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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 nanocom-
posites with multi-walled carbon nanotubes (MWCNTs) have been studied. It is shown that
those parameters are nonmonotonic with the increasing nanotube concentration. The orienta-
tional 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.
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1. Introduction

The structure and geometry of carbon nanotubes
(CNTs) lead to a number of their unique mechani-
cal, sorptional, heat-conducting, and transport prop-
erties [1-5], which allows them to be considered
among the most perfect fillers for polymer nanocom-
posites. The application of CNTs in polymer matri-
ces makes it possible to reach ultra-low values of
the electrical conductivity percolation threshold [6—
8] and to substantially improve the mechanical prop-
erties of the matrices [9]. This improvement takes
place because of the interaction between the poly-
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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 var-
ious chain conformations and correspond to different
structures [14,15]. The aim of this work was to deter-
mine both the specific features in the intramolecular
structure of low-density polyethylene nanocomposites
with multi-walled carbon nanotubes and the mecha-
nisms responsible for the concentration dependences
of the dynamic mechanical properties.

2. Experimental Technique

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 nan-
otubes 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 par-
ticles used to fill the reactor. The temperature in the
reactor was 1,000-1,300 K. The nanotubes were pu-
rified from impurities by etching them in the solution
NH,F : HF : H,O : HCI. The diameter of carbon nan-
otubes was D = 100 nm, and the length | = 1.2 pm.

Polyethylene composites with multi-walled carbon
nanotubes (MWOCNTSs) were fabricated using the
hot-pressing method. The CNT and LDPE compo-
nents 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) wa-
ter 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 ob-
tained 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 ma-
trix was 0-0.030 vol. frac. The volume concentration
of nanotubes in the polymer matrix, ¢, was calcu-
lated according to the formula:

Crd,

- “'7p 1
Cfdp+cpdf7 ()

Pt
where Ct is the filler mass fraction, C;, the polymer
mass fraction, dr the filler density, and d;, 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' = pVi?, (2)

where p is the specimen density, and V] the veloc-
ity of quasilongitudinal ultrasonic elastic waves. The
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dynamic shear modulus was determined according to
the formula

G = p‘/t%a (3)

where Vi, is the velocity of quasitransverse ultra-
sonic elastic waves. The error of velocity measure-
ments 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 ex-
cited by an Ar—Kr ion laser line with the wavelength
Ar = 488 nm. To excite the photoluminescence (PL)
spectra, the lines of a continuous He—Cd laser with
the wavelength A;, = 325 nm and an Ar—Kr ion laser
with the wavelength A;, = 488 nm were used. The
spectral resolution of the device was 0.015 cm~!. The
Raman and PL spectra were resolved into compo-
nents 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 modu-
lus E’ is non-monotonic with the increasing nanotube
concentration (Fig. 1, a). As the MWCNT content
becomes higher, the orientational structure of macro-
molecules 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 main-
tained 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 struc-
ture of macromolecules in the polymer layers between
neighbor nanotubes plays an important role in main-
taining the enhanced value of G’ in a wide concen-
tration interval. Since the appearance of a polymer
layer with a specific structure is a result of the in-
teraction between the phases, its presence should be
accompanied by a reconstruction of vibrational and
photoluminescent spectra [16-18].

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2



Mechanisms of Structural Transformations in Polyethylene Nanocomposites

In Fig. 2, the Raman spectrum obtained for LDPE
at the excitation wavelength Aexe = 488 nm is
shown. One can see that, in a frequency interval of
1000-3000 cm™!, 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 fre-
quencies of those bands are indicated in Fig. 3.

The 1065-cm~! band corresponds to asymmetric
stretching vibrations of the C—C bond in the molec-
ular backbone in the trans-chains with the symme-
try type Bag + Bsg [vas (C-C)|. The low-intensity
band at 1082 cm™! corresponds to the stretching vi-
brations of the C—C bond in the amorphous phase
[vas (C—C)], and the band at 1131 cm~! is associ-
ated with the symmetric stretching vibrations in the
trans-chains with the symmetry type Ay + Big [vs
(C—C)]. The next intensive band at 1298 cm ™ corre-
sponds to torsional vibrations in the crystalline phase
with the symmetry type By + B3y [v: (C-C)]. The
next three bands at 1421, 1441, and 1462 cm ™!, unlike
the previous bands associated with stretching vibra-
tions or torsional vibrations of the C—C bond in the
macromolecular backbone, are connected with bend-
ing (deformation) vibrations and vibrations of CHy
groups.

