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The purpose of this work was to investigate the interaction of graphene-like nanoclusters with fragments of
polymers of the same nature, but of a slightly different structure, for example, polyethylene (PE) and polypropylene
(PP), experimentally and using quantum chemistry methods. It is experimentally shown that the reinforcement of
PE and PP with carbon nanotubes (CNTs) by mixing in the melt, previously distributed from a stable aqueous
dispersion on the surface of the polymer powder, leads to a change in structural, mechanical and thermodynamic
characteristics.The degree of crystallinity changes, and the coherent scattering domain (CSD) size, the fracture
stress increases, the fracture deformation, thermodynamic characteristics change, and such changes in
characteristics for the PP-CNTs system prevail in comparison with the PE-CNTSs system.

The interaction energy of graphene-like fragments with PE and PP oligomers was calculated. It was established
that the energy of interaction of a graphene-like nanocluster with a PP oligomer is greater, compared to PE, which
is consistent with experimental data on the melting temperatures of pure polymers and polymer composites with
nanotubes. The polymer with the surface of the nanocarbon fragment forms an intermolecular complex that is not
covalently bound but is held by intermolecular dispersion forces.

Keywords: nanocomposite, carbon nanotube, polyethylene, polypropylene, density functional theory method,

dispersion forces of interaction.
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Introduction

Composite materials are the most adaptable and
advanced engineering materials of the modern world [1].
Currently, polymer nanocomposites are gaining more and
more attention among the scientific community due to
their different applications in everyday life and are
considered as an alternative to conventional composites.
Due to the presence of nanosized materials,
nanocomposites have a large interfacial area available for
stress transfer compared to conventional
microcomposites. Therefore, nanocomposites
demonstrate new and improved properties compared to
pure polymers or their traditional composites [2—4]. These
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include improved mechanical, thermal, barrier, fireproof
and electrical properties [2-5]. Physics-mechanical
characteristics (strength, creep, viscosity, etc.) are one of
the most important characteristics of a material that
determine its operational properties regardless of its
functional purpose. Due to the combination of mechanical,
thermal and electrophysical properties inherent in carbon
nanotubes (CNTs), there is a constant expansion of the
spectrum of not only their application, but also the
possibilities of using them for fundamental research. The
complex of physical properties of nanotubes makes them
ideal fillers for polymer composite materials [6—15].
Today, it is possible to significantly increase the thermal
conductivity of matrices and obtain conductive polymers
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with a low concentration of CNTs. Such materials are used
to create conductive elements, battery electrodes, sensors,
protective screens, antistatic and anticorrosive coatings,
etc. At the same time, the mechanical properties, namely:
the average modulus of elasticity of CNTs is more than
1.8 TPa (the measured value is 1.3 TPa) [16], the tensile
strength is 63 GPa [17], putting them in the same row as
the most promising reinforcing fillers when creating
composite materials with increased mechanical
characteristics. However, the propensity of CNTs to form
agglomerates under the action of van der Waals forces
(0.5 eV/nm) is a limiting factor in realizing the potential
of these materials [6, 9—15]. For the effective use of CNTs,
it is important to ensure high homogeneity of their
distribution in the polymer matrix, which is the subject of
the works of many researchers [6—10]. The potential of
polymers filled with CNTs is much higher because they
have higher mechanical characteristics than the unfilled
material.

The results of studying the properties of CNT-polymer
nanocomposites showed that the use of nanotubes to fill
polymer matrices of various types significantly changes
their physical properties compared to the original
polymers. However, the effect of CNTs on the properties
of the obtained nanocomposites at the molecular level has
not been definitively clarified. Since the interaction and
properties of polymers with nanotubes are successfully
studied by computer modeling methods [18-22].
Therefore, the purpose of this work was to consider the
regularities of the influence of carbon nanotubes on the
structural, electrical and mechanical characteristics of a
composite material based on polymers: polyethylene (PE),
polypropylene (PP) experimentally, and to investigate the
interaction of CNTs with small-sized oligomers of
polymers of different nature using the example of
polyethylene and polypropylene methods of quantum
chemistry.

