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A B S T R A C T

Metal-polymer nanocomposite materials based on linear low-density polyethylene (LLDPE) and Al65Cu22Fe13
quasicrystals were first obtained by melt-blending. The methods of thermal analysis and dynamic mechanical
analysis were used to analyze the thermal stability and physicomechanical properties of the obtained nano-
composite materials. It has been found that increasing the content of nanofillers increases the elastic modulus,
but tensile strength also increases, especially at low filler concentrations. Friction and wear were assessed on pin-
on-disc tester. The results show that the friction coefficient of the sample with 1wt% content of nanofiller is
lower than that of pure LLDPE, and the anti-wear properties of the composite material are increased by 57%
compared to pure LLDPE. In addition, during friction with a load of up to 147 N, a protective antifriction film of
metallic nanoparticles on the friction surface forms for this sample.

1. Introduction

The main advantages of polymer-based composites as a matrix are
high chemical resistance, good strength characteristics, low weight, low
friction coefficient, and high wear resistance characteristic of polymers
[1]. In this regard, extensive research is being conducted on the search
for new polymer-filler combinations, which make it possible to obtain
promising composite materials with improved functional properties
[2]. Among composite materials for various purposes, materials based
on filled polyolefins, which have high technological characteristics, low
specific weight and low cost, are of particular interest. Currently,
considerable attention is paid to nanocomposite materials with a
number of important characteristics: less weight due to the low filler
content; low cost due to the small amount of filler used; improved
properties (including mechanical, thermal, electrical, magnetic, optical
and other properties), etc. [3].

The development of highly efficient thermoplastic composite ma-
terials containing various functional nanofillers and processed into
products using high-performance technologies is an urgent scientific
and technical problem [4–6]. The method of mixing reagents used to

obtain this type of composites has proven its effectiveness [7]. For its
implementation are used extrusion, injection molding and extrusion,
which reduces production time and cost of materials. This process is
also environmentally friendly.

Quasicrystals (QCs), first discovered in 1984 [8], are complex metal
alloys with a number of interesting physical properties [9–13], in-
cluding stability up to the melting point [14], low friction coefficient
(0.05–0.2) [15,16], high hardness (HV0.2 ~ 800) [17–19], low surface
energy (~25mJ/m2) [20], high corrosion resistance [21] and high
wear resistance [22]. The name of the quasicrystal is derived from the
unique rotational symmetries arising due to its aperiodic atomic
structure. After their discovery, it was found that the QC phases are
contained in several hundred alloys [23]. The unusual combination of
thermal, optical, and electrical properties of QCs made it possible to use
them in many interesting applications [13,24–30]. The main dis-
advantage of QCs, which prevents their wide practical application, is
low fracture toughness (about 0.5–3.5MPam½), whereas for metallic
materials it exceeds 40MPam½ [19.27, [31,32]. It should also be noted
that the low toughness and resistance to crack propagation at tem-
peratures below 450 °C limit the use of QCs in the form of bulk parts
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and thick-film coatings. These shortcomings can be successfully over-
come by creating polymer-based composites filled with QCs [33–43].
The use of Al-Cu-Fe QCs as fillers can significantly improve the phy-
sical, mechanical, tribological, and thermal properties of composites
with polymer matrices [38,44–50]. In particular, polymers filled with
Al-Cu-Fe QCs have demonstrated wear resistance and improved me-
chanical properties due to hard fillers with a low aspect ratio
[44,45,47]. In addition, QC powder in the polymer matrix almost does
not cause abrasion to the steel counter face materials during wear tests
[47,51]. Among the most interesting examples of Al-Cu-Fe QC-filled
polymers, we note the composites based on epoxy resin [38,44,52],
ultra-high molecular weight polyethylene (UHMWPE) [45,47,53],
polyamide [46], high-density PE [54,55], polytetrafluoroethylene [56],
ethylene-vinyl acetate [57], ethylene-tetrafluoroethylene [48,58],
polyphenylene sulfide [38,59], and others.

