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Abstract. Ultra-high molecular weight polyethylene (UHMWPE) has a number of unique
properties: low friction coefficient, high strength and toughness, frost resistance, and resistance
to aggressive media. This determines the use of UHMWPE as a polymer matrix for the
manufacture of high-strength technical products. The use of nanoparticles as polymer fillers,
which has emerged over the last two decades, has made it possible to significantly improve the
characteristics of nanocomposites while reducing their degree of filling, achieving an
improvement in properties that could not be achieved using traditional fillers and modifiers.
Due to the high specific surface area, nanofillers have high activity for structuring the polymer
matrix. However, this becomes a problem in the development of polymeric materials with
nanofillers, due to the processes of agglomeration, as well as the difficulty to distribute them
uniformly in the volume of the polymer matrix. We have demonstrated an efficient mixing
process for UHMWPE and nanofillers, consisting of mechanical activation in a planetary mill
and the technology of liquid-phase compounding under the continuous action of ultrasonic
vibrations. Despite the large number of studies aimed at enhancing the interfacial interaction
between UHMWPE and inorganic fillers, the problem of the weak interaction between the
polymer matrix and the inorganic filler remains unsolved. Thus, the research work is aimed at
obtaining new composite materials based on UHMWPE strengthened with organically
modified montmorillonite and compounds containing 2-mercaptobenzothiazole, ZnO and
sulfur.

1. Introduction

Issues of developing durable and wear-resistant polymer composite materials (PCM) pertain to highly
prospective and intensively developing areas of modern material engineering, which are determined
by the necessity of replacing traditional and costly materials [1]. One of the prospective polymer
matrixes for creating high-strength technical items is an ultra-high molecular weight polyethylene
(UHMWPE). UHMWPE possesses a whole range of advantages such as a low friction ratio, increased
mechanical strength, self-lubrication properties, chemical resistance to acids and bases, and durability
in terms of cracking and wear [2]. In spite of its unique properties UHMWPE is characterized by low
values of hardness, Young’s modulus, and susceptibility to constant load tensile creep. In order to
improve the complete set of performance properties, various fillers of micro- and nanoscale sizes, such
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as fibres (glass, basalt, carbonic, aramid, etc.), as well as dispersed matters (silicon dioxide, quartz,
wood powder, metal oxides, metal powders, etc.), are introduced into UHMWPE [3, 4]. Using various
matters as fillers we can intentionally alter the performance characteristics of materials.

Interfacial interaction between the filler and the polymer matrix plays and important role in
determining qualities and properties of created composite materials. Weak adhesion between the PCM
components brings about defects, which reduces the physical and mechanical, as well as tribological
properties of materials. The process of combining PCM components is still a complex technological
issue today [5]. At present, various approaches and modification methods are used in order to increase
the interfacial interaction and facilitate an even dispersion of filler in a polymer. Methods of ultrasonic
processing, mechanic activation, high-speed mixing of components of a composite material and other
methods are used to upgrade the properties of PCMs [6-8]. Besides, various specific methods of
preparing and modifying fillers, mixtures of fillers and polymers in different thinners, as well as
adding surface active agents [9-11]. And CVD method modification for fillers — that is a chemical
vapor deposition [12]. Also, utilization of functionalized fillers and other methods are used, too
[13, 14].

Therefore, the given work contains a comparison of montmorillonite (MMT) without modifications
to one with organo-modification. Such organo-modified clay (organoclay) shows good dispersion in
the polymeric matrix and enhances interaction with polymer macromolecules compared to plain clay
[15]. Besides, the work suggests an original technology of modifying UHMWPE in order to adjust the
interfacial interaction between the components of PCM. A distinctive peculiarity of this technology
lies in utilizing reactive compounds (2-mercaptobenzothiazole), which forms free radicals during
processing the PCM, thus influencing the interaction of polymers with solid fillers.