In particular, the band at 1421 cm~! is associated
with deformation vibrations 6(CHsy) and pendulum
vibrations w(CHz) in the crystalline phase charac-
terized by an orthorhombic structure with the sym-
metry type Ay. The band at 1441 cm ™! corresponds
to deformation vibrations §(CHs) in the amorphous
phase of polyethylene trans-chains with the symme-
try type Ay + Bi1g. Symmetric stretching vibrations
vs(CHz) result in the appearance of a band at about
2854 cm~! with the symmetry type A, + By, and
asymmetric stretching vibrations v,s(CHs) in the ap-
pearance of a band at 2885 cm™!. The other bands
are classified as a manifestation of the Fermi reso-
nance between fundamental vibrations (2725 cm™!)
and are related to the second-order spectral bands (at
2902 and 2917 cm™1!) or to symmetric and asymmet-
ric vibrations of methyl groups (CHyz), i.e. vs(CHs)
and v,s(CH3), respectively [19-21].

The doping of polyethylene with nanotubes to
0.001 vol. frac. resulted in the band shift. For in-
stance, the band at 1065 cm ™! shifted to 1064 cm ™,
and the band at 1082 cm ™! to 1086 cm™!. 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 £’ and 0.7 MHz
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Fig. 3. Raman spectra of LDPE in the spectral intervals of 10001150 (a), 12801330 (b), 1400-1500 (c), and 27003000 cm~! (d)
and their resolution into components. Aexc = 488 nm and 7' = 298 K

of vibrational mode 6(CHz) also shifted to lower fre-
quencies: from 1462 to 1455 cm~'. Analogously, the
band at 2885 cm ™! shifted to 2886 cm™! (see Fig. 4).

A similar scenario of the intensity redistribution in
the Raman spectrum is observed at a nanotube con-
centration of 0.005 vol. frac. A substantial reconstruc-
tion in the Raman spectrum for the LDPE-MWCNT
nanocomposite occurs at a nanotube concentration
of 0.03 vol. frac. In particular, there appear an in-
tensive band at 860 cm ™! and less intensive bands at
130 and 104 cm ™!, which correspond to the pendulum
vibrations of the methylene group CHs. In addition,
there emerge low-intensity bands in the interval of
1500-1600 cm ™!, 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 de-
gree and the formation of a macrochain trans-confor-
mation. An increase of the MWCNT concentration,
on the contrary, leads to the structure amorphiza-
tion 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 macromolecu-
les, 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
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interval. The absorption, fluorescence, and phospho-
rescence 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 struc-
tures, 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 elec-
trons in the polymer matrix.
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Figure 5 demonstrates the fluorescence spectrum
of LDPE at its excitation at the wavelength Aex. =
= 325 nm. It is evident that the PL spectrum of
LDPE in the initial state consists of several compo-
nents, which are associated with the recombination
of broken C-C bonds (at 389 nm), oxides with car-
bonyl C=0 groups (at 472 nm), and polyenes of dif-
ferent lengths (at 548, 598, and 667 nm) belonging to
the types -CHy—~CH=CHy-CHy—-CH- and -CH=CH-
CH=CHz;, [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 correspond-
ing peak shifts are insignificant. At higher concen-
trations (at about 0.005 vol. frac. and, especially, at
0.03 vol. frac.), the PL spectrum becomes consid-
erably shifted toward the short-wavelength region,
which testifies to a reduction of the polyene chain
length. Furthermore, the PL intensity becomes sub-
stantially 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 Aex. = 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 ad-
sorbed polymer layers. Hence, the mechanical and
chemical influences of nanotubes lead to the recon-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2



Mechanisms of Structural Transformations in Polyethylene Nanocomposites

struction of the polymer matrix structure, which can
strongly affect the contact layer between the nan-
otubes 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 nanocompos-
ites testifies to the orientational structuring of macro-
molecules 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 macro-
molecules that are immobilized on the nanotube sur-
face at low filler contents. Besides structural changes,
a reconstruction of defects associated with the emer-
gence of carbonyl groups C=0 and polyenes with var-
ious lengths also takes place. With the growth of the
nanotube concentration, the polyene structures trans-
form toward the reduction of their size. As a result,
the energy states become reconstructed, and the pho-
toluminescence spectra change.