Earlier, we developed three methods for producing quasicrystalline
nanocomposites: from low-dimensional QC powders and film-forming
polymers, by the forming QC in situ during thermal decomposition of
the corresponding precursors and by thermal polymerization of the
metal-containing monomers (QC components) with subsequent con-
trolled pyrolysis of the formed metallopolymers [60]. These composite
materials have radiation-protective properties against β-radiation
[61,62]. A high correlation was found between the transmitted β-ra-
diation and the relative dielectric constant of a composite material
based on thermoplastic polymer matrices with a metal-containing filler.

The present paper is a continuation of this study and is devoted to
the production of nanocomposite materials based on linear low-density
polyethylene (LLDPE) and QCs, as well as the investigation of their
physicomechanical and tribological properties.

2. Experimental

2.1. Materials

LLDPE 3306 WC4 grade with an MFI of 2.8 g/10min and a density
of 0.918 g/cm3 (Taiwan) was used without further purification. The
initial powder Al65Cu22Fe13 (0.01 μm < d < 3 μm, distribution max-
imum 0.5 μm), obtained by the rapid crystallization method [24], was
provided by the Federal State Unitary Enterprise VIAM (Russia).

2.2. Preparation of nanocomposites and nanocomposite films

Nanocomposite materials were obtained by mixing LLDPE and na-
nofiller using a compounder-extruder HAAKE Minilab (Rheomex
CTW5) with synchronous rotation of two conical screws in an argon
atmosphere. For example, to obtain 8 g of a nanocomposite, 5 g of
polymer and powdered filler were loaded into an extruder. After re-
ceiving the first molded batch, an additional 3 g of all components of
the mixture was added in proportion to the content of the filler from 0.1
to 20wt.%. The experimental conditions were as follows: the extrusion
temperature was 150 °C; the screw rotates at a speed of 60 rpm and
20 rpm when loading material; mixing time was 10–20min; the tem-
perature of the injection cylinder was 150 °C: the temperature of the
injection mold was 80 °C; extrusion piston pressure was 300 bar; the
time of extrusion of the material into the mold was 10 s. Subsequent
automatic pressing was carried out for 10 s and the sample was re-
moved from the mold. An electric manual hydraulic press was used to
make films by hot pressing from blanks made in an injection molding
machine. A nominal amount of composite materials was loaded into a
polished flat mold into a gasket 0.2mm thick. To prevent adhesion,
fluoroplastic film was used. The mold was heated to 150 °C. The heating
rate of the blanks was controlled by a laboratory automatic transformer
RNO-250-2 (LAT) (I= 8 A), which regulates the supply voltage in the
range of 0–220 V. The temperature was controlled by a thermoelectric
thermometer KVP1-511 with an iron-copper-nickel thermocouple, type
J. After reaching the required temperature, the mold was compressed

under 150 atm. The films were removed after cooling the mold to 50 °C.
The obtained composite film with a size of 0.2× 100×100mm was
used for physicomechanical tests.

2.3. Characterizations

X-ray diffraction (XRD) analysis was performed on a DRON-UM-2
powder diffractometer with CuKα radiation (λCu= 1.54184 Å) in the
angle range 2θ=5-80° with a scanning speed of 5 deg/min and a
temperature of 25 °C to determine the phase composition and size of
crystallites. Particle size was calculated based on the extension of the
lines in the spectrum in accordance with the Debye-Scherer equation
(1) [63]:

Fig. 1. Setup for tribological tests: (left) universal testing machine UMT-200;
(right) pin-on-disk tribo-testing geometric configuration: 1 - LLDPE sample, 2 -
steel pins, 3 - holder, 4 - axis of rotation.

Table 1
Polymeric nanocomposite materials and their preparation conditions.

Sample The original ratio of components, wt.
%

Extrusion mode

Quasicrystal Polymeric matrix Number rpm t, °С Time, min

1 0.1 99.9 60 150 20
2 0.5 99.5 60 150 20
3 1.0 99.0 60 150 20
4 3.0 97.0 60 150 20
5 5.0 95.0 60 150 20
6 10.0 90.0 60 150 20

Fig. 2. X-ray diffractogram of sample 6.
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=d K .
cos

,
(1)

where d is the average size of domains (crystallites); K is the di-
mensionless particle shape factor (the Scherer constant is ~0.9); β is the
peak width (at half maximum intensity); λ is the X-ray wavelength; θ is
the diffraction angle.