I. Materials and Methods

Low-density PE and PP as matrixes and multi-walled
carbon nanotubes (CNTs) as fillers were chosen for
preparation of polymer nanocomposites samples for
testing. The multi-walled carbon nanotubes (Fig. 1) (TU
U 24.1-03291669-009:2009 (ISC NAS of Ukraine)) were
synthesized using chemical vapour deposition procedure
in a rotating reactor. Characteristics of the produced CNTs
were: average diameter — between 10 and 20 nm; specific
surface area (determined through Ar — adsorption) —
between 200 and 400 m?/g; bulk density — between 20 and
40 g/dm3[23].The CNTs synthesized by CVD-method are
obtained in the form of agglomerates.The CNTs were
deagglomerated in a device operating on the simultaneous
use of shear deformation and cavitation mixing, with a
power of 4-7 kW in an aqueous medium. Into the system,
10 liters of water were poured and 124 g of the initial
CNTs, i.e., about 100 g of purified CNTs, were added. The
treatment was carried out for 4 minutes. After that, the
CNTs were cleaned in the traditional way — with a solution
of hydrofluoric acid. After purification, the CNTs were
washed to pH 6—7. A mixture of PE or PP powders with an
aqueous suspension of CNTs was dried in a screw
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evaporator. Polypropylene or polyethylene composites
with CNTs were obtained in the form of granules by
mixing in a twin-screw extruder, from which samples were
also made in the form of films and volumetric cylinders.
The concentration of nanotubes was from 0,05 to 5.0 %wt.

X-ray studies were carried out on an automated X-ray
diffractometer DRON-3M with radiation Ac,=0,17902
nm. The average size of crystallites is calculated using the
Scherer formula [25]. Transmission electron microscopy
(TEM) (JEM-100 CXII) was used to determine the
structural characteristics of CNTs.Investigation of the
surface of the initial PE and the nanocomposite PE-CNTs
was provided with an atomic force microscope
NanoScope IIla (Veeco Corp.). The obtained data were
processed using software GWIDDION. Structural and
phase transformations as well as the processes connected
with the destruction of polymer composites in air were
investigated using differential thermal and gravimetric
analyses (DTA, DTG) derivatograph Q 1500 D.
Compression or tension tests of the polymeric materials
and their composites were performed using tensile
machine 2167 P-50 with automatic recording of the
deformation diagram on the PC. Measurements were
carried out at a load speed of 5 mm/min. The conductivity
measurements were carried out by a two-contact method at
low frequencies using an E7-14 imitansmeter at room
temperature [26].

Il. Objects and calculation methods

Using the GAMESS (US) program [27] within the
framework of the density functional theory (DFT) with the
B3LYP functional [28, 29] and the 6-31G(d,p) basis set,
the simulation of the intermolecular complexes of the
fragment of the outer surface of multilayer CNT with
oligomers was carried out. Oligomers contain one, two
and three elementary links, which will be called
monomers, dimers and trimers of polyethylene and
polypropylene. To take into account the dispersion effects
of binding [30, 31], which occur during the formation of
non-covalent intermolecular complexes, the Grimme D3
dispersion correction [32, 33] was taken into account in
the calculations of the intermolecular interaction
energy.The choice of the B3LYP-D3 D-DFT method can
be justified by the fact that it is not time-consuming,
compared to calculations using the B97D or wB97XD
functionals. In addition, according to [34], all three
methods give comparable results regarding geometric
parameters and binding energy for objects similar to
ours.To simplify the calculations, oligomers as elementary
units of PE (-CH,-CH;-), and PP (-CHCH3-CH3-),, where
n 1, 2, 3, were represented by the corresponding
saturated hydrocarbons, namely ethane, n-butane and n-
hexane (for PE) and propane, 2-methylpentane and 2,4-
methylheptane (for PP). As noted, when creating
nanocomposites based on PE and PP, multilayer CNTs
with an outer diameter of 10 to 20 nm were used. As
shown by the results of modeling the cross-section of a
nanotube with a diameter of 20 nm, it turned out that when
fragments of a small size, for example less than 1 nm
(trimers) of selected polymers, interact, the outer surface
of the nanotube looks almost without positive curvature of
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the cylinder. This allows considering the interaction of
small-sized oligomers of these polymers with the outer
surface of CNTs as intermolecular complexes of
oligomers of selected polymers with a graphene-like
plane.

Therefore, a graphene-like plane of 40 carbon atoms
was chosen as a model for the outer surface of the CNT,
as was done in [18]. In this case, the distance between the
most remote carbon atoms in this graphene-like cluster is
1.2 nm. Therefore, to equalize uncompensated valences
and to preserve sp2 -hybridization at carbon atoms, 16
atoms of hydrogen, one to each carbon atom were added
to peripheral atoms (see Fig.2(a)). In addition, in order to
take into account, the dimensional effect of the surface of
the nanotube fragment model on the interaction energy, in
addition to the above described, two larger models were
used, the general formula Cs4His and CosNo4 (Fig. 2(b) and
Fig. 2(c)).

Equilibrium spatial structures of reagent molecules
and reaction products were found by minimizing the
gradient norm to 0.0001 Hartree. The stationary power
minima of relative structures are proved by the absence of
negative eigenvalues of Hesse’ matrices (matrices of force
constants) [35].

