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Abstract—A composite based on ultra-high-molecular-weight polyethylene (UHMWPE) added with 1 wt %
of multiwalled carbon nanotubes (MWCNTSs) with a high permittivity (€ = 4.5) and a low dielectric loss (tand =
102) in the frequency range from 100 Hz to 100 MHz has been synthesized, and its main mechanical char-
acteristics have been studied. The material has a low (22 MPa) breaking strength, a high (700%) tensile elon-
gation, and an abrasion resistance higher than that of pure UHMWPE by 37%. It is shown using the X-ray
diffraction and differential scanning calorimetry data that the changes in the mechanical properties of the
composite are related to the changes in the polymer matrix structure under the action of the high-intensity
ultrasonic radiation used for embedding MWCNTs into the polymer.

DOI: 10.1134/S1063784220070129

1. INTRODUCTION

There is a trend in modern engineering and tech-
nology to transition from conventional materials to
polymers and polymer-based composites, which can
withstand extreme operation conditions (low tem-
peratures, exposure to aggressive media, high humid-
ity, deformation loads, etc.). Such materials include
ultra-high-molecular-weight polyethylene (UHMWPE)
characterized by high wear, impact, and corrosion
resistance and a wide operating temperature range,
from cryogenic temperatures to 100°C. This polymer
is widely used in various fields of engineering and
medicine [1-5]. Its global production is steadily
increasing, and so even a minor improvement in its
properties will inevitably extend the range of its appli-
cation. The improvement of the strength characteris-
tics of UHMWPE is a very challenging task. It is con-
ventionally solved by embedding various fillers (car-
bon nanotubes, graphenes, ceramic particles, etc.)
into polyethylene [6—8], which sometimes make it
possible to enhance the polymer ultimate strength by a
factor of more than 5. Embedding of abrasive particles
increases the abrasion resistance by a factor of 2—150
[9—11].

One important feature of UHMWPE is its radio
transparency in the microwave range caused by a
dielectric loss of about 104, UHMWPE is promising,
in particular, for the creation of radomes for protec-
tion of radar equipment from climatic and environ-
mental factors (impacts and aggressive media) and as
a material for microwave filter or dielectric resonator
substrates. For this purpose, the polymer should have
a high permittivity (€ > 5), a low dielectric loss (tand <
1073) in the microwave range, and high mechanical
characteristics (strength, wear resistance, impact
number, etc.). Meanwhile, the permittivity of pure
UHMWPE is 2.3.

The permittivity of a polymer can be increased by
embedding a high-permittivity ceramic phase in high
concentrations [12—14]. However, this inevitably
degrades the mechanical properties of a material and
increases the weight of a product [15, 16]. The permit-
tivity of UHMWPE can be increased by embedding
conducting carbon nanotubes (CNTs), as has been
done for polymers of other types [17, 18]. In this case,
the dielectric loss can be maintained at a level of about
10~3 [19]. According to the Maxwell—Wagner polar-
ization theory, to ensure the most effective permittiv-
ity growth at the maintained low dielectric loss, CNTs
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must be uniformly distributed over the polymer matrix
in the form of fine submicron clusters and individual
nanoparticles isolated from each other by a polymer.

In addition, it should be noted that embedding of
nanotubes can improve the strength properties of
UHMWRPE [20—22]. In the opinion of the authors of
[23], a necessary condition for improving the strength
properties of a polymer composite is not only the
strong interfacial interaction between the matrix and
nanotubes, but also the uniform distribution of CNTs
in the bulk of a polymer. Otherwise, CNT clusters will
concentrate stresses, which degrade the properties of
the material.