Thermogravimetric (TG) studies and differential scanning calori-
metry (DSC) analysis of the composites were performed using TGA
Q500 V6.7 Build 203 and Mettler DSC 30 meters with a heating rate of
10 deg/min. For a quantitative measurement of the thermal effects of
reactions occurring in the samples and the simultaneous evaluation of
the weight change, a synchronous thermal analyzer STA 409C Luxx was
used, coupled with a QMS 403C Aeolos quadrupole mass spectrometer,
NETZSCH (Germany). The measurements were carried out in a nitrogen
atmosphere (60mL/min).

The physicomechanical properties were studied on the universal
Zwick/Roel Z010 TCFR010TH machine under rupture conditions at a
speed of 5mm/min. The tests were carried out using two types of
blades. Samples with a thickness of 1.85mm were obtained in ac-
cordance with ISO 527-2-5A standard using the HAAKE MiniJet injec-
tion machine. Blades 0.2 mm thick were cut out using a hand press from
a film after thermal molding. Results were averaged for at least 5
samples. The test included a measurement of the tensile modulus E,
MPa, fracture stress σfr, MPa, fracture strain εfr.

Measurements of the dynamic mechanical properties of poly-
ethylene samples were carried out using a dynamic mechanical ana-
lyzer DMA 242C (Netzsch-Gerätebau GmbH, Germany) in a two-arm
bending mode with a free sample length of 2× 5 mm, as well as in the
uniaxial tension mode of a sample of 20×6×0.2mm with continuous
scanning temperature from −170 to 150 °C at a rate of 2 deg/min in a
helium atmosphere. A sinusoidal oscillatory force was applied to the
samples, allowing to develop a maximum strain amplitude of 30 μm at
three fixed frequencies of 0.1, 1, and 10 Hz. Samples were investigated
for the components of the modulus of complex dynamic properties - the
storage modulus (E′), the loss modulus (E"), and the loss tangent (tgδ)
for bending and stretching mode.

Tests for crack resistance were carried out in three-point bending
mode on samples of pure polymer and composite. The test specimen
was selected in accordance with the standard test method ASTM
D5045-99 to determine the viscosity of flat strain at break and the rate
of release of strain energy, providing conditions for flat strain with a
nominal sample size such as 3× 6×24mm3. In accordance with the
ASTM standard, the crack length was chosen so that the ratio between
the crack width and the crack length was in the range of 0.45–0.55.

Antifriction and anti-wear characteristics were performed on a
universal testing machine (Fig. 1, left) of the UMT-200 type (Research
and Production Center “Konvers-resurs”, Russia) with the pin-on-disc
arrangement. The friction unit consisted of a rigidly fixed annular
sample in the form of a disk made of LLDPE with the addition of QC
nanopowders of various concentrations and three moving steel pins
arranged around a circle at an angle of 120° to each other (Fig. 1, right).
Before testing, the steel samples were cleaned with abrasive paper,
degreased with hexane and dried in air. Samples from LLDPE were
weighed before and after tribological tests on an analytical balance, and
wear was determined from the weight loss of the sample. Tribological
studies were carried out at a temperature of 25°С with a consistent
increase in load (47N, 98N and 147N) with a rotation speed of 25 rpm,
the total linear distance was approximately 2250m. The change in
friction coefficient was recorded using QMLab software.

Fig. 3. DSC curves for LLDPE (1) and nanocomposites with a filler concentra-
tion (wt.%): 0.1(2), 0.5(3), 1(4), 3(5), 5(6), 10 (7).

Table 2
Temperature, heat of melting and crystallinity of nanocomposites.

Sample tm, 0С ΔНm, J/g Δχ, %

LLDPE 124.7 119 42
1 125.2 117 41
2 128.2 107 37
3 126.3 87 30
4 124.9 115 40
5 125.0 110 39
6 124.8 78 27

Table 3
Physicomechanical properties of nanocomposite materials.

