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1. Introduction

The evolution of mechanical engineering shows that it is 
economically feasible to design composite materials based on 

polymers, which serve as a basis (matrix) and are character-
ized by the availability of production capacities [1]. This pri-
marily concerns aliphatic and aromatic polyamides, which 
can be used to replace metals and alloys, especially non-fer-
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The object of the study is the pro-
cess of changing tribological efficiency 
according to tribotechnical character-
istics (wear intensity, friction coeffi-
cient, temperature in the contact zone) 
of composites based on phenylone C-1 
and polyamide PA-6 with arimide-T 
filler and fullerene C-60. The study 
solved the problem of obtaining com-
posites with high wear resistance.

Based on the results of research, it 
was found that varying the content of 
arimide-T makes it possible to obtain 
composites with different patterns 
of changes in tribotechnical charac-
teristics under conditions of dry fric-
tion, lubrication with water and I-50 
oil. Composites with the composition: 
phenylone C-1+15 wt. have the max-
imum tribological efficiency. % arim-
ide-T+3 wt. % fullerene C-60 and 
polyamide PA-6+30 wt. % arim-
ide-T+3 wt. % fullerene C-60.

Phenylone C-1 has destructive 
properties when working in the envi-
ronment of water and temperature in 
the friction zone. Its reinforcement with 
arimide-T and fullerene C60 gave pos-
itive results of a complex of tribotech-
nical characteristics under these con-
ditions. It was found that the wear 
of composites based on phenylone C-1 
in I-50 oil is two orders of magnitude 
lower than in water. Research of sam-
ples from the obtained composites based 
on phenylone C-1 and polyamide PA-6, 
reinforced with the optimal content of 
arimide-T and fullerene C60, showed 
that their wear resistance when lubri-
cated with oil is 3.5...4.0 times greater 
than the wear resistance of bronze.

An applied aspect of the reported 
results is the introduction of manufac-
turing technologies and restoration of 
machine parts from the proposed com-
posites. It has been proven that their 
optimal composition contributes to high 
tribological efficiency and could pro-
vide the required level of wear resis-
tance and reliability of resource-deter-
mining nodes, systems, and machine 
assemblies.

The results could be used by 
machine-building and repair-techno-
logical enterprises
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rous ones. Polyamides are characterized by high strength 
and can be used in combination with any materials. At the 
same time, their wear is reduced by 1.5...2.0 times compared 
to non-ferrous metals. The manufacturing time and cost of 
parts made of polymers are relatively small, compared to 
products made of steel and bronze.

Machine parts made of polymers work under extreme 
conditions. They are operated under heavy loads, a wide tem-
perature range and under conditions of intense friction and 
wear. And therefore, they need reinforcement and produc-
tion of polymer composites for structural purposes. When 
designing such composites, both aliphatic polycaproamide ‒ 
polyamide 6 PA-6, and aromatic polyamide ‒ phenylone C-1 
are used as a matrix.

The introduction of dispersed or fibrous fillers in poly-
amides, as in matrix materials, significantly increases the 
operational properties (wear resistance) and characteristics 
of the coupling of parts (wear intensity, friction coefficient, 
temperature in the contact zone, tribological efficiency) and 
expands the possibilities of their application. This is relevant 
because the high wear resistance of materials provides for a 
high level of operational reliability of parts, assemblies, sys-
tems, and machines as a whole.

2. Literature review and problem statement

The use of dispersed fillers significantly improves a num-
ber of properties and characteristics of polyamide PA-6 and 
phenylone C-1 [2].

In [3], it was established that the introduction of sil-
ica gel into phenylone C-1 at compression by 6.3 % and 
13.3 % leads to an increase in stress, yield strength, or mod-
ulus of elasticity. The results of the research make it possible 
to optimize the system of tolerances and fits of parts made of 
polymer composite, to simplify the technology of their man-
ufacture and, as a result, to reduce their cost. Depending on 
the content of the filler, the heat resistance of the composite 
increases by 11.6 % while its thermal linear expansion of the 
composite decreases by 10...20 %. It is not stated how these 
results contribute to the improvement of the tribotechnical 
characteristics of the materials.