To date, the UHMWPE—CNT composites char-
acterized by the high electrical conductivity and
strength characteristics have been studied in sufficient
detail [20—22, 24—33]. However, no works reporting
on the successful fabrication and study of the
UHMWPE—-CNT composite, which combines the
high mechanical properties, high permittivity, and low
dielectric loss, have been published yet. To obtain such
a material, a synthesis method is required that would
ensure the uniform CNT distribution in the UHMWPE
matrix. Among the available techniques for synthesiz-
ing composites based on UHMWPE with nanoparti-
cle inclusions, the most universal and effective one is
component mixing in a solution. This synthesis tech-
nique allows one to obtain composites with a tuned
filler distribution uniformity [34] due to the flexible
control of the synthesis conditions (temperature,
time, liquid medium, mixing method, sequence of
operations, etc.). The right choice of the filler concen-
tration and synthesis regime will provide the optimal
distribution of CNTs in the polymer matrix with a
combination of high mechanical properties and
desired electrophysical characteristics of the compos-
ite in the microwave range.

The aim of this study is to synthesize a UHMWPE
composite modified with multiwalled carbon nano-
tubes (MWCNTSs) with high permittivity and low
dielectric loss in a wide (from 100 Hz to 100 MHz) fre-
quency range and investigate its main mechanical
characteristics. The UHMWPE composites were fab-
ricated by mixing the components in a solution of an
organic solvent using the high-intensity ultrasonic
treatment.

2. EXPERIMENTAL

In this work, we used Braskem UHMWPE with a
molecular weight of 6.4 x 10® g/mol and an average
powder particle size of 150 um and MWCNTs with an
average diameter of 7 nm, a length of 2—2.5 um, and
an electrical conductivity of 2500 Sm m~! synthesized
at the Boreskov Institute of Catalysis, Siberian Branch,
Russian Academy of Sciences (Novosibirsk) [35].

The UHMWPE-based composites with the
MWCNT addition were obtained by mixing the com-
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ponents in a solution of an organic solvent using ultra-
sonic treatment. Based on a previous study [36], we
selected optimal synthesis regimes to ensure the most
uniform filler distribution over the polymer matrix. To
obtain the composites, MWCNTs were treated in
xylene by ultrasound (US) with an intensity of no
lower than 100 W/cm? for 20 min before the formation
of a homogeneous suspension. Then, the MWCNT
suspension was added with the UHMWPE powder
and the mixture was subjected to the ultrasonic treat-
ment with an intensity of no lower than 100 W/cm? for
20 min at a temperature of 130°C; this yielded a homo-
geneous xylene solution of the polymer and
MWCNTs. After filtration, the precipitate was dried in
vacuum for 48 h at a temperature of 90°C. The
MWCNT concentrations in the composite were 1, 4,
and 8 wt %. The electrical characteristics of the com-
posites were investigated, the material with the high
permittivity and the lowest dielectric loss was selected
among them, and its mechanical properties (the ulti-
mate strength, yield point, modulus of tensile elastic-
ity, and wear resistance) were studied.

To establish the effect of the ultrasonic treatment
on the mechanical properties of the polymer compos-
ite, an additional UHMWPE sample without
MWCNTs was synthesized by the above-described
technique: the UHMWPE powder in xylol was sub-
jected to ultrasonic treatment with an intensity of no
lower than 100 W/cm? for 20 min at a temperature of
130°C, which yielded a homogeneous polymer solu-
tion. After filtering, the precipitate was dried in vac-
uum for 48 h at a temperature of 90°C; the obtained
sample was designated UHMWPE-UZ.

The experimental samples were prepared by hot
pressing at a pressure of 6 MPa and a temperature of
160°C.

The complex conductivity and complex permittiv-
ity of the composites were studied in the frequency
range from 100 Hz to 100 MHz using the impedance
measurements with an Agilent Technology E5061B
vector network analyzer. The impedance spectroscopy
method consists in the measurement of the ac electric
current flowing through the investigated materials and
determination of the dispersion of the total complex
impedance (impedance absolute value |Z|) and phase ©.
Then, real impedance component Z'(f) = |Z|cos¢ and
imaginary impedance component Z"(f) = |Z|sin@ are
calculated. To measure impedance |Z| and phase ¢,
thin indium electrodes with a negligible transient resis-
tance were pressed to the end surfaces of the composite
samples. The samples under study were disk-shaped with
a diameter of 16 mm and a thickness of 1 mm.