Sample E, GPa σfr, MPa ε, %

Condition I (injection-molding machine, 1.85-mm-thick blank)
LLDPE 0.08 ± 0.01 14.7 ± 3.2 203 ± 42
1 0.16 ± 0.02 16.0 ± 1.1 211 ± 37
2 0.15 ± 0.02 17.1 ± 0.7 287 ± 54
3 0.08 ± 0.01 18.9 ± 2.5 419 ± 34
4 0.18 ± 0.01 16.8 ± 1.8 305 ± 42
5 0.16 ± 0.03 17.6 ± 0.4 250 ± 36
6 0.15 ± 0.03 17.6 ± 1.4 265 ± 41
Condition II (hot pressing, 0.21-mm-thick film)
LLDPE 0.32 ± 0.01 21.8 ± 2.7 1018 ± 115
2 0.30 ± 0.01 17.5 ± 4.2 897 ± 30
4 0.29 ± 0.01 20.0 ± 2.6 1045 ± 98
6 0.30 ± 0.01 17.6 ± 4.2 921 ± 24

Fig. 4. Stress-strain curves for the initial LLDPE and nanocomposites with dif-
ferent filler contents.
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Fig. 5. The dependence of the elastic modulus (a) and tensile strength (b) of the nanocomposite on the filler content.

Fig. 6. The dependence of the elastic modulus (left) and tensile strength (right) on the filler content for nanocomposites obtained at temperatures of 150 (1) and
300°С (2).

Table 4
Dynamic mechanical analysis of nanocomposites in the mode of double shoulder bending in the temperature range of −170…150°С at a measurement frequency of
1 Hz.

Sample E' (22°С), MPa t1, ºC tgδ1 (peak) t2, ºС by E'' peak t3, ºС by tgδ peak tm, ºС by onset E'

by E'' peak by tgδ peak by onset lgE′ by tgδ peak

LLDPE 165 −133 −120 0.073 −31 86 116 125
1 217 −136 −124 0.116 −27 94 116 125
2 196 −138 −124 0.115 −26 83 117 126
3 213 −133 −122 0.087 −26 89 116 126
4 199 −140 −122 0.090 −27 83 117 132
5 187 −149 −126 0.114 −28 77 116 127
6 200 −142 −126 0.124 −32 86 117 126

Table 5
Dynamic mechanical analysis of nanocomposites for uniaxial tension in the temperature range −170…150 °C at a measurement frequency of 1 Hz.

Sample E' (T= 22°С), MPa T1, ºC tgδ1 (peak) Т2, ºС by E'' peak Тm, ºС by onset E′

by E'' peak by tgδ peak by onset lgE′ by tgδ peak

LLDPE 637 −158 −141 0.095 −44 124 122
2 685 −145 −127 0.054 −56 126 123
4 630 −145 −128 0.051 −43 125 –
6 681 −140 −132 0.053 −50 126 115
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3. Results and discussions

3.1. Preparation, morphology and microstructure of nanocomposites

The polymer shell separates the metal particles from each other and
from the external environment and, thus, performs the function of a
stabilizer and improves the properties of the metal-polymer composite.
To obtain such nanocomposites, various methods are used: coacerva-
tion, deposition by a nonsolvent or evaporation of a solvent, physical
adsorption, extrusion (the particles of covered with the shell upon
forcing of the quasicrystalline intermediate compound through the film-
forming material), sputtering in a fluidized bed, condensation of a
vapor, polymerization on the particle surface, and others.
Technologically more attractive are the methods of mechanochemical
mixing of a metal alloy together with a polymer matrix. Depending on
the nature of the movement of the ball load (polished metal or agate
balls), three modes of grinding the polymer matrix are realized: sliding
(abrasion), rolling (impact) and vortex (mainly impact). Under the ac-
tion of shock and shear loads, not only dispersion occurs, but also the
effective introduction of filler particles into a polymer matrix. In this

work, we used a method for producing composite materials with the
Al65Cu22Fe13 alloy based on a thermoplastic LLDPE by mixing in a
polymer melt using a twin-screw extruder, which is an efficient pro-
cessing method and may play an important role in obtaining a nano-
composite with uniform microstructure. Conditions and technological
modes of obtaining nanocomposite materials are presented in Table 1.