I11. Results and discussion

Calculation results and their discussion

Examination of the interaction betweenpolyethylene
and polypropylene oligomers. 1t is known [36-38] that for
thermoplastic polymers, the intermolecular binding
energy between their structural units correlates with the
melting temperature of the corresponding matter. In the
study of intermolecular interactions of the fragments of

polymers with the outer surface of carbon nanotubes,
magnitudes of the energy of intermolecular interaction of
the fragment of polymers of different sizes for
polyethylene polymers (Fig. 3 a—c) and polypropylene
(Fig. 3 d—f) were estimated (Table 1).

Fig. 3 shows the most probable intermolecular
complexes, the total energies of which were minimal. In
addition, we have shown that, regardless of the size of the
fragment of polymers of polyethylene and polypropylene
(Table 2), the average distance between the carbon atoms
is about 0.390 nm, which indicates the absence of
chemical bonding between different oligomers [37].

The results of the analysis of calculations (see Table
1) demonstrate that the energies of interaction between
two identical monomers are —8.0kJ/mol and
—14.4 kJ/mol, respectively for PE and PP. With an increase
in the size of the oligomeric units to two (n = 2) for each
of the polymers, the energy of their interaction is also
almost twice as high, while the energy is —20.3 and
—25.9 kJ/mol, respectively. By further increasing the size
of studied oligomers (n=3), the energy of the
intermolecular interaction also increases: —32.9 kJ/mol for
PE and —40.6 kJ/mol for PP. In this case, for a linear chain
of polyethylene, an increase in the length of the fragments
that interact with each other results in a monotonic
decrease in the distance between the oligomers (0.390,
0.382, 0.378 nm). This is also consistent with the energy
of interaction per number of elemental links of the
polymer. In particular, for the complex consisting two
double-polymer units to find out this value, it is necessary
to divide —20.3 kJ/mol into two and we so obtain the value
of —10.2 kJ/mol, which is 2 kJ/mol less than the similar
value for a complex of double monomer parts of PE
(—8.0 kJ/mol). For the complex consisting of two trimers
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Fig.2. Models for the fragment of the outer surface of CNT by the general composition:
(a) CaoHie; (b) CsaHis; (c) CosHoa.
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(Fig.3(c)), this value is even larger and is divided into
three (—33.0/3 = —11.0 kJ/mol).

For PP, a similar trend of change in distance is not
observed. The energy of intermolecular interaction per one
elementary PP link also does not increase with an increase
in the number of elementary units: compared to the
complex consisting of PP monomers and having the
intermolecular interaction energy value of —14.4 kJ/mol.
For a link consisting of two elementary units, this value is
—25.9/2 = —13.0 kJ/mol and for the trimeric PP fragment
—40.6/3 = —13.5 klJ/mol, respectively. This can be
explained by the fact that PP has a more complex structure
(the presence of a methyl group in each elementary chain),
in comparison with PE. Thus, with an increase in the
number of elemental units in PP oligomer, the energy per
PP unit does not differ significantly; it equals not more 3
kJ/mol. Therefore, for the study of intermolecular
interaction between individual groups of polymeric units,
it is enough to use oligomers consisting of two or three
elementary units.

Consequently, based on the analysis of the calculation
results, it can be argued that, regardless of the size of the
fragments of these polymers, comparing the value of
intermolecular energy for the same number of elementary
units of these two polymers, the PP fragments are more
tightly bound than those of PE, which means that in order
to disconnect the PP links, which are connected by non-
covalent bonds, more energy is needed than for PE. The
calculation results obtained are consistent with
experimental data on the melting temperature of polymers,
since the melting temperature of PE is 120°C—140°C, and
for PP this value is higher (130°C to 170°C as dependent
on the polymer grade [39, 40]).

Interaction of fragments of a carbon nanotube with
polyethylene oligomers. In connection with the choice of
a graphene-like plane as a fragment of the outer surface of
CNT interacting with PE oligomers, it is crucially
important to confirm the reliability of the calculated
energy values of intermolecular interaction. Therefore,
intermolecular complexes with different amounts of
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Fig. 3. The most probable intermolecular complexes of polyethylene oligomers (a—c) and polypropylene (d—f).