The components of the complex permittivity and
conductivity were calculated using the formulas [37]
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where o is the circular frequency; C,, d, and S are the
geometric capacitance, and thickness and area of the
measuring cell plates; and Y" and Y" are the real and
imaginary components of the admittance.

The tensile strength characteristics of the material
(the ultimate strength, yield point, and modulus of
elasticity) were measured on an Inspekt Table Blue
S5kN facility (Hegewald & Peschke, Germany). The
tensile speed was 500 mm/min. The investigated sam-
ples had the form of strips 60 X 3 X 2 mm in size. At
least three measurements were performed for each
type of material and the results were averaged.

The composites were tested for the abrasion resis-
tance upon sliding along a renewable surface using an
MZ-4060 tester according to GOST (State Standard)
23509-79. A coated abrasive with a grain size of 160—
200 um was used. The normal force pressing the sam-
ple to a drum was 10 N. The mass loss of the experi-
mental sample was calculated from the difference
between its masses before and after the abrasion test.
The samples investigated for abrasion were weighed
accurate to =1 mg. Abrasion A of the composites was
determined by the formula

A=) 1009, 3)

m

where m is the mass loss of pure UHMWPE and m, is
the mass loss during abrasion of the composite. The A
value is a percentage of a decrease in the mass loss for
the investigated material during abrasion as compared
with the initial UHMWPE. To determine the abrasive
ability of the coated abrasive, a control test was per-
formed for the pure UHMWPE sample once every
five tests. If the mass loss decreased by more than 10%,
then the coated abrasive was replaced for a new one.
The samples under study were 16 mm in diameter and
6 mm thick.

The sample surface after the abrasion test was stud-
ied on a Hitachi TM 3000 Benchtop scanning electron
microscope (Japan).

Differential scanning calorimetry (DSC) of the
investigated samples was performed on a Netzsch 204
F1 Phoenix device (Germany) by the ASTM D3418-
15 technique in argon atmosphere at a flow rate of
30 mL/min in closed aluminum crucibles with a vol-
ume of 25 uL. The samples were shot according to the
melting—crystallization—melting program in the tem-
perature range from 25 to 160°C at a rate of 10°C/min.
The melting temperature and enthalpy were deter-
mined from the second melting data. Degree of crys-
tallinity X of polyethylene was calculated by the for-
mula

x =28n 1009, “)
AH,

0
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where AH,, is the sample melting enthalpy calculated
from the area under the endothermic melting peak and
AH, =290 J/g is the melting enthalpy of the polymer
with a crystallinity of 100% [38].

The structure of the material samples was studied
using X-ray diffraction (XRD) analysis at station no. 2
Precision Diffractometry and Anomalous Scattering
of the Siberian Synchrotron and Terahertz Radiation
Center (SSTRC). The measurements were performed
in the Bragg—Brentano geometry using a weakly
diverging X-ray beam and a crystal analyzer to exclude
the peak broadening and displacements caused by the
sample geometry. Due to the small size of the investi-
gated area, the exposure time was chosen to be 15 s.
The X-ray wavelength was 0.154 nm, and the scanning
step was 0.02°.

3. RESULTS AND DISCUSSION

In this work, we determined, first of all, the imped-
ance dispersion for the investigated materials and,
using formulas (1), calculated the permittivity as a
function of frequency in order to find a dielectric sam-
ple of the composite with the high permittivity and low
dielectric loss.

Figure 1 shows the frequency dependences of the
real component of complex permittivity €' and dissipa-
tion factor tand of the UHMWPE composites with
different MWCNT contents.

It can be seen that the permittivity and tand values
increase with the MWCNT concentration (Fig. 1).
Moreover, the higher the filler concentration, the
more pronounced the frequency dependence of the
dielectric characteristics. The high €' and tand values
of the composites with MWCNT contents of 4 and 8%
are explained by the polarization of coarse conducting
MWCNT clusters according to the Maxwell-Wagner
mechanism. In this case, in the sample with 8% of
MWCNTs with a conductivity of 1.5 x 102 Sm m~,
the MWCNT content obviously exceeds the percola-
tion concentration; i.e., the sample has through con-
ducting nanotube channels. This explains the huge
values of the imaginary component of the permittivity
and tand at low frequencies.