1. A.V. Eletskii. Carbon nanotubes. Usp. Fiz. Nauk 167, 945
(1997) (in Russian).

2. A.V. Eletskii. Carbon nanotubes and their emission prop-
erties. Usp. Fiz. Nauk 172, 401 (2002) (in Russian).

3. A.V. Eletskii. Sorption properties of carbon nanostruc-
tures. Usp. Fiz. Nauk 174, 1191 (2004) (in Russian).

4. A.V. Eletskii. Transport properties of carbon nanotubes.
Usp. Fiz. Nauk 179, 225 (2009) (in Russian).

5. A.V. Eletskii. Carbon nanotube-based electron field emit-
ters. Usp. Fiz. Nauk 180, 897 (2010) (in Russian).

6. M.O. Lisunova et al. Percolation behaviour of ultrahigh
molecular weight polyethylene/multi-walled carbon nan-
otubes composites. Eur. Polym. J. 43, 949 (2007).

7. Ye.P. Mamunya, V.V. Levchenko, Ye.V. Lebedev. Thermo-
mechanical and electrical properties of segregated polymer
nanocomposites based on polyvinyl chloride and carbon
nanotubes. Polimer. Zh. 30, 324 (2008) (in Ukrainian).

8. A.V. Eletskii, A.A. Knizhnik, B.V. Potapkin, J.M. Kenny.
Electrical characteristics of carbon-nanotube doped com-
posites. Usp. Fiz. Nauk 185, 225 (2015) (in Russian).

9. A.V. Eletskii. Mechanical properties of carbon nanostruc-
tures and related materials. Usp. Fiz. Nauk 177, 223

(2007) (in Russian).

10. Ya.l. Estrin, E.R. Badamshina, A.A. Grischuk et al. Prop-
erties of nanocomposites based on crosslinked elastomeric
polyurethane and ultra-small additives of single-walled car-
bon nanotubes. Vysokomol. Soed. A 54, 568 (2008) (in
Russian).

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2

11. A.L. Svistkov, L.A. Komar, G. Heinrich et al. Modeling of
the formation process of oriented polymer layers near filler
particles in polymer nanocomposites. Vysokomol. Soed. A
50, 903 (2008) (in Russian).

12. B.A. Komarov, E.A. Dzhavadyan, V.I. Irzhak et al.
Epoxyamine composites with ultra-low concentrations of
single-walled carbon nanotubes. Vysokomol. Soed. A 53,
897 (2011) (in Russian).

13. S. A. Gordeyev, G. Yu. Nikolaeva, K.A. Prokhorov. The
Raman study of the structure of oriented polyethylenes.
Laser Phys. 6, 121 (1996).

14. K.A. Prokhorov, G.Yu. S.A. Gordeyev,
P.P. Pashinin, Raman scattering in oriented polyethylene:
The C-H stretching region. Laser Phys. 11, 86 (2001).

15. T. McNally, P. Potschke, P. Halley et al. Polyethylene mul-
tiwalled carbon nanotube composites. Polymer 46, 8222
(2005).

16. O.S. Nychyporenko, O.P. Dmytrenko, M.P. Kulish,
T.M. Pinchuk-Rugal’, Yu.Ye. Grabowskiy, M.A. Zabolot-
niy, V.A. Strel’chuk, A.S. Nikolenko, Yu.l. Sementsov,
Ye.P. Mamunya. Radiation technologies of polymer com-
posites properties modification. In Nanotechnology in the
Security Systems. Edited by J. Bonca,
(Springer, 2013), p. 69.

17. O.S. Nychyporenko, O.P. Dmytrenko, M.P. Kulish et
al. Radiation-induced structure transformation and vibra-
tional spectra of polyethylene. Nucl. Phys. At. Energy 16,
367 (2015).

18. O.S. Nychyporenko, O.P. Dmytrenko, M.P. Kylish et al.
Radiation-stimulated alteration of electrical conductivity
of polyethylene nanocomposites with carbon nanotubes.
Vopr. At. Nauki Tekhn. 102, 99 (2016) (in Ukrainian).

19. T. Kida, T. Oku, Y. Hiejima et al. Deformation mecha-
nism of high-density polyethylene probed by in situ Raman
spectroscopy. Polymer 58. 88 (2015).

20. T. Kida, Y. Hiejima, K-H Nitta. Rheo-optical Raman
study of microscopic deformation in high-density polyethy-
lene under hot drawing. Polymer Test. 44, 30 (2015).

21. T. Kida, Y. Hiejima, K-H. Nitta. Raman spectroscopic
study of high-density polyethylene during tensile deforma-
tion. Int. J. Exper. Spectrosc. Techn. 1, 001 (2016).