2. Materials and Methods
For the research we used UHMWPE GUR 4022 (obtained from Celanese Corporation, Germany). The
salient characteristics of UHMWPE are presented in table 1.

Table 1. Characteristic of the UHMWPE GUR-4022.

Properties Data
Molecular weight, g/mol 5.3x10°
Average particle size, um 145
Density, g/cm? 0.93

And as a filler we used MMT of MONAMET 1H1 brand without modifications and MONAMET
1P3 brand (“Metaclay”, Russia) the surface of particles in which was modified with resorcinol resin
with presence of a surfactant containing aliphatic radicals ranging from 14 to 18 methylene groups.
Combinations of fillers such as zinc oxide, sulphur powder and 2-mercaptobenzothiazole (MBT).

Samples for research were obtained by hot pressing at a temperature of 175 °C and a pressure of 10
MPa holding for 20 minutes, followed by cooling to room temperature. The hardness (H) of the
samples was measured by pressing the ball Russian standard ISO 2039/1-87 on the UMT-3 universal
testing tribometer. Testing parameters of the hardness PCM shown in table 2.

The mechanical properties of UHMWPE and PCM were studied using the Autograph AGS-J
tensile testing machine (Shimadzu, Japan). The tensile strength, elongation at break and Young’s
modulus were tested according to ASTM D3039/D3039M-14 at the moving gripper speed of 50
mm/min, the number of samples was 6. The tribological characteristics of UHMWPE and PCM were
determined according to ASTM G99-17 using a universal testing machine UMT-3 (CETR, USA). The
pin-on-disc testing method was used for tribological characterization.

Table 3 illustrates the testing parameters of the tribological properties of the PCM. The counter-
body was made of tempered unalloyed carbon steel AISI 1045.
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Supramolecular structure of PCM was characterized by scanning electron microscopy (SEM) JSM-
7800F (JEOL, Japan) with the X-MAX-20 attachment (Oxford Instruments plc, UK) in the secondary
electrons mode at an accelerating voltage of 1-1.5kV.

Table 2. Data of the testing hardness.

Characteristics Data
Diameter of the steel ball indenter, mm 5.0+0.05
Accuracy of indentation depth measurement, mm +0.005
Indentation time, s 0.1
Sample size, mm 30x30
Thick of the sample, mm 4.0+0.1

Table 3. Data of the tribological testing.

Parameters Data
Diameter of the sample, mm 10.00+0.02
Height of the sample, mm 20.0+0.2
Hardness of the counter-body, HRC 56-58
Roughness of the counter-body, um 0.06-0.08
Load, MPa 1.9
Linear slipping velocity, m/s 0.5
Test time of each sample, h 3

3. Results

3.1. Comparison influence with and without organically modified MMT on the mechanical and
tribological properties of the PCM

Using of organo-modified filler greatly simplifies the technological process of creating PCMs and
solves the problem of combining the hydrophilic surface of the filler with non-polar or low-polarity
polymer matrix [16]. The mechanical and tribological properties of a PCM filled with MMT with and
without the organo-modification are presented at figure 1. A polymer filled with MMT without the
modification leads the increased by 20 % tensile strength compared to those of initial UHMWPE. In
the cases of polymer containing a modified MMT, there was registered an increase of the yield
strength by 26 %. Nonetheless, the coefficient of friction of the PCM with low amount of MMT
remains unchanged from that of the original UHMWPE. The further increase of filler content up to 5
wt.% is followed by some decrease of strength PCM, which is related to the formation of defect areas
initiating material failure from external stresses [17].

