠 (CH3 )
and 𝑣as (CH3 ), respectively [19–21].
The doping of polyethylene with nanotubes to
0.001 vol. frac. resulted in the band shift. For instance, the band at 1065 cm−1 shifted to 1064 cm−1 ,
and the band at 1082 cm−1 to 1086 cm−1 . The band
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Fig. 1. Concentration dependences of the dynamic elastic
Young 𝐸 ′ (𝑎) and shear 𝐺′ (𝑏) moduli for LDPE-MWCNT
nanocomposites. The frequency is 1 MHz for 𝐸 ′ and 0.7 MHz
for 𝐺′

Fig. 2. Raman spectrum of LDPE. 𝜆exc = 488 nm and 𝑇 =
= 298 K
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Fig. 3. Raman spectra of LDPE in the spectral intervals of 1000–1150 (𝑎), 1280–1330 (𝑏), 1400–1500 (𝑐), and 2700–3000 cm−1 (𝑑)
and their resolution into components. 𝜆exc = 488 nm and 𝑇 = 298 K

of vibrational mode 𝛿(CH2 ) also shifted to lower frequencies: from 1462 to 1455 cm−1 . Analogously, the
band at 2885 cm−1 shifted to 2886 cm−1 (see Fig. 4).
A similar scenario of the intensity redistribution in
the Raman spectrum is observed at a nanotube concentration of 0.005 vol. frac. A substantial reconstruction in the Raman spectrum for the LDPE-MWCNT
nanocomposite occurs at a nanotube concentration
of 0.03 vol. frac. In particular, there appear an intensive band at 860 cm−1 and less intensive bands at
130 and 104 cm−1 , which correspond to the pendulum
vibrations of the methylene group CH2 . In addition,
there emerge low-intensity bands in the interval of
1500–1600 cm−1 , which correspond to the presence
of MWCNTs.
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Hence, if the concentration of nanotubes is low,
they favor an enhancement of the crystallization degree and the formation of a macrochain trans-conformation. An increase of the MWCNT concentration,
on the contrary, leads to the structure amorphization and the simultaneous growth of the fraction of
oriented macromolecules in the trans-conformation.
Hence, we may assert that the formation of oriented
layers with the trans-conformation of macromolecules, which occurs at higher nanotube concentrations
as a result of interaction between the phases at the
filler surface, is the main mechanism responsible for
the growth of the dynamic elastic and shear moduli.
Polyethylene, like the overwhelming majority of
polymers, does not absorb light in the visible spectral
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2
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Fig. 4. Raman spectra of LDPE-MWCNT nanocomposite with a nanotube concentration of 0.001 vol. frac. in the spectral
intervals of 1000–1150 (𝑎), 1280–1330 (𝑏), 1400–1500 (𝑐), and 2700–3000 cm−1 (𝑑) and their resolution into components. 𝜆exc =
= 488 nm and 𝑇 = 298 K

interval. The absorption, fluorescence, and phosphorescence phenomena become possible only owing to
the appearance of defect electronic levels localized in
the energy gap. Such defects may include diene and
polyene structures [22–25]. They can arise as a result
of the interaction between the macromolecules and
the fillers, first of all in the considered immobilized
layers. The mechanochemical action of the filler leads
to a variation in the number of vinylene, vinyl, and
terminal double bonds. In addition, polyene structures, which are entities with delocalized electrons,
should facilitate the charge transfer in the polymer
matrix [26–29]. As a result, the formation of polyene
structures may improve the tunnel transitions of electrons in the polymer matrix.
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2

Fig. 5. PL spectrum of LDPE and its resolution into components. 𝜆exc = 325 nm and 𝑇 = 298 K
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Fig. 6.
PL spectra of LDPE-MWCNT nanocomposites
with nanotube concentrations of 0.001 (𝑎), 0.005 (𝑏), and
0.03 vol. frac. (𝑐) and their resolution into components
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Fig. 7. PL spectrum of LDPE-MWCNT nanocomposite with
a nanotube concentration of 0.03 vol. frac. 𝜆exc = 488 nm

Figure 5 demonstrates the fluorescence spectrum
of LDPE at its excitation at the wavelength 𝜆exc =
= 325 nm. It is evident that the PL spectrum of
LDPE in the initial state consists of several components, which are associated with the recombination
of broken C–C bonds (at 389 nm), oxides with carbonyl C=O groups (at 472 nm), and polyenes of different lengths (at 548, 598, and 667 nm) belonging to
the types –CH2 –CH=CH2 –CH2 –CH– and –CH=CH–
CH=CH2 [30]. After the doping of polyethylene with
nanotubes, the PL spectrum becomes substantially
reconstructed (Fig. 6).
The reconstruction begins already at a nanotube
concentration of 0.001 vol. frac., but the corresponding peak shifts are insignificant. At higher concentrations (at about 0.005 vol. frac. and, especially, at
0.03 vol. frac.), the PL spectrum becomes considerably shifted toward the short-wavelength region,
which testifies to a reduction of the polyene chain
length. Furthermore, the PL intensity becomes substantially lower, which may be a result of either its
quenching by nanotubes or a reduction in the polyene
concentration.
The reconstructions in the PL spectrum become
larger at the wavelength 𝜆exc = 488 nm (see Fig. 7).
At this excitation wavelength, the PL spectrum only
testifies to the presence of polyene structures with
various lengths. Therefore, it is evident that the fillers
substantially modify the defect structure of the adsorbed polymer layers. Hence, the mechanical and
chemical influences of nanotubes lead to the reconISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2
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struction of the polymer matrix structure, which can
strongly affect the contact layer between the nanotubes and, in such a way, modify the mechanical
and transport properties of nanocomposites.
4. Conclusions
The concentration behavior of the dynamic elastic
and shear moduli in LDPE-MWCNT nanocomposites testifies to the orientational structuring of macromolecules adsorbed on nanotubes. The change in the
nanotube concentration gives rise to modifications in
the Raman spectra associated with the changes in the
orientational structure and conformation of macromolecules that are immobilized on the nanotube surface at low filler contents. Besides structural changes,
a reconstruction of defects associated with the emergence of carbonyl groups C=O and polyenes with various lengths also takes place. With the growth of the
nanotube concentration, the polyene structures transform toward the reduction of their size. As a result,
the energy states become reconstructed, and the photoluminescence spectra change.
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МЕХАНIЗМИ ПЕРЕТВОРЕНЬ
СТРУКТУРИ В НАНОКОМПОЗИТАХ
ПОЛIЕТИЛЕНУ З БАГАТОСТIННИМИ
ВУГЛЕЦЕВИМИ НАНОТРУБКАМИ
Дослiджено динамiчнi модулi пружностi, зсуву в нанокомпозитах полiетилену низької густини з багатостiнними вуглецевими нанотрубками (ПЕНГ-БВНТ). Показано, що поведiнка динамiчного модуля пружностi Юнга 𝐸 ′ та модуля
зсуву 𝐺′ при збiльшеннi концентрацiї нанотрубок має немонотонний характер. Зi збiльшенням вмiсту БВНТ важливу
роль вiдiграє орiєнтацiйна структурованiсть макромолекул,
адсорбованих на нанотрубках. Це супроводжується перебудовою коливних спектрiв та електронної структури i, як наслiдок, може впливати на покращення фiзико-механiчних
та транспортних властивостей вказаних нанокомпозитiв.
К л ю ч о в i с л о в а: нанокомпозити, динамiчнi модулi пружностi, зсуву, фiзико-механiчнi властивостi.
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