The composition, morphology and microstructure of the obtained
nanocomposite materials were studied by XRD analysis. When disper-
sing, the filler nanoparticles are fairly evenly distributed in the bulk of
the matrix. In particular, both particles of initial sizes and their con-
glomerates are observed, which is also confirmed by wide peaks on XRD
patterns corresponding to the phase of the nanofiller (Fig. 2). The ap-
pearance of other lines is not observed, which indicates the process of
dispersion of the filler in the polymer matrix without phase transfor-
mations.

The introduction of fillers affects the structural state of nano-
composites. The DSC data (Fig. 3) indicate a systematic decrease in the
enthalpy of melting ΔНm with an increase in the content of nano-
particles of the Al65Cu22Fe23 alloy in the LLDPE polymer matrix.

The dependences of crystallinity (Δχ) of nanocomposites, calculated
by formula (2), have a similar character:

Δχ= [(ΔHm - ΔHo)/ΔHo]x100 (2)

where ΔHm is the heat released during the melting of the sample, ΔHo is
the heat released during the melting of 100% crystalline polymer (for
LLDPE, ΔHo= 285 J/g).

The decrease in the degree of crystallinity of the filled LLDPE
compared to LLDPE (Table 2) is probably due to the formation of a less
ordered crystalline structure.

It is known that the influence of inorganic particles on the cry
stallization process of polymers is determined by a number of factors,
including the size of the filler particles and their size distribution, the
effective surface of the particles, the degree of interaction between the
polymer and the filler particles, the degree of crystallinity of the ori-
ginal polymer matrix. Depending on these factors, filler particles can
bind polymer chains (reduce crystallinity) or act as nucleation centers
(increase crystallinity). In the case of Al65Cu22Fe15/LLDPE nano-
composites under consideration, the introduced filler particles are
mainly localized in the amorphous regions of the polymer molecule.
Taking into account the relatively low degree of crystallinity of the
initial LLDPE and due to the steric and kinetic difficulties of macro-
molecular mobility, the introduction of fillers into the polymer melt
leads to a decrease in crystallinity, which also agrees with known

Fig. 7. Temperature dependences of the elastic modulus at a frequency of 1 Hz
for film samples in the range of −170…150 °C: LLDPE (1) and nanocomposites
with filler content (wt.%): 0.1 (2), 0.5 (3), 1 (4), 3 (5), 5 (6), 10 (7).

Fig. 8. Temperature dependences of the relative modulus of elasticity at a
frequency of 1 Hz of film samples in the range of −170…150 °C for nano-
composites with filler content (wt.%)): 0.1 (1), 0.5 (2), 1 (3), 3 (4), 5 (5), 10 (6)
in bending mode.

Fig. 9. Temperature dependences of the tensile modulus at a frequency of 1 Hz
for film samples in the temperature range 70...110 °C: LLDPE (1) and nano-
composites with filler content (wt.%) 0.5 (2), 3 (3), 10 (4).
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literature data [64].

3.2. Physicomechanical properties of nanocomposites

Samples of the film of nanocomposite materials were obtained in
two modes by casting using an injection-molding machine (film thick-
ness 1.85mm) or hot-pressing (film thickness 0.21mm). As follows
from the physicomechanical characteristics of nanocomposite films, the
presence of a quasicrystalline melt as a filler improves the strength
properties in the LLDPE-Al65Cu22Fe13 system, which is most typical of
the samples obtained under conditions I (Table 3, Fig. 4).

With an increase in the filler content, the elastic modulus as well as
the tensile strength increase, especially at low filler concentrations
(Fig. 5).

The dependences obtained are consistent with the literature data.
For example, for the UHMPE-quasicrystalline Pt-Zr melt system, it was
shown that the introduction of a metal alloy significantly increases the
wear resistance of the composite material [65]. It is obvious that the
improvement of the viscoelastic characteristics of a polymer composite
material in the presence of a quasicrystalline filler, along with an in-
crease in its elastic modulus and preservation of the damping properties
of the polymer matrix, may be of interest for using such composites as
wear-resistant coatings, surface components of friction products, etc.

To study the effect of various technological regimes of obtaining
nanocomposite materials on their properties, nanocomposites were

obtained at two temperatures of 150 and 300 °C. Fig. 6 shows the de-
pendence of the elastic modulus and tensile strength on the filler con-
tent in nanocomposites obtained at different temperatures.

