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Abstract. The paper presents the results of micromechanical and
tribotechnical tests of samples of polytetrafluoroethylene, radiation-
modified (PTFE — RM according to modes A and B), coked in comparison
with the PTFE standard (Fluoroplast -F4). The influence of the surface
roughness of a 40Kh steel counter-tile on the coefficients of friction
against time at a constant sliding speed is considered. Micromechanical
tests were carried out using the method of instrumental indentation with a
triangular Berkovich diamond pyramid. Tribotechnical tests were
performed on a friction machine with a vertical axis of rotation of the
spindle according to the scheme "the end of the sample of the
fluoropolymer disk is the end of the counter-flange of the annular sleeve
(steel 40Kh)" without lubrication and when the friction pair is lubricated
with MGE-10A hydraulic oil. It was found that during friction without
Iubrication, PTFE samples had the maximum friction coefficients, and
F4K20 samples had the minimum friction coefficients when working with
40X steel counter-tiles treated with P180 sandpaper. PTFE-RM (A)
samples had the best wear resistance, followed by decreasing F4K20,
PTFE — RM (B) and PTFE under friction without lubrication. In the
presence of lubricant, the samples of the PTFE standard were inferior in
wear resistance to the F4K20 samples, but were 5-7% better than the
samples of PTFE-RM (B) and (A), respectively.

1 Introduction

Due to their low cost, low density, high ductility, good tribotechnical properties, as well as
ease of processing, polymers are increasingly used to replace metal parts in mechanical
systems. Polymers can be used in many technological applications such as brakes, gears
and electrical appliances [1]. Under high mechanical loads or contact pressures, the use of
polymers may be difficult. To eliminate this disadvantage, the introduction of various fillers
is used to strengthen them. Fillers of various shapes and sizes (fibers, microparticles,
nanoparticles, etc.) are used. Interest in the development of polymer composites is growing
faster than in metals, due to their use in a wide range of mechanical parts [2,3].
Reinforcement of the polymer matrix with fibers or fillers can change the tribological,
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mechanical and thermal properties of the polymer [4-7]. In [8], the main attention is
focused on the analysis of compositions by combining polyesteresterketone (PEEK) and
carbon nanotubes (MWCNTSs) to use their synergistic effect, increase mechanical strength
and tribological properties.

Radiation modification of polymers is an ever-expanding field of work that is attracting
increasing interest from the industry.

The use of this method requires a complete understanding of the effects of radiation on
polymer materials, especially when the goal is to improve their properties to higher levels
[9-10]. The study of the effect of radiation [11] on samples of a mixture of polypropylene
(PP) and polyethylene (PE) with different weight ratios at radiation doses of 10, 30, 50, 70
and 100 kGy was performed at a Co 60 source. It was found that the melting temperatures
of the mixtures were close to the melting temperatures of the primary polymers, and that an
increase in the radiation dose slightly changed them. In general, it can be said that the
results of the application of these polymer mixtures were important due to the improvement
of some physical and thermal properties of polymers.

In another study [12], the effect of copper on a polypropylene mixture irradiated with
gamma radiation containing a crosslinking agent was determined. The main conclusion of
this study was the significant support that copper provides to the creation of a three-
dimensional network in polypropylene mixtures during exposure to gamma radiation.
Copper in the polypropylene structure accelerates the formation of free radicals in
polypropylene, which contributed to the creation of a cross-linked structure. The results of
the gel test (60.65%), the melt flow index (MFI) test and rheological analysis showed that
the cross-linked

the structure obtained in the presence of copper was more pronounced at lower
temperatures

radiation levels (20 kGy). Gamma radiation has a significant effect on the modification
and improvement of polymer materials [13-19]. After radiation exposure, the polymers
were more resistant to chemical reactions, since there were no ingredients left to react with.
Gamma-ray-treated polymers can be used over a wider temperature range for particularly
complex applications such as automotive, foil packaging, electrical insulation, tissue
engineering, sterilization of medical devices, biomedical and nuclear applications, and
more.