22. N. Garcia, M. Koyos, G. Teyssedre et al. The grafting of
luminescent side groups onto poly(vinyl chloride) and the
identification of local structural features, Polym. Degrad.
Stabil. 92, 2300 (2007).

23. S. Giuffrida, G.G. Condorelli, L.L. Costanzo. In situ syn-
thesis of photoluminescent films of PVC, doped with Ce3+
ion. J. Photochem. Photobiol. A 195, 215 (2008).

24. 7. Osawa, H. Kuroda. Differences in polyene formation
between polyethylene and polypropylene during photo-
irradiation. Polym. Photochem. 7, 231 (1986).

25. S. Balbanov, K. Velitchkova, K. Krezhov. Photolumines-
cence of carbon-implanted ultra-high molecular weight po-
lyethylene composite and its modification by gamma irra-
diation. Vacuum 69, 107 (2003).

Nikolaeva,

S. Kruchinin

157



L.A. Bulavin, M.A. Alieksandrov, A.I. Misiura et al.

26. H.M. Zidan, A. Tawansi, M. Abu-Elnader. Miscibility, op-
tical and dielectric properties of UV-irradiated poly(vi-
nylacetate) /poly (methylmethacrylate) blends. Physica B
339, 78 (2003).

27. H.M. Zidan. Filling level effect on the physical properties of
MgBr2- and MgCla-filled poly(vinyl acetate) films. J. Poly-
mer Sci. 41, 112 (2003).

28. H.M. Zidan, M. Abu-Elnader. Structural and optical prop-
erties of pure PMMA and metal chloride-doped PMMA
films. Physica B 335, 308 (2005).

29. H.M. Zidan, A. El-Khodary, I.A. El-Sayed, H.I. El-Bohy.
Optical parameters and absorption studies of UV-irra-
diated azo dye-doped PMMA films, J. Appl. Polymer Sci.
117, 1416 (2010).

30. M.A. Alieksandrov, T.M. Pinchuk-Rugal, O.P. Dmytrenko,
M.P. Kulish, V.V. Shlapatska, V.M. Tkach. Radiation-
stimulated formation of polyene structures in polyethylene
nanocomposites with multi-walled carbon nanotubes. In
Nanocomposites, Nanostructures, and Their Applications.
NANO 2018. Edited by O. Fesenko, L. Yatsenko (Springer,

2019), p. 323.
Received 13.02.20.

Translated from Ukrainian by O.I. Voitenko

158

JI.A. Byaasin, M.A. Anexcandpos, A.l. Miciopa,

T.M. ITinwyx-Pyzanv, A.Il. Onawxo, FO.€E. 'paboscorud,
O.11. Amumpenxo, M.II. Kyaiw, O.JI. Ilasaenxo, T.0. Bycko,
LII. ITynoux, A.IL Jlecrox, B.B. Cmpeavuyx

MEXAHI3MU ITEPETBOPEHb
CTPYKTYPI1 B HAHOKOMITIO3UTAX
INOJIETUJIEHY 3 BATATOCTIHHUMI
BYTVIEHEBUIMI HAHOTPYBKAMUI

Hocnimzkeno quaaMivgai MOIyJIi IPY2KHOCTI, 3CyBY B HAHOKOM-
[TO3UTaX MOJIIETUIEHy HU3bKOI I'yCTHHHM 3 6araTOCTIHHUMU BY-
rirenesumu Hanotpybkamu (IIEHI-BBHT). ITokasaso, mo mo-
BeJliHKa JUHaMivHOTO Moy npy»HocTi IOura E' Ta Momynsa
3cyBy G’ nipu 36iTbIIEHHI KOHIIEHTpAallil HAHOTPYOOK Ma€ HeMOo-
HOTOHHUIT xapakTep. 3i 36libmennasiM BMicry BBHT Bakiusy
poJIb Bizirpae opieHTaliiiHa CTPYKTYPOBaHICTh MaKPOMOJIEKYT,
azcopboBaHnX Ha HAHOTPyOKax. lle cynpoBozKyeThCs IEpedy-
JIOBOIO KOJIUBHUX CIIEKTPIB Ta €JIEKTPOHHOI CTPYKTYPH i, IK Ha-
CJIiTOK, MOXKe BIIMBATH Ha IMOKPAIIEHHS (Pi3UKO-MEXaHITHIX
Ta TPAHCIOPTHHUX BJIACTUBOCTE BKa3aHUX HAHOKOMIIO3UTIB.
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