The material containing 1% of MWCNTSs has a per-
mittivity higher than that of pure UHMWPE (e = 2.3),
which amounts to 4.5 and is almost frequency-inde-
pendent in the range from 100 Hz to 100 MHz. In this
case, the dissipation factor is low (about 10~2 (Fig. 1b)).
The low-frequency conductivity of the composite with
1% of MWCNTs is 3 X 10~ Sm m~!, which indicates
the absence of a through network of conducting con-
tacts in the material despite the high nanotube con-
tent. The high permittivity and low dielectric loss of
this composite can be explained by the polarization of
uniformly distributed noncontacting small clusters
and individual MWCNTs under the action of an
external electric field. This material, designated as
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Fig. 1. Frequency dependences of the real part of the permittivity and dissipation factor of the composites: (a) €'( /) dependence

and (b) tand( /) dependence.
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Fig. 2. Dependences of the conventional stress on the relative tensile elongation for (/) the initial UHMWPE, (2) UHMWPE—

MWCNT 1% composite, and (3) UHMWPE—UZ material.

UHMWPE—MWCNT 1%, was selected for further
investigations of the mechanical characteristics.

Figure 2 shows the curves plotted in coordinates of
conventional stress ¢ and tensile elongation A
obtained by extension of the initial UHMWPE, the
dielectric composite containing 1% of MWCNTs, and
the UHMWPE—UZ sample after the ultrasonic treat-
ment of UHMWPE in xylene without MWCNTs.

It can be seen in Fig. 2 that the characteristics of
the investigated materials under the extension signifi-
cantly differ. The initial UHMWPE has a stress—strain
diagram typical of this polyethylene with the elastic
deformation and strain hardening areas characterized
by an increase in the stress upon elongation. The ini-
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tial UHMWPE has an ultimate strength of 30 MPa, a
modulus of elasticity of 260 MPa, and a maximum
breaking strain of 290%. The UHMWPE—MWCNT
1% and UHMWPE—UZ composites are character-
ized by high ductility (the maximum elongations are
700 and 710%, respectively) and high moduli of elas-
ticity (310 and 300 MPa, respectively). The
UHMWPE—-UZ composite subjected to the UZ treat-
ment without MWCNTs has the extended strain hard-
ening region and preserves the ultimate strength of the
initial polymer (29 MPa). In contrast, the UHMWPE—
MWCNT 1% composite is characterized by a pro-
nounced yield point at a stress of 24 MPa, after which
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Fig. 3. Images of the sample surfaces after the abrasion test: (a) initial UHMWPE, (b) UHMWPE—MWCNT 1% composite, and

(c) UHMWPE-UZ.

the strain decreases to 22 MPa and, then, the sample
is strained at a constant stress up to its break.

According to the tests on the abrasion resistance
upon sliding along a renewable surface, abrasion A of
the UHMWPE-MWCNT 1% and UHMWPE-UZ
materials calculated using Eq. (3) decreased by 37% as
compared with the initial UHMWPE. In addition, we
observed differences between the sample surface
structures after the wear test (Fig. 3). The UHMWPE—
MWCNT 1% and UHMWPE—UZ sample surfaces
after the wear test had a pronounced fibrous structure.

To understand the origin of the differences between
the mechanical characteristics of the investigated
materials, they were examined by the DSC and XRD
methods. The DSC curves of the investigated materi-
als are shown in Fig. 4, where one can see the shifts of

the melting peaks corresponding to the UHMWPE—
MWCNT 1% and UHMWPE—-UZ samples toward
higher temperatures relative to the peak of the initial
UHMWPE. The melting point of the initial
UHMWPE sample is 139°C, and its degree of crystal-
linity is 46%. The UHMWPE—-MWCNT 1% com-
posite and the UHMWPE—-UZ sample have the high
melting point (142°C) and crystallinity (56%).

