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INTRODUCTION

Ultra�high�molecular�weight polyethylene
(UHMWPE) is one of promising polymers meeting
high requirements that are imposed now to the perfor�
mance properties of materials in almost all the fields of
technology [1–5]. Due to high tribotechnical proper�
ties, UHMWPE is used, first of all, in mechanical
engineering for the fabrication of chemically and wear
resistant machine elements, e.g., bearings, running
rollers, cog wheels, chain guides, bearing bushes, or
tension chains. It is also applied in elements and struc�
tures of special application including facings and lin�
ings of bunkers, tipper bodies, train cars, basic ele�
ments of armaments and military equipment, struc�
tural material for aeronautics and rocket engineering,
etc.

The expedient improvement of tribotechnical prop�
erties of UHMWPE, which combines excellent ther�
mal and chemical resistance with low wear resistance, is
an urgent problem in polymeric materials science.

One of the ways to increase the mechanical proper�
ties of a polymer is its enhancement by dispersed [1–3].
However, the use of dispersed binders not always
allows to obtain the necessary combination of physi�
comechanical, tribological, and thermal properties of
the composites. The use of reinforcing binders is
promising for the improvement of mechanical proper�
ties of polymers [6–7].

The aim of this work is to development the poly�
meric composite materials (PCM) based on UHM�

WPE and basalt fiber having improved performance
properties.

MATERIALS AND METHODS

To prepare the compositions, the UHMWPE with
the molecular weight of 2.7 million produced by
Tomsk Petrochemical Plant was used. The basalt fiber
(BF) produced by OOO Basalt Materials Plant (Pok�
rovsk, Russia) was chosen as a binder. BF is a material
obtained from nonmetallic rocks of magmatic origin.
It is an environmentally friendly product. As com�
pared to glass fibers, it has 10–20% higher elastic
modulus, improved strength after the action of high
temperatures, better alkali resistance, and especially
high acid resistance. Its heat resistance is approxi�
mately equal to one of asbestos fibers but BF is not
broken under the action of high contact stresses in the
conditions of elevated temperatures (typical for the
operation of products for tribotechnical applications)
into microfiber structures, which have carcinogenic
properties [8]. The unique properties of BF are:
advanced physicomechanical and chemical proper�
ties, improved resistance to aggressive media and
vibrations, durability, stable properties at long�time
operation in various conditions, good adhesion to var�
ious binders, and fire resistance. It makes them a
extremely promising material for new composite mate�
rials called basalt plastics and for products of various
applications including elements of linings (stands, roof
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beams, or ties) used at underground mining at the
exposure of highly aggressive groundwater [9].

The tests samples were prepared by hot pressing at
the pressure of 10 MPa and the temperature of 180°C
using the standard techniques.

The physicomechanical properties (tensile
strength, elongation at break, and elastic modulus)
were determined on an UTS�2 tensile testing machine
at the tensile speed of 50 mm/min (GOST State Stan�
dard 11262–80). The wear rate was determined on a
UMT�2 (CETR) universal tribometer (GOST State
Standard 11629–75) by a pin�on�disk wear test (the
counterbody was steel of the hardness of 45–50 HRC
and the roughness of Ra = 0.06–0.07 μm). The friction
regime was as follows: the load of 150 N and the linear
sliding speed of 1 m/s. The time of testing was 3 h.

The abrasive wear tests were carried out on a MI�2
rubber wear test machine in accordance with GOST
State Standard 426–77. The wear intensity was esti�
mated under a load of 0.15 MPa, the sliding speed of
the shaft of 17.0 m/min, and R600 sandpaper was
used.

The study of supramolecular structure of polymers
and PCM in the thickness of the samples was carried
out on a JSM�6480 LV JEOL scanning electron
microscope. The samples for the scanning electron
microscopy were low temperature brittle pieces
obtained at the temperature of liquid nitrogen. The
vacuum spraying of carbon was used to cover the sur�
face of the pieces by a conductive film. Images were
taken in secondary electron mode.