Tribological investigation of PCM revealed that the addition of 5 wt.% of organo-modified MMT
decreases the wear rate by 17 times and reduced the friction coefficient by 18 % compared with the
initial polymer. These are results of the increase in wear resistance of a PCM due to the participation
of the organo-modifier in the intensification of tribo-chemical reactions. The organic component takes
part in forming labile structures on the friction surfaces of the composite material which bring about
the localization of shear deformations and facilitate the surface sliding processes of the steel counter-
body. The use of an MMT without a modifier results in some decrease of weight wear rate by 16 %,
for filler quantities of 1 wt.% and 2 wt.%. The coefficient of friction is reduced by 10 % for a an MMT
filling quantity of 0.5 wt.% and it is unchanged by the increase of a filler content to the level of the
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original UHMWPE. Hence, MMT without modifications fails to bring about a significant change in
the friction coefficient.
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Figure 1. Dependence of mechanical and tribological properties of PCM
on the content of fillers

The composite with organo-modified MMT shows better mechanical and tribological properties
compared with those of the composites/MMT without modifier. The observed results can be explained
by the strengthening effect of the polymer matrix due to its interaction with the modified surface of the
organoclay.

In order to explain the acquired mechanical results microstructures of composites were studied.
Besides, to compare the interfacial interaction between the polymer matrix and MMT samples filled
with non-modified and organo-modified clay were drawn for comparison (figure 2). It is obvious that
the supramolecular structure of UHMWPE transforms lamellar to spherulitic at the introduction of the
fillers. Along with this, the composite with an organo-modified MMT is distinctive for its formation of
a dense microcrystalline packing with a uniform supramolecular structure which confirms the
enhancement of strength properties of PCM. Such a phenomenon can be explained by structural
lability of small spherulites having enough time to get reorganized at the outside stretching action
while the large-sized spherulitic structure starts to disintegrate [18]. As observed in figure 2, PCM
containing non-modified clay is notable for containing large agglomerates and defects as well as for
the uneven mixing with the clay (“a structural fragmentation” of the system in whole). Besides, when
filling unmodified clay into the polymer, the resulting composition contains interlayer nano-spaces.
For the case that the PCM is filled with organoclay agglomerates of filler this is not observed.
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Figure 2. Micrographs of the supramolecular structure of: (a) UHMWPE,
(b-c) PCM filled with unmodified MMT, and (d-e) organo-modified MMT

3.2. Investigation of the effect sulphur, zinc oxide and 2-mercaptobenzothiazole on the characteristic
of PCM

Further studies concerned the use of combined filler in the system of ZnO/S/MBT. The advantage of
using combined fillers for enhancing the properties of PCM consists in the fact that each of the fillers
introduced there had different influences on the polymer matrix. For example, it was shown in work
[19] that a combined filler represented by carbon fiber and vermiculite greatly enhanced the
mechanical properties and wear resistance the PCM based on polytetrafluorethylene. Thus, combined
use of fillers having different nature allows for achieving the necessary performance properties of
PCM.

Figure 3 shows the results of studies of mechanical properties of PCM filled with sulphur, 2-
mercaptobenzothiazole and zinc oxide depending on their content. The analysis of the acquired data in
the studies of the physical and mechanical properties of PCM showed that the fillers added to it in the
proportion of 1 wt.% ZnO / 1 wt.% S / 1 wt.% MBT to the polymer brings about a substantial increase
in the tensile strength by 44 % and Young’s modulus by 70 % as compared to the original UHMWPE.

Similar results were obtained in work [20], in which the authors greatly enhanced the polymer
properties using sulphur as a filler. It was shown that the mechanical characteristics of the developed
materials exceed those of characteristics of UHMWPE filled with nanosized particles of CuO, AIN,
Si0,, as well as those of basalt and carbon fibers [21-23]. Figure 3 shows that the hardness of the
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composite containing 5 wt.% ZnO / 5 wt% S / 5 wt.% MBT increased by 13 % compared to
UHMWPE. The registered enhancement of mechanical properties of PCM can be explained by
changes in the supramolecular structure of UHMWPE at the addition of complex fillers together with
the formation of clearly expressed spherulitic structures without defect areas (figure 5).
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Figure 3. The dependence of the mechanical characteristics of PCM on the ratio of fillers:

1 — initial UHMWPE,;

2 - UHMWPE/ 0.5 wt.% ZnO/ 0.5 wt.% S/ 0.5 wt.% MBT;

3 -~ UHMWPE/ 1 wt.% ZnO/ 1 wt.% S/ 1wt.% MBT;

4 — UHMWPE/ 2 wt.% ZnO/ 2 wt.% S/ 2 wt.% MBT;

5 - UHMWPE/ 2 wt.% ZnO/ 5 wt.% S/ 2 wt.% MBT;

6 — UHMWPE/ 2 wt.% ZnO/ 5 wt.% S/ 5 wt.% MBT;

7 — UHMWPE/ 5 wt.% ZnO/ 5 wt.% S/ 5 wt.% MBT

It was observed in the tensile tests for PCM that the stress characteristics of the modified (1 wt.%
ZnO /1 wt.%. S/ 1 wt.% MBT) UHMWPE are 1.75 higher compared to those of the original polymer
(figure 4). Having analyzed the curves a) and b) it was found out that the stress-strain curve possesses
two values of Yield stress point, and it is probably connected with the rearrangement of
macromolecules UHMWPE during the deformation. Such character of the curve demonstrates
resistance to tensile strength with a structure that is different from the original.

In order to define the mechanism of the interaction between the UHMWPE and the used additions
structural research for PCM was conducted using the SEM method. Figure 5 shows microphotographs
of supramolecular structure of UHMWPE and PCM. As is shown in figure 5, the supramolecular
structure of the composite with combined fillers is characterized by the formation of spherulites. It was
also registered that particles of zinc oxide initiate the crystallization growth. The further increase of
the filler content in UHMWPE brings about fragmentation of the supramolecular structure which
explains the reduction of the mechanical characteristics of PCM. According to works [24-27], the
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spherulite structure of PCM increases the rigidity and bearing capacity of the material. A decrease in
the size of the structural components of the composite helps to reduce the proportion of defective areas
and pores, as well as stress concentrations.
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Figure 4. Stress-strain curve a) of the initial UHMWPE and
b) PCM filled with S, ZnO and MBT

Figure 5. Micrographs of the supramolecular structure of the PCM at x500 magnification:
(a) - initial UHMWPE; (b) - UHMWPE + 0.5% ZnO + 0.5% S + 0.5% MBT;
(c) - UHMWPE + 1% ZnO + 1% S + 1% MBT

4. Discussion

4.1. Mechanical and tribological properties of PCM filled by MMT
As you know, powdered MMT is usually represented by agglomerates, each of which contains up to
several tens of silicate plates of the clay mineral. To ensure the dispersion of the clay, MMT powders
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are treated with a surfactant. Quaternary ammonium salts (QAS) are usually used as surfactants for the
treatment of clays. Positively charged NHy interact with the negatively charged surface of the
aluminosilicate, displacing the interlayer cations of alkali and alkaline earth metals, and thereby
increasing the distance between the silicate plates, facilitating the intercalation of polymer
macromolecules or their fragments into the interlayer space (figure 6) [28]. The main disadvantage of
using QAC is their low thermal stability - when processing UHMWPE (about 200 °C), the destruction
of surfactants begins. Therefore, along with the modification of the QAC, the clays are additionally
treated with heat stabilizers. For this, a resorcinol resin is used, which is an aromatic ether that
contains polar bridging ether groups (figure 7) [29].