Table 1.
Intermolecular binding energy values for pure polymers and nanocomposites (kJ/mol)
Number Pure polymers Nanocomposites
links in the Polyethylene Polypropylene
. Polyethyl Pol 1
oligomer olyethylene olypropy’ene CsoHio | CssHis | CosH2a | C40His | CsaHis | CosHza
1 —8.0 —14.4 -31.5 —30.0 —33.0 | 413 | —45.1 —46.3
2 —20.3 —26.0 —54.6 | —564 —-574 | 664 | —69.3 -71.0
3 -33.0 —40.6 —80.5 —80.6 —813 | -87.6 | —89.2 —92.1
Table 2.
Intermolecular distances values for pure polymers and nanocomposites (nm)
Number Pure polymers Nanocomposites
links in the Polyethylene Polypropylene
. Polyethyl Pol 1
oligomer olyethylene OWPTOPYIEN® " C 'His | CsiHis | CosHas | CaoHis| CssHis | CosHoe
1 0.390 0.386 0.329 0.346 0.329 | 0.344 | 0.344 0.339
2 0.382 0.380 0.345 0.343 0.342 | 0.339 | 0.340 0.343
3 0.378 0.418 0.342 0.339 0.341 0.344 | 0.349 0.342

828



The Systems Polyethylene and Polypropylene — CNTs Nanofillers: Quantum-chemical Modeling and Experimental ...

®
i e

0.329 nm

® )
o-&
CLA S

0.329 nm
SRSV

o s =2y
RS PO AR R
% Lo

)

Cc

Fig. 4. The structure of different length of polyethylene fragments in intermolecular complexes with graphene-like
clusters of different sizes, modeling a fragment of the outer surface of a carbon nanotube.

polymeric units (1, 2, 3) and graphene-shaped planes of
various sizes (CsoHis, CsaHis, and CosHa4) were modeled
(Fig. 4).

For complexes where the fragment of the outer
surface of CNT has the smallest graphene cluster C4oHjs,
the intermolecular distance between of the fragment of
polymers and the graphene-shaped plane increases
slightly from 0.329 to 0.345 nm with an increase in the
size of the fragment of polymers from monomer to dimer,
and for the trimer this value is slightly reduced to
0.342 nm. The energy of the intermolecular interaction of
the PE monomer with the graphene plane is —31.5 kJ/mol,
for dimer this value is —54.6 kJ/mol, and for the trimer
—80.4 kJ/mol (Table 1). For intermolecular complexes
with the graphene-like cluster Cs4His a tendency arises to
shortening intermolecular distance due to an increase in
the size of the PE fragments (0.346 nm for the monomer,
0.343 nm for the dimer, and 0.339 nm for the trimer).

The energy of the intermolecular interaction between
the PE monomer and the CssH;s cluster is —30.0 kJ/mol,
which is 1.5 kJ/mol less than the value for the complex
with the CgHjs cluster. For dimer, this value is
—56.4 kJ/mol, that is, the energy per polymeric link is
slightly smaller than the value for the monomer
(—28.2 kJ/mol). When using as a fragment of the outer
surface of CNT as a graphene-like cluster of CosHa4
composition, there is no similar tendency in shortening the
distance compared to the length of the oligomeric chain in
previous case with the Cs4Hs cluster. For PE monomer
complex the intermolecular distance is the smallest
(0.329 nm), and is similar to that in the complex monomer
of PE with C4Hjs, unlike that for the complex with dimer.
The energies of intermolecular interaction are —33.0,
—57.4 and —81.3 kJ/mol, correspondingly for monomer,
dimer and trimer (Table 1).

Comparing the distances between the carbon atoms
for the complexes between two identical oligomers
(Fig. 3) and the distance between the graphene planes and
the carbon atoms of PE fragments (Fig. 4), it is seen that,
regardless of the size of the graphene cluster, this distance
is approximately 0.05 nm smaller than similar value for
the complexes consisting of two fragments of PE.
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Interaction of a fragment of a carbonnanotube with
polypropylene oligomers. In the study of the interaction of
PP oligomers with fragments of the outer surface of CNT,
the same three graphene-like clusters were used, as for
oligomers ofPE with CNT. These intermolecular
complexes are depicted in Fig.5.

For complexes of PP monomer with graphene-like
clusters of different sizes the distance between the carbon
atoms of the monomer and the graphene-like plane almost
does not change, in contrast to the similar value for the
complex with PE, and make up 0.340 nm. This is probably
due to the larger size of themonomer of PP compared with
PE. The energy of the intermolecular interaction for the
monomer with the smallest carbon cluster (CsHie) is
—41.3 kJ/mol. Increasing the size of the cluster to Cs4Hs
results in an increase in the energy of the interaction,
which in this case has a value of —45.0 kJ/mol, and a
further increase in the size of the graphene-like plane to
CosHo4 increases to —46.3 kJ/mol (Table 1).

Considering the interaction of graphene-like clusters
of different sizes with a two-link PP oligomer, it can be
seen that increasing the size of the carbon cluster increases
the intermolecular distance from 0.339 nm for the C 4His
cluster to 0.340 nm for CssHjg and 0.343 nm for CosHoa.
This distance is almost the same as for a complex with a
monomer.