In [20], samples of polyvinylidene fluoride (PVDF) (fluoroplast-2M) and PVDF
graphitized and filled with carbon fibers (CFs) of 15 wt were studied.% made in the form of
cylinders with a friction surface area of 1 cm2 by molding under pressure from 100 to 120
MPa and at a temperature from 190 to 210 ° C. The radiation modification of the friction
surface of the samples was carried out by emitting accelerated electrons with an energy of
1.0 MeV generated by the ELV-4 accelerator. The SHIMADZU Auto graph AGS-1 kNX
test machine was used as a friction force measuring device. The pressure on the sample
calculated from the contour of the contact field was 2.5 MPa. The wear tests lasted 56
hours, and the friction path was 10,000 m. The coefficients of friction on steel did not
change significantly and were in the range of 0.12—-0.15 regardless of the radiation dose. It
was found that for a pure polymer, the dependence of the wear intensity on the absorbed
dose is clearly pronounced, and the wear resistance deteriorates. For the composition with
CFs, an increase in wear resistance was obtained by two times, compared with samples
made of pure polymer.

The purpose of our work was to determine the micromechanical properties, friction
coefficients without lubrication and in the presence of lubricant and mass loss of samples of
radiation-modified and coke-filled fluoropolymers paired with a 40Kh steel counterplate in
comparison with the reference material, polytetrafluoroethylene (PTFE) (fluoroplast F-4)
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2 Materials and research methods

Experiments were performed on samples of PTFE fluoropolymers (1), radiation-modified
(PTFE-RM) (2), irradiation mode - A, (3), PTFE-RM irradiation mode - B and PTFE coke
filled with a coke content of 20% (F4K20) (4), made in the form of discs with a 40 mm
dimeter, 8 mm high, shown in Fig. 1. Micromechanical studies were performed on the
Nanoscan-4D device. A diamond triangular Berkovich pyramid was used for indentation.
The maximum loading force was 10 mN. According to the load-unloading diagrams, the
indenter immersion depth, microhardness HV, modulus of elasticity, E, elastic deformation
work We, plastic deformation work, Wp, and other indicators were determined.
Tribotechnical tests were performed on a friction machine with a vertical axis of rotation of
the spindle according to the scheme: "the end of the annular surface of the counter—flange
sleeve (steel 40X) is a plane (the end of the disk of a fluoropolymer sample)." The moment
of friction and pressure on the samples were determined using strain gauges mounted on
elastic beams placed on a friction machine in continuous mode. The processing of the end
face of the steel counterbase was carried out on silicon carbide sandpaper with a grain size
of P180, P600, P1200. For lubrication, hydraulic oil MGE-10 A was poured into an oil bath
mounted on the slide table of the friction machine.

Fig. 1. Samples of fluoropolymers: 1 - PTFE, 2 -PTFE-RM (A), 3 -PTFE- RM (B), 4 - F4K20

3 Results

Fig. 2 shows an optical image of the Berkovich pyramid imprint on the surface of the
PTFE-RM (B) sample. To determine the average values of microhardness, modulus of
elasticity and elastic plastic deformation, measurements were made at fifteen points and
close readings in the depth of the imprint were taken into account. Figure 3 shows the load-
unloading curves of the indenter for PTFE samples (Fig. 3, a) and PTFE-RM (B) (Fig. 3,
b). Table 1 shows the average values of microhardness, modulus of elasticity, work to
overcome elastic and plastic deformation and their total contribution.
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Fig. 2. Optical image of the Berkovich pyramid imprint RM PTFE (B)
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Fig. 3. Load-unloading curves for fluoropolymer samples: a-PTFE, b — PTFE-RM (B)