The temperature and the melting enthalpy of the
samples were determined by the differential scanning
calorimetry (DSC 204 F1 Phoenix) at the heating rate
of 20 deg/min. The melting point of a sample was
accepted at the projection of the point corresponding
to the beginning of the endothermic melting peak on
the temperature axis of the DSC thermogram. Based
on the values of the measured heat of melting, the
degree of crystallinity of a sample was calculated as
follows:

melt melt( ) 100%,H Hα = Δ Δ ×
�

where ΔHmelt is the experimentally found value of the

melting enthalpy, and  is the value of the melt�
ing enthalpy of the fully crystallized UHMWPE equal
to 288 J/g [10].

RESULTS AND DISCUSSION

Before BF was used as a binder, it was shredded
using a Fritsch Pulverizette 15 cutting mill with a pre�
set mesh size of 0.25 mm. The average lengths of the
shredded fibers were 30–90 μm and their diameters
were 8–10 μm. The use of shredded fibers allowed to
obtain PCM based on UHMWPE without complicat�
ing the technological processes.

The mechanical activation of BF was carried out in
an AGO�2 planetary mill. It was established that the
specific surface area of BF at activation increases four
to six times due to a decrease of their thickness and a
significant change of surface microtopography of the
binder, namely the defects on the fiber surface increas�
ing its roughness (Fig. 1).

The physicomechanical properties of the compos�
ites were characterized by the tensile strength and the
elongation at break. The content of binders varied
from 5 to 20 wt %.

In Table 1, the results of studies of the physicome�
chanical and tribotechnical properties of the compos�
ites based on UHMWPE modified by nonactivated
and activated BF are shown. The binders were intro�
duced into UHMWPE in a content of 5–20 wt %.

As can be seen from the table, the optimal combi�
nation of properties is reached at the content of 5 wt %
of both activated and nonactivated BF. It was shown
that the mass wear rate of PCM decreased by up to
7.7 times while the elasticity was kept, the strength was
increased, and the elastic modulus of the composites
was improved 30–40%.

The change of deformation and strength properties
of PCM can probably be explained by the changed
character of the intermolecular interaction in the
polymeric matrix. The binders are characterized by
distinctive surface properties that provide the adsorp�
tion activity of the particles to the polymer and, thus,

meltHΔ �
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Fig. 1. Microphotographs of basalt fiber before (a) and after (b) activation.
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lead to intensive structure formation in the binder with
the formation of structural elements with high adhe�
sion at the polymer–binder phase boundary [6–7].

In a whole, the analysis of the results of tribotech�
nical tests shows a positive influence of natural BF
particles on the tribotechnical properties of PCM.
This can be explained by the fact that the particles of
the binder under the action of temperature, load, and
sliding speed in the process of friction are moved from
the friction surface with the formation of stable cluster
structures with the material of the binder, which pro�
tects the material from further wear [7].

The increase of the wear resistance of materials
upon binding with solid�phase dispersed binders
occurs due to the formation of supramolecular struc�
tures in PCM that are different from the supramolec�
ular structures in the starting polymer under the action
of components of the binder. However, at the use of
fiber binders, the mechanism of increase of the wear
resistance is different from that at the binding with the
dispersed substances. The change of properties of the
composite is due to the formation of different struc�
tures: the fibers penetrating through the polymeric
matrix in all directions cause the formation of a rein�
forced structure, which increases stiffness of PCM
and, thus, improves its wear resistance [7].

Diagrams of the wear intensity of the studied com�
posites are shown in Fig. 2. It has been established that
the abrasive wear of the composite with 5% BF content
decreases up to two times compared to the starting
material.

To evaluate the energy state of the polymer–binder
boundary layers, the thermodynamic parameters of
the polymeric composites were studied by the differ�
ential scanning calorimetry. The results of the thermo�
dynamic studies are shown in Table 2.

It can be seen from Table 2 that a decrease takes
place in the melting point of PCM, which can be
explained by a partial decrease in the chain length and,
thus, higher mobility of polymer molecules.