The nature of the dependence of the elastic modulus on the change
in the content of the filler in the Al65Cu22Fe15/LLDPE system is sup-
ported for different temperature regimes, although for both the native
polymer and nanocomposites with a low filler content the E values
increase by 10–12%. Probably, this behavior may be associated with
the structuring of the polymer matrix at higher synthesis temperatures.
For products of the high-temperature regime, there is also a general
tendency that the strength characteristics of the analyzed nanocompo-
sites depend on the filler content, although here the tensile strength
exceeds those of nanocomposites obtained at 150 °C. In general, given
that the process of obtaining nanocomposites at high temperatures is
accompanied by undesirable crosslinking reactions of the polymer
matrix, its partial destruction, as well as higher energy consumption,
low temperature regime is most optimal for obtaining the nano-
composites of the considered types.

Measurements of the dynamic mechanical properties of the samples
were carried out in the temperature range from −170 to 150°С at
frequencies of 0.1, 1 and 10 Hz. A characteristic parameter in dynamic
mechanical studies is the loss coefficient (tanδ), which is determined
from the relationship:

Fig. 10. Temperature dependences of the loss modulus at a frequency of 1 Hz for film samples in the temperature range of −170…150 °C: LLDPE (1) and nano-
composites in tensile mode (a) and bending (b) with filler content (wt.%): 0.1 (2), 0.5 (3), 1 (4), 3 (5), 5 (6), 10 (7).

Fig. 11. Temperature dependences of the loss tangent at a frequency of 1 Hz for film samples in the temperature range of −170...150 °C: LLDPE (1) and nano-
composites in tensile mode (a) and bending (b) with filler content (wt.%) 0.1 (2), 0.5 (3), 1 (4), 3 (5), 5 (6), 10 (7).
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= E
E

tg , (3)

where E′ is the storage modulus, E'' is the loss modulus, δ is the phase
shift between the applied sinusoidal force and deformation.

The dynamic modulus of elasticity of composites E′ exceeds the

modulus of unfilled polyethylene in a wide range of temperatures
(Tables 4 and 5, Fig. 7).

An increase in the filler content is accompanied by a significant
increase in the dynamic modulus of elasticity of the material in the
temperature range 20–40 °C. Thus, at 22 °C, E′ of sample 6 is increased
by 29% compared to the unfilled polymer. This behavior of elastic
dynamic mechanical properties indicates a sufficient level of inter-
molecular interactions between the polymer molecule and the surface
of the nanofiller. With an increase in temperature, the introduction of
fillers leads to an increase in the elastic modulus in the regions of re-
laxation transitions (Fig. 8), which is caused by a decrease in the
modulus of the polymer matrix and, accordingly, an increase in the
ratio of the modulus of the filler to the modulus of the matrix
(Е'rel = Е'f/Е'PE).

A change in the dynamic modulus at high temperatures provides
information on the heat resistance of the material (Fig. 9). The value of

Fig. 12. Image of the surface of samples after friction at P=147 N: а – LLDPE, b – sample 1, c – sample 3, d – sample 5, e – sample 6.

Fig. 13. Dependence of anti-wear characteristics of pure LLDPE (on the con-
centration axis - “0”) and LLDPE with the addition of QC nanoparticles of
various concentrations (on the concentration axis - “0.1, 1.0, 5.0, 10”) on axial
load.

Fig. 14. Evolution of the friction coefficient with time with increasing load: 1 –
LLDPE, 2 – sample 1, 3 – sample 4, 4 – sample 5, 5 – sample 6.
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the modulus of unfilled polyethylene corresponding to a temperature of
90 °C (the beginning of amorphization of PE) for a nanocomposite with
a filler content of 20 wt.% is supported up to 99 °C, indicating a slight
increase in the heat resistance of the material, although its content is
3 wt.%.