Figure 5 shows the X-ray diffraction patterns of the
investigated materials, in which two highest reflec-
tions, (110) and (200), correspond to the orthorhom-
bic modification of the UHMWPE matrix. The XRD
analysis showed an increase in the degree of crystallin-
ity from 70% for the initial UHMWPE to 80% for the
UHMWPE-MWCNT 1% and UHMWPE-UZ
materials, as well as an increase in the coherent scat-
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Fig. 4. DSC curves for (/) the initial UHMWPE,
(2) UHMWPE-MWCNT 1% composite, and (3)
UHMWPE—-UZ samples.

tering regions from 35 nm for the initial UHMWPE to
43 nm for the UHMWPE-MWCNT 1% and
UHMWPE—UZ materials. It is noteworthy that the
degrees of crystallinity obtained by the DSC and XRD
methods for the corresponding samples are strongly
different. However, to eliminate the quantitative dif-
ferences between the crystallinities determined by
these two methods, additional investigations are
needed. In this work, we pay attention to the fact that
the DSC and XRD methods confirm an increase in
the crystallinity of the UHMWPE—-MWCNT 1% and
UHMWPE—UZ samples by 10% relative to the initial
UHMWPE.

According to the above-described DSC and XRD
data, MWCNTs do not change the UHMWPE struc-
ture. Similar conclusions were drawn by the authors of
study [39], in which the polyethylene-based compos-
ites with the MWCNT addition obtained by in situ
polymerization were studied using the XRD tech-
nique. Thus, a factor determining the mechanical
characteristics of the UHMWPE—MWCNT 1% com-
posite is not the presence of nanotubes in it, but the
effect of the ultrasonic treatment included in the pro-
cess of its preparation. The effect of ultrasound on the
UHMWPE solution at high temperature (130°C)
apparently leads to the violation of van der Waals
bonds between individual polymer chains distributed
in the solvent in the form of individual chains or
weakly bound clusters. Upon cooling the solution, free
polymer chains form energetically favorable crystal-
line phases with a lower potential energy, which was
detected by the DSC and XRD methods. In this case,
the size of structural formations increases, which
apparently leads to a corresponding increase in the
moduli of elasticity of the materials. It can be sup-
posed that the amorphous polymer phase is less entan-
gled than that of the initial UHMWPE, which explains
the growth of the ductility of the materials synthesized
Vol. 65 No.7
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Fig. 5. X-ray diffraction patterns of (/) the initial
UHMWPE, (2) UHMWPE—MWCNT 1% composite,
and (3) UHMWPE—UZ samples.

at 130°C. The increase in the wear resistance can also
be explained by a decrease in the entanglement of
polymer chains in the material, which weakens the
ability of particles of the coated abrasive used in the
abrasion test to tear out the sample fragments. As a
result, the material surface after the abrasive action
acquires a fibrous texture (Figs. 3b, 3¢), in contrast to
the outworn surface of pure UHMWPE (Fig. 3a).
Embedding of MWCNTs into UHMWPE at a mixing
temperature of 130°C reduces the tensile strength of
polyethylene (Fig. 2). There is apparently no reliable
coupling between UHMWPE and MWCNTs, which,
in this case, are defects distributed over the polymer
matrix.

4. CONCLUSIONS

Using the component mixing in the solution at a
temperature of 130°C with the ultrasonic treatment, a
UHMWPE-based composite supplemented with 1 wt %
of MWCNTs was obtained, which has a high permit-
tivity (4.5) and low dielectric loss (about 10~2) that is
almost frequency-independent in the measurement
range from 100 Hz to 100 MHz. The composite is
characterized by a yield point of 24 MPa, a breaking
strength of 22 MPa, and a huge (700%) elongation.
The abrasion resistance is higher than that of pure
UHMWRPE by 37%. It was shown that embedding of
MWCNTs into UHMWPE by mixing with the use of
the ultrasonic treatment at a temperature of 130°C
changes the mechanical properties of polyethylene
due to the ultrasonic treatment of the polymer solu-
tion rather than due to the introduction of nano-
tubes and, as a result, a different polymer micro-
structure with the high degree of crystallinity forms
upon cooling.
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