The energy of intermolecular interaction for a
complex with the smallest graphene-like cluster and dimer
is —66.4 kJ/mol, and for the dimer oligomer of PP with a
larger cluster (CssHig), the interaction energy is
—69.3 kJ/mol. The energy of the interaction of dimer with
a graphene-like cluster of maximum size CosHz4 has an
even greater absolute value of —=71.0 kJ/mol (Table 1).

With an increase in the size of the graphene-like
cluster up to CssHis for a complex with a trimer, the
binding energy of 1.6 kJ/mol is greater than that for trimer
and CsoHis (—89.2 kJ/mol), which is not consistent with
the fact of increasing the intermolecular distance in these
complexes (see Fig. 4(g) and Fig. 4(h)). Using the
maximum size of the CosHo4 cluster in the intermolecular
complex with the trimer slightly increases the energy of
the intermolecular interaction (—92.1 kJ/mol) compared
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Fig. 5. The structure of different length polypropylene fragments in intermolecular complexes with graphene-like
clusters of different sizes, which simulate a fragment of the outer surface of a carbon nanotube.

with those for smaller clusters (C4oHi6 and CssHjs).

The summary Table 1 shows the numerical values of
intermolecular binding energy between two identical
oligomers for PE and PP, as well as for their complexes
with graphene-like clusters of different sizes.Comparing
these data (Table 1), it can be seen that regardless of the
size of the graphene-like clusters, the intermolecular
interaction between the graphene-like cluster and
polyethylene and polypropylene fragments is greater than
for a pair of these fragments with each other. Thus, it can
be argued that the introduction of carbon nanotubes into
polyethylene or polypropylene should increase the
strength and melting point of the resulting nanocomposites
compared to pure polymers. Table 1 also shows that for
pure polymers and their nanocomposites (CNT-polymer),
the energy of intermolecular interaction is higher for
polypropylene than for polyethylene.

IV. Experiments Results and Discussion

Structural features of polymer nanocomposites

The Fig. 6 shows the data of X-ray diffraction, and in
table. 3the crystallinity degree (y)andsize of X-ray
coherent scattering blocks (D) of PE-CNTs, PP-CNTs,
systems from nanofillers concentrationdepending on the
CNTs concentration were calculated from the X-ray reflex
profile.

The adding of CNTs into the polymer matrix
demonstrates the structural-forming properties of CNTs.
This is observed from a non-monotonic change in the
degree of crystallinity depending and CDS size on the
concentration of CNTs (Table 3)and atomic force
microscopy images (Fig. 7).

These results are in good agreement with the data [12,
24, 41-43], where it was shown that the crystallization of
the polymer under shear deformation in the presence of
single, five, and multiwall CNTs leads to a change in the
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structure of the matrix. For the PE-CNTs system, the
distances between the crystal planes (110) and (200) are
smaller than the interplane distances in the PE control
sample (which is consistent with the data in Table 2), and
the polymer chains are oriented along the CNTs axis.The
same result (increase in the degree of crystallinity) is
observed for the PP-CNTs system, however, in a very
narrow range of CNTs concentration up to 0.05 % wt. from
70.0 to 71.8 % wt. Introduction of 0.1 % wt. CNTs reduces
the degree of crystallinity to 61 %, followed by an increase
in the concentration of CNTs to 5 % wt.

Electrical conductivity of filled polymers. The
addition of carbon nanotubes to PE and PP polymer
matrices causes electrical conductivity, the dependence of
which on the filler content is most often described by the
percolation theory [44, 45]. It considers the probability of
formation of clusters of particles in contact with each
other. The description of the critical electric current flow
in composite materials (CM) is given by means of the
percolation problem formulated for a continuous
medium.According to this problem, each point of space
with probability p=6rcorresponds to conductivity o=or
and with probability (/-p) — conductivity o=o;,. The
threshold in the percolation terms means the filler
concentration at which the phase transition of the second
kind of dielectric-conductor occurs. In this case, in the
composite system, the regions with high conductivity
occupy a minimum fraction of the space — &r. At small p,
all conductive elements are contained in the isolated
clusters of finite size. With increasing p, the average size
of clusters increases and at p=6F, a through conduction
channel, that is, a continuous grid of conducting clusters,
appears in the system for the first time. At high p values,
nonconducting regions may already be isolated from each
other.Based on percolation theory, the following
expressions are obtained to describe the dependence of
electrical conductivity on the filler concentration [44, 45]:
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Table 3.