The temperature dependences of the modulus and tangent of the
angle of mechanical loss of LLDPE composites show characteristic
transitions of α-, β-, and γ-relaxation associated with movements in the
amorphous and crystalline parts of polyethylene (Figs. 10 and 11). The
introduction of fillers does not have a noticeable effect on transition
temperatures; at low concentrations, a small increase in the α-transition
temperature is observed from 86 to 94 °C for sample 1, but an increase
in the intensity of the peak of temperature transitions is observed in the
entire concentration range studied. Since the α-transition is mainly
associated with the movement of chain links in the crystalline phase of
the polymer, the shift of the α-transition peak towards higher tem-
peratures may be due to an increase in the crystallinity of the material
and crystallite size, which is consistent with a higher degree of crys-
tallinity of the nanocomposite 2.

It is believed [66] that β-relaxation is responsible for large-scale
movements of polymer molecules in the region of the amorphous phase.
As follows from the data of Tables 4 and 5 and Fig. 9, the dependence of
β-relaxation on the composition of nanocomposites correlates with an
increase in the total mobility of the amorphous phase and a decrease in
the crystallinity of nanocomposite samples, with the exception of some
nanocomposites with a low filler content. In samples of nanocompo-
sites, the character of changes in β transitions is similar. For example,
for samples 2 and 6, the peak of β-relaxation shifts to low temperatures
from −44 to −66 °C and from −44 to −50 °C, respectively. The po-
sition of the γ-transition, which is believed to be responsible for the
joint motion of 3–4 methylene units in the amorphous regions of
polymers, is in the range of −130…-142°С for the studied nano-
composites (see Tables 4 and 5).

3.3. Tribological tests

As shown by the results of tribological tests, the long-term frictional
interaction of a friction pair LLDPE-steel contributes to an increase in
temperature in the friction unit, which leads to the subsequent easy
melting of the surface of the LLDPE sample (Fig. 12a). The addition of
nanoparticles with a concentration of 0.1%, 5% and 10% to the organic
matrix in LLDPE leads to a strong melting of the composite material as a
result of friction (Fig. 12b, d, e). However, the addition of 1% QC na-
noparticles in LLDPE apparently raises the melting point of the com-
posite material, the sample becomes more resistant to thermal effects,
and as a result of frictional interaction, an antifriction metal film is
observed on the friction track (Fig. 12c).

The results of studies of the wear resistance of composite materials
show that the addition of QC nanoparticles contributes to a decrease in
wear compared to pure LLDPE under friction with loads of 49 N and
98 N for all the tested samples (Fig. 13). An increase in the load to
147 N leads to an increase in wear and serious destruction of samples
with the addition of QC nanoparticles with a percentage concentration
of 0.1, 5 and 10 compared to pure LLDPE. However, a sample of LLDPE
with the addition of QC nanoparticles with a concentration of 1%
withstands strong shear stresses and anti-wear properties of the com-
posite material compared to pure LLDPE increased by 57%.

Studies of the antifriction characteristics of composite materials
showed that the addition of QC nanoparticles to LLDPE leads to a de-
crease in the friction coefficient with increasing load, in contrast to pure
LLDPE (Fig. 14). Increasing the load to 147 N for samples 2, 4 and 5
leads to self-oscillations in the process of friction; the friction coefficient
becomes unstable and leads to severe wear of the composite material
(see Fig. 12), which is in the process of friction; there is a strong de-
struction of the material and the formation of wear products in the form
of chips. On the contrary, an increase in the load to 147 N for sample 3

contributes to the stabilization of the friction coefficient and the for-
mation of QC nanoparticles on the friction surface of the protective
antifriction film.

4. Conclusions

Composite materials based on thermoplastic matrices of LLDPE and
the quasicrystalline Al65Cu22Fe13 alloy were obtained by mixing the
components in the polymer melt. The developed technological regimes
for obtaining new nanocomposite materials make it possible to effec-
tively control their thermal, mechanical and tribological properties. A
systematic decrease in the enthalpy of melting and the degree of crys-
tallinity of nanocomposites with an increase in the content of
Al65Cu22Fe13 alloy nanoparticles in the LLDPE polymer matrix was
established. The presence of a quasicrystalline alloy as a filler leads to
an improvement in the strength properties of the composite material.
The dynamic modulus of elasticity of composites exceeds the modulus
of unfilled LLDPE in a wide temperature range. Tribological tests show
that LLDPE filled with 1 wt.% QC nanoparticles shows a 57% reduction
in weight compared to unfilled LLDPE.
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