+ L d
- .
=== R i e
- -+

-
# + Ry=N'=R, —> . + NacCl
+ + k
PR | e Figure . The
2 9 9 g i i
¥ ¥ ¥  surfactant = xchange bomwcen
" % o
(alkylammonium chloride) "™ Na+ MMT
MMT organomodified MMT L
and a cationic
geiLn . : surfactant to obtain
5 = Na @ - alkylammonium

"organoclay" [28]

© Figure 7. Resorcinol bis(diphenyl phosphate) (rdp) [29]

The increase in the mechanical properties of PCM may be explained in the wettability of the MMT
surface by non-polar UHMWPE. Also, due to the intercalation of surfactant particles into the
interlayer space of the MMT plates, the dispersion of agglomerates is ensured. Structural studies in
figure 2 shows that the presence of agglomerated filler particles was not recorded in the
supramolecular PCM containing organo-modified MMT. It is shown in [30] that organo-modified
MMT “Cloisite C15A” promotes better delamination of layered clay components, which leads to a
decrease in the wear rate by 41 % and the friction coefficient by 38 % compared to unfilled
UHMWPE. The research results are confirmed by structural studies of the SEM friction surface. It is
shown that the formation of a smooth transfer film on the conjugated counter-body is observed on the
friction surface of such a composite. Based on these studies, it can be assumed that a secondary
structure is formed on the friction surface of the composites from the tribo-degradation products of
UHMWPE and organo-modified MMT. Such a layer during frictional contact protects the material
from wear.

4.2. Enhance mechanical properties of UHMWPE with combined fillers

Improvement of the deformation and strength properties of PCM with combined fillers is associated
with the plasticizing effect of 2-MBT and sulfur on UHMWPE. This facilitates the processes of a
reorganization of UHMWPE macromolecules during stretching. At the same time, zinc oxide particles
act as reinforcing elements of the composite material. It was revealed that 2-MBT interacts with
UHMWPE macromolecules within the amorphous phase. Based on the results of investigations of the
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IR spectra of PCM (figure 8), the appearance of new peaks related to oxygen-containing functional
groups appeared. For example, in the 1595 cm™ region, which corresponds to the stretching vibrations
of —C=0 of the carbonyl group. And in the area of 1180-1400 cm™', corresponding to the vibrations of
—C—0O-C- groups [31]. The emergence of new active oxygen-containing functional groups indicates
the occurrence of oxidative processes during the processing of UHMWPE composites, which suggests
their participation in the formation of the polymer structure. The reactive formed groups from the
polymer chain can interact with filler particles and/or decomposition products, thereby enhancing
interfacial interaction [32-33]. As a result of these factors, there is an increase in the tensile strength of
PCM by 44%, elongation at the break by 19 %, and elastic modulus by 70 %.
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Figure 8. IR spectra of films of the initial UHMWPE and UHMWPE/2-MBT
composite

5. Conclusion

As a result of this work, an enhancement of interfacial interaction between UHMWPE fillers added to
it has been found, which has been proven by the increase of the whole set of mechanical
characteristics of composites. The results of studies of the PCM microstructure have shown that the
supramolecular structure of composites with organo-modified MMT has no defects, such as hollows
and pores at the phase boundary. Besides, a uniform distribution of organoclay is also observed in the
polymer matrix without the presence of agglomerated particles.

The prospective use of combined fillers in the future as functional additives into the UHMWPE has
been proven. A substantial enhancement of the tensile strength characteristics of PCM by 44 % of the
relatively unfilled UHMWPE has been observed.

The studies of the structure revealed that adding fillers into UHMWPE is capable of bringing about
the formation of a spherulitic structure of composites where particles of non-organic fillers serve as
centers of crystallization. The energy of the destruction of such a spherulitic structure exceeds that of
lamellar structure, which explains the increase in the strength and wear resistance of PCM compared
to the original UHMWPE.

As a result, the optimal formula of PCM with a complex enhancement of performance properties
has been worked out. The developed materials are intended for the manufacture of parts for friction
units of machinery and equipment operated in extreme climatic conditions in regions with a cold
climate. For structural materials where higher strength and hardness values are required, a
combination of zinc oxide, sulfur and 2-mercaptobenzthiazole fillers is preferred. For example, as a
lining material used for facing mining and processing and mining equipment.
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