The crystallinity degree (), size of X-ray coherent scattering blocks (D) of PE-CNTs, PP-CNTs, systems from
nanofillers concentration

System Concentration CNTs, % wit.
0 005 | 01 | 025 | 05 1 2.5 3 5
PE-CNTs, D, nm 21.92 - 19.28 | 20.5 | 21.04 | 21.46 | 20.12 - 21.35
PE-CNTs, Degree of crystallinity (y), % | 85.6 851 | 795 | 828 | 83.8 | 814 82.3
PP-CNTSs, D, nm 11.97 | 13.01 | 11.24 - 10.85 | 10.40 - 10.32 | 10.27
PP—CNTs, Degree of crystallinity (y), % | 709 | 71.8 | 60.9 - 63.5 | 63.8 - 64.0 | 68.0

Fig. 7. AFM images of the surfaces of the PE-CNTs composite: pure PE (a), PE-CNT 0.5% wt. (b),
and PE-CNT 5.0 % wt. (c).

o~0p(0 — 0g)t, 8 > 0, 1
o~0,(0F —0)1,0 < 65, @
where ¢, g — critical indices of percolation theory.

For three-dimensional model of a composite materials
with the spherical filler particles in the percolation theory,
the following values of the threshold and critical indices
are obtained: O= 17 % vol.,
t=1,6...1.9, g = 1. In practice, significant deviations from
the theoretically calculated values are possible. For
example, for the graphite-polystyrene system [46]
Or= 2% vol., t = 0.35; for the carbon black—polyvinyl
chloride system, the authors [47] obtained 6 = 11 % wt.,
the authors [48] —9...9.5 % wt. at £ = 1.9 + 0.2, and the
authors [49] for the PE-CNTs system obtained the value
0-=0.07 % wt. at t=2.1.

The dependence of the electrical conductivity on the
concentration of CNTs for the studied systems is shown in
Fig. 8. The jump in a conductivity in the transition to a
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composition with a concentration of 5 % wt. is almost
seven orders of magnitude for PE-CNTs (Fig. 8 a) and
nine orders for PP-CNTs (8, b). Of course, to create a
continuous conductive grid in the polymer matrix, the size
of the filler (the length of the CNTs agglomerates) and its
distribution in the matrix are of great importance.
Approximating the experimental curves (Fig. 8) and
given the linear dependence of the Igo~Ig(0— &),
percolation parameters for the both systems were
determined. The percolation threshold for the PE-CNTs
system was (0.45 + 0.02) % vol. In this case, the value of
electrical conductivity is =1.1-10° (Qm-cm)!, and the
critical index is #~1.8, corresponding to the three-
dimensional system. The calculation of critical indices for
the system PP-CNTs gives the following values:
- O 0.345 % wvol., t 1.83. Deterioration of the
homogeneity of the distribution of CNTs (curves 2, [
Fig. 8b) corresponds to an increase in the critical
concentration (percolation threshold) in the range of
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0.345 % vol., 0.92 % vol., 1.28 % vol. Therefore, the
value of the critical CNTs concentration can be used as a
parameter to determine the degree of the homogeneity of
filled polymer systems.

Analysis of the results on the electrical conductivity
of the obtained systems indicates a significant role of the
polymer particle size in the formation of the conductive
clusters. This is due to the CNTs distribution in the
polymer matrix provided that the polymer particles have a
much larger size than CNTs agglomerates [12]. Due to
mechanical mixing, the filler covers the surface of the
polymer particles, and during hot pressing this structure
changes little and the filler remains at the boundary of the
polymer particles. Therefore, a cluster conductive
structure with a concentration of CNTs above the average
and a system of cells with a lower concentration of CNTs
or their absence can be formed. In this case, the PE-CNTs
system has a sufficiently low percolation threshold and a
relatively low influence of the CNTs agglomerate size on
the percolation properties of the systems [12].

The  mechanical  characteristics  of  the
nanocomposites. The tests of tensile (Fig. 9 a) and
compression (Fig. 9 b) showed that the addition of CNTs
changes the mechanical characteristics of the considered
composite systems. The dependence of elongation relative
to tension stress (Fig. 9 a) for the PE-CNTs system can be
divided into four regions:the region with positive
curvature in the range up to 5% of deformation for

2.4

23,0

,6 1.2
0 (% vol.)

00 0

composites (it may be due to the presence of pores
(nanoscale), which work as elastic deformation elements
[50]),elastic, plastic regions and fracture of the samples.

Thus, the additionof nanotubes in the polymer matrix,
leads to a change in the limit of the tensile strength
(increase. Fig. 10), modulus of elasticity (120-213 MPa,
Fig. 11), the conditional yield strength (increase by ~50—
60 %) and to a significant expansion of the area of plastic
deformation of the material. It increases of the destruction
deformation from 8% to almost 40%), it means the
increases of the work of fracture or fracture energy (area
under the curve of deformation).