It was established that, in the case of the UHMWPE
modification with BF, the melting enthalpies increases
and, thus, the degree of crystallinity of PCM also
increases. It is known [11] that the change in the melt�
ing enthalpy in crystallized polymers is caused by two

Table 1. Physicomechanical and tribotechnical properties of PCM based on UHMWPE

Composition εbr, % δt, MPa E, MPa I, mg/h ffr

UHMWPE 270 30 800 2.33 0.37

UHMWPE + 5 wt % BF 280 43 1085 0.43 0.40

UHMWPE + 10 wt % BF 270 40 1110 0.73 0.40

UHMWPE + 20 wt % BF 240 35 1195 0.87 0.40

UHMWPE + 5 wt % BF (act.) 280 40 715 0.30 0.40

UHMWPE + 10 wt % BF (act.) 275 45 740 0.38 0.40

UHMWPE + 20 wt % BF (act.) 210 38 765 0.67 0.42
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Fig. 2. Abrasive wear of the composites.

Table 2. Thermodynamic properties of PCM

Composition Tmelt, °C Hmelt, J/g Degree of crystallinity, % 

UHMWPE (pure) 128.70 151.90 51.80

UHMWPE + 5 wt % BF 126.40 181.83 62.07 

UHMWPE + 5 wt % BF (act.) 126.93 192.46 65.69 

UHMWPE + 10 wt % BF 126.26 173.56 59.23 

UHMWPE + 10 wt % BF (act.) 126.80 179.16 61.15 

UHMWPE + 20 wt % BF 126.30 149.23 50.92 

UHMWPE + 20 wt % BF (act.) 127.40 168.13 57.38 
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factors, i.e., (1) the change of the cohesive energy of
the polymer due to the cleavage of intermolecular
interaction at melting and (2) the change of the energy
of intramolecular interaction due to the transition
from an elongated conformation in a crystal to a static
tangle in a melt, which is usually characterized by the
increase of a number of high�energy bisecting confor�
mation. Hence, the increase of the melting enthalpy of
the UHMWPE–BF system proves the mobility of
macromolecules, which leads to the most ordered
crystal structure at a monotoneous cooling of the melt.

It is known that the main factor that influences the
properties of composite materials is the structural
modification of the polymeric matrix. The introduc�
tion of the binder into the crystallized polymer is
accompanied by the change of its structure at various
levels of organization, the character of which depends
on the shape, size, and state of surface of the particle
introduced into the polymer [1–7]. To establish the
influence of BF on the processes of the structure for�
mation in UHMWPE and, thus, on the character of
change of the properties, the structural studies were
carried out by electron microscopy (Fig. 3).

It can be seen that the introduction of BF is not
accompanied by the change of the type of a supramo�
lecular structure, which remains lamellar, like in the
starting UHMWPE.

It was shown that, in the microphotographs
(Fig. 3b), there is a small fraction of plastic deforma�
tion. It is supposed that the nanofibrils are oriented
UHMWPE molecules formed in the process of plastic
deformation. BF that are in a direct contact with the
UHMWPE molecules can be the starting points for
the crystallization of the polymer. Upon the destruc�
tion of the composite, as a result of this small fraction
of plastic deformation, BF carry along a part of the
polymer that is crystallized on their surface. The crys�
tallized part of the polymer, together with the amor�
phous regions, stretches to form the nanofibrils [12].

CONCLUSIONS 

The results of a comprehensive study of properties
of the composites based on UHMWPE show that the
use of basalt fiber as UHMWPE modifiers is promising
for the synthesis of polymeric materials with a combi�
nation of advanced performance properties. It has
been established that the optimal combination of
properties is reached at the content of 5 wt % of both
activated and nonactivated BF. It is shown that the
mass wear rate of PCM decreases up to 7.7 times while
the elasticity is kept, the strength is increased, and the
elastic modulus of the composites is improved 30–
40%. The use of activated BF as a UHMWPE binder,
besides the improvement of properties of the polymer,
has also a positive economical effect due to the use of
a cheap natural raw material.

Hence, the developed polymeric composites can be
recommended for applications in machines exposed
to high�intensity wear, e. g., for the fabrication of sus�
pension arms, rollers, the axis of rolling in plain bear�
ings, and other elements to provide long�time wear
and impact resistance, high heat resistance, low
weight, and resistance to aggressive media and corro�
sion, which is important during the operation of
equipment used in the mining and processing industry.

NOTATION

εbr—elongation at break; σt—tensile strength; I—
mass wear rate; f—coefficient of friction; α—degree
of crystallinity; Tmelt—melting point; Hmelt—melting
enthalpy.
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