Table 1 Results of instrumental indentation of fluoropolymer samples

. The work
Modulus Elastic The work of .
Load, . . of elastic
Sample of deformation plastic .
max, HV .. . plastic
number elasticity, work, deformation, .
mN deformation,
E, GPa We, mJ Wp, mJ
W, mJ
1 9,87 4,11 0,95 4,09 7,14 11,23
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2 9,95 6,08 1,22 3,66 6,15 9,81
3 9,91 5,91 0,91 3,92 6,29 10,21
9,88 5,81 1,37 2,95 6,56 9,51

Figure 4 shows diagrams of the mass loss of samples during the wear test without
lubricant in the "dry" friction mode, depending on the treatment of the end face with
sandpaper of various grain sizes P 180 (a), P 600 (b) and P 1200 (c).PTFE-RM (A) samples
had the lowest mass loss, followed by F4K20 and PTFE RM (B) samples. PTFE samples
showed the worst results in weight loss. With a decrease in the height of the counter-tile
irregularities, the mass loss of the samples decreased. So, if for PTFE samples this decrease
occurred by 3 times, then for F4K20 samples by 16 times. The modified samples exceeded
the PTFE reference samples in wear resistance 5-6 times when processing the counter-tile

with sandpaper P 1200 and P 180, respectively.
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Fig. 4. Mass loss of fluoropolymer samples during friction without lubrication, depending on the
treatment of the end face of the 40Kh steel counter-tile with sandpaper of various grain sizes: a- R
180, b— R 600, ¢ — R 1200

Tests of samples using MGE-10A hydraulic oil showed that the PTFE standard was
slightly inferior to F4K20, and PTFE — RM (B) and (A) were inferior in weight loss to the
standard by 5-7%, respectively. In general, the radiation-modified and coke-filled samples
showed high values of wear resistance under dry friction. In practice, all mechanisms and
vehicles at the initial moment of movement operate under conditions of boundary friction in
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which it is possible to contact the surfaces of the parts directly with each other. In this case,
the maximum wear of the contacting friction surfaces occurs. With an increase in sliding
speeds, a significantly larger amount of lubricant enters the friction zone than at the initial
moment of movement and the wear rate decreases. There are a number of open gears that
do not provide lubrication. These include steel —polymer meshes. In this case, radiation-
modified and coke-filled fluoropolymers will have a service life many times higher than the
reference PTFE.

Fig. 5 shows the dependences of the friction coefficients on the test time for friction
without lubricant (Fig. 5, a) and with MGE-10 A lubricant (Fig. 5, b). The highest values of
the friction coefficient 0.25-0.27 were obtained for PTFE for friction without lubrication
after processing the end surface of the steel counterplate with sandpaper P 180.
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Fig. 5. Dependence of the friction coefficients of fluoropolymers during friction on steel 40Kh after
processing with sandpaper P180: a-without lubrication, b- lubrication MGE-10 A

During friction with MGE — 10 A oil, the minimum values of the coefficient of friction
were obtained from PTFE samples (Fig. 5, b). The minimum values of the coefficients of
friction paired with a counter-tile after processing with sandpaper P 1200 under dry friction
were obtained for PTFE-RM samples (B), followed by increasing samples of PTFE, F4K20
and PTFE - RM (A). In the presence of MGE -10 A oil, the minimum values of the friction
coefficients were obtained by PTFE samples, followed in ascending order by the friction
coefficients for samples F4K20, PTFE — RM (B), PTFE — RM (A).
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4 Conclusion

1. The regularities of changes in the friction coefficients for samples of fluoropolymers in a
friction pair with 40Kh steel, depending on the roughness of its surface at a constant sliding
speed, are determined.

2. The evaluation of microhardness, modulus of elasticity and the work of elastic-plastic
deformation under continuous indentation of a triangular Berkovich diamond pyramid was
carried out. The minimum microhardness values were obtained for PTFE reference
samples, and the microhardness of radiation-modified and coke-containing samples was
1.4-1.5 times higher than the standard.

3. Radiation-modified and gas-filled samples exceeded the standard PTFE samples 5-6
times in wear resistance when processing the counter-tile with sandpaper P 1200 and P 180,
respectively.
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