Note, that the dependences of strength characteristics
on the concentration of nanotubes are not monotonous
(Fig. 10-11 a, b). Theoretical analysis carried out in
various models, for example, [10, 11, 51-53], shows that
such a change in properties is due to the characteristics of
the different phases formed at the interface of the
nanofiller and bulk polymer. The molecular dynamics
modelling [10] demonstrates the formation of an ordered
polymer matrix layer around the CNTs. This layer, known
as the interfacial, plays a central role in the overall
mechanical response of the composite.

In the case of «poor» load transfer from the matrix to
the CNTs, the effect of reinforcementthe CNTs composite
is insignificant. Therefore, the presence of an interfacial
surface is considered, as the only reason for the
enhancement of the composite characteristics. If this
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Fig. 8. Dependence of electrical conductivity of PE-CNTs (a), PP-CNTs (b) systems on the concentration of CNTs
and linear dependence Igo ~ Ig(0—0F) (insert).
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Fig. 11. Dependencies of fracture stress by compression of PP-CNTs composites (a, ¢) and modulus of elasticity
(b, d) on CNTs concentration (a, b) and size of the X-ray coherent scattering blocks (c, d).

approach is correct, it is possible to determine
experimentally some structural parameter of the system
that would characterize the interfacial surface and show a
monotonic change in the strength characteristics of the
composite from such a parameter.

For polymeric materials, the parameter that reflects
the influence of CNTs on the structural hierarchy of the
matrix can be, for example, the size of the coherent X-ray
scattering blockor the degree of crystallinity [10, 11,53].
The average crystallite size is calculated by Scherer's
formula [25].

On Fig9 c, d is shown the dependences of the
conditional yield strength and elasticity modulus on the
value of the CSB for PE-CNTs systems.Fig.10 c, d is
shown the dependences of the compressive strength and
elastic modulus on the value of CDS for PP-CNTs
systems.For all the above the strength characteristics
dependencies on the size of the CDSare linear and are
divided into two regions. The boundary between which is

obviously the percolation threshold. For example, for a
PE-CNTs system, the CDSsize is D~21 nm, which
corresponds to a CNTs concentration of ~0.5% vol. and is
in good agreement with the percolation threshold
determined from the dependence of the conductivity on
the CNTs concentration [54]. Similar results are observed
for PP-CNTs.The proposed approach is valid in the field
of small CNTs concentration.

The resultsof DT analysis of the nanocomposites.
Fig. 12 a, b shows differential thermal analysis curves for
PP-CNTsand PE-CNTssystems, respectively.

From the dependences shown in Fig. 12 a, it follows
that a low concentration of CNTs (0.5% wt. %) leads to an
increase in the content of the crystalline phase, and a high
concentration (5% wt. %) leads to an increase in the
disordered component in the composition. At a virtually
constant melting point for all compositions, the oxidation
temperature of low- and high-molecular fragments for the
PP-0.5% wt. CNT composite increases and the process
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Fig. 12. DT analysis curves for: a - the PP-CNTs system with CNTs content, % wt.: 1 —0,2 - 0.5, 3 - 5.0;
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energy (area under the DTA curve) increases. For the PP-
5% wt. CNT system, the opposite process is observed. The
temperature of the final thermo-oxidative destruction of
carbonized polymer and CNT residues and the process
energy are higher the higher the CNT concentration.

Fig. 12 b shows that the temperature of the
endothermic melting peak of the polymer does not depend
linearly on the content of CNTs and may indicate both a
change in the crystallinity of PE and the thermal
conductivity of the composite as a whole. The second
exothermic peak, which characterizes the removal of low
molecular weight fractions from the polymer, shifts to the
low temperature region by almost 20°C when the content
of CNTs increases to 4%. That is, the introduction of a
significant amount of CNTs into the polymer can provoke
an increase in low molecular weight fragments in the
polymer. The temperature of the next peak of thermo-
oxidative degradation of the polymer increases with an
increase in the content of CNTs to 2% by almost 60°C, but
the total contribution to the energy of this process
decreases. With an increase in the content of CNTs to 4%,
the conversion temperature decreases and the energy
contribution increases. With a further increase in
temperature, endothermic peaks are observed at
approximately the same temperature for all compositions.
The DTA curves end with an exothermic peak, which
increases and bifurcates into a high-temperature region
with an increase in the content of CNTs, which
characterizes an increase in the temperature of destruction
of polymer and CNT residues.

Conclusions

The results of quantum chemical modeling have
shown that the addition of CNTs to PE and PP increases
the energy of intermolecular interaction of polymer-CNTs.
For the polymer-CNT complexes, the energy is higher by
18.9 kJ/mol for PE and by 22.5 kJ/mol for PP compared to
pure polymers. The polymer fragment with the outer
surface of the CNT forms an intermolecular complex that
is not covalently bound and is held by intermolecular
dispersion forces. The oligomers of polymeric substances
and the surfaces of nanotubes in the formed
nanocomposites are located closer to each other than the
individual polymeric links between them. The energy of
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interaction of a CNT fragment with polypropylene
oligomers is much higher than with PE.

The simulation results are in qualitative agreement
with the experimental results obtained, which showed that
the addition of a small amount of nanofillers - multiwalled
CNTs (< 0.5% wt.) into the polymer matrix (PE, PP)
significantly changes the structural characteristics of both
composites, namely, the degree of crystallinity and the size
of coherent X-ray scattering blocks increase until a
continuous bulk grid is formed, i.e., the flow threshold is
reached. This corresponds to a slight increase in the
melting point, which is higher for the PP-CNT system.

The oxidation temperature of low- and high-
molecular weight fragments at a low content of CNTs in
polymer matrices increases, and the process energy (area
under the DTA curve) increases. The opposite process is
observed at a CNT content of more than 0.5% wt. The
temperature of the final thermo-oxidative destruction of
carbonized polymer and CNT residues and the process
energy are higher the higher the CNT content.
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Cucremu noJiieTu/ieH Ta MOJINpoInijieH - HaHOHanoBHWBa4vi BHT: kBanToBo-
XiMiYHe MOJCJIIOBAHHSA TA EKCIIEPUMEHTAJIbHI XapaAKTePUCTUKH

Hinbo Kumaiicbko-yKpaincokuil iHcmumym npoMuciosux mexuono2iii nosux mamepianis, paiion Yocenxaii, Hinbo, Kumaii
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Metoto poboTH Oyno eKCHepUMEHTAIbHO Ta METOAaMH KBAaHTOBOI XiMii JOCHIAMTH B3AEMOZIIO
rpadeHOIoNIOHNX HAaHOKIACTEpiB 3 ()parMEeHTaMH IONIMepiB Tiel X MPUPOAHM, ale AEIlo iHmoi OymoBH, Ha
npuxnani nomieruneny (I1E) ta mominpomnineny (I1IT). ExcnepumentansHo mokasaHo, mo apmysanss [1E i ITI1
ByrieneBuMu HaHoTpyOkamu (BHT) mumsixom mepeminryBaHHS B pO3IUIaBi, MOMEPEAHBO PO3MOMIIECHHMHU 3i
CTabiIbHOI BOJHOT uicniepcii Ha MOBEPXHI MOTIMEPHOTO IOPOLIKY, IPU3BOMUTH 10 3MiHH CTPYKTYPHO-MEXaHIYHHX
i TepMOAMHAMIUYHHX XapaKTCPHUCTUK. 3MIHIOETbCS CTYHiHb KPHUCTAYHOCTI, pO3Mip 0OJIaCTi KOTEpEeHTHOTO
po3sciroBanus (OKP), 3pocrae HanpyxeHHS pyitHyBaHH, HepopMallis pyHHyBaHHS, 3MiHIOIOTHCSI TEPMOJMHAMIYHI
XapaKTepUCTHKU, MPUYOMY Taki 3MiHM Xapaktepuctuk mis cuctemu I1II-BHT mepeBakaroTh y MOpiBHSHHI 3
cucremoro I1E-BHT.

Po3paxoBano eneprito B3aemoaii rpadenononiourx gpparmentis 3 omiromepamu [1E ta I1I1. Beranosieno, mo
eHepris B3aeMoil rpad)eHONOAIOHOr0 HAHOKIACTEPa 3 MOJIMPOMIICHOBAM OJIrOMEPOM € OiIBIIO0, MOPIBHIHO 3
MONIETHIICHOBUM, IO Y3TO/DKYETHCS 3 €KCIEPUMEHTAIPHUMHK JAHUMH OO0 TEMIIEpaTyp IUIaBICHHS YUCTHX
MOJIMEPiB Ta MOJIMEPHUX KOMIIO3UTIB 3 HAHOTpyOkamu. [lomimMep 3 MOBEPXHEIO HAHOBYIJICIEBOTO (hparMeHTa
YTBOPIOE MDKMOJICKYJIIPHHUI KOMIUICKC, SIKMil HE € KOBAJICHTHO 3B'SI3aHHUM, a YTPUMYETHCS MIXKMOJICKYIAPHUMU
JIMCTICPCIHHUMU CHIIAMH.

Kiio4uoBi ci10Ba: HaHOKOMIIO3MT, ByTJelleBa HAaHOTPYOKa, MONIETWIICH, IOJIMNPOMIJICH, METOA Teopil
(yHKLIOHATY TYCTHHH, AUCHIEPCIiHI CHIA B3aEMOIII.
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