Aliphatic and aromatic polyamides were used as the 
matrix of composites in work [4] while finely dispersed 
metal powders were used as fillers. This makes it possible to 
increase the strength characteristics by almost 1.5 times and 
wear resistance by 2.5...4.0 times. At the same time, among 
the specified fillers, composites with a filler with carbonyl 
nickel have the maximum wear resistance. The positive 
effect in this case is performed by carbon, which creates con-
ditions for solid lubrication. At that time, there was no study 
of the tribological efficiency of the obtained compositions. 
The dependence of the tribotechnical characteristics on the 
performance criterion has also not been established.

In work [5], it was found that the polymer composite 
based on polyamides and kaolin improves tribological prop-
erties under conditions of dry sliding friction. The weara-
bility of the polymer composite when sliding in water was 
investigated. It was shown that the addition of kaolin to 
PA-6 worsens the degree of crystallinity and plasticization 
of the polymer composite, as a result of which surface wear 
increases during sliding friction. At the same time, there is 
a decrease in the coefficient of friction. The authors should 
have explained the reported research results.

The effect of GNP graphene nanoplates on the me-
chanical and tribological properties of polyamide PA-6 was 
studied in [6]. The tribological behavior of the composites 
was studied using a piston tribometer according to the 
“ball-disk” scheme. The addition of GNPs to the PA-6 ma-
trix significantly improved the mechanical and tribological 
properties. The effectiveness of this polymer composite was 
proven by improving the Young’s modulus, microhardness, 
and scratch resistance, but it was also necessary to take into 
account the tribotechnical characteristics of the material, 
which are important in the operation of machine parts.

In work [7], molybdenum disulfide MoS2 was introduced 
as a filler into PA-6 matrices as a special solid lubricant. The 
resulting polymer composite has a low coefficient of friction 
of 0.15...0.30 on steel. Bearings, bushings, locking plates 
and guides are made from this composite. At the same time, 
PA-6, filled with a special solid lubricant, demonstrated 
the best tribological properties among plastics. The lowest 
coefficient of friction was observed, as well as the highest 
wear resistance and acceptable limits of the tribocoupling 
performance criterion pv (the product of the specific load 
and the sliding speed). It is shown that the introduction of 
solid lubricants has a positive effect on the wear resistance of 
the polymer composite in all aggressive environments. The 
most priority use of polymer composite parts was found to be 
their operation in alkaline environments. The work requires 
further studies into the influence of molybdenum disulfide 
content on the tribotechnical characteristics of the resulting 
composites.

To improve the properties of polyamides, in [8], ul-
tradisperse powder fillers based on silicon nitride are also in-
troduced into their composition. These include the ultra-dis-
persed powder of silicon-yttrium oxynitride, which was 
obtained by the method of plasma-chemical synthesis in the 
amount of 0.2...10 wt. %. It has been proven that ultradis-
persed fillers of this type significantly improve the proper-
ties of polymer composites based on polyamides due to their 
high specific surface area (45...60 m2/g), refractoriness, and 
resistance to oxidation when heated in air. It is shown that 
the content of fillers in small quantities is the most effective 
due to their significant influence on the process of structure 
formation in the volume of the polymer. The influence of the 
filler content on the tribotechnical characteristics of the 
composite is not specified.

In work [9], it is noted that in order to achieve the best 
properties of composites, the content of the investigated 
fillers (graphite, molybdenum disulfide, and boron nitride) 
introduced into phenylone should not exceed 5 wt. %. At 
the same time, the maximum increase in the tribological 
properties of the polymer composite is observed. A further 
increase in the filler content increases the wear and friction 
coefficient of the polymer composite but to this end, appro-
priate studies should be carried out.

In [10], a set of basic thermophysical, physical-mechan-
ical, and tribological properties of composites based on 
phenylene with a filler of graphene nanoplates is considered. 
It was found that the introduction of graphite into phenylone 
significantly improves its tribotechnical characteristics. Un-
der the dry friction mode, the friction coefficient decreases 
by 4.6 times. At the same time, the intensity of linear wear 
is also significantly reduced. Graphite content from 10 
to 60 wt. %, the coefficient of thermal conductivity increases 
by 1.5...6.0 times compared to the matrix material. A de-
crease in the temperature coefficient of linear expansion by 
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almost 8 times is observed. At the same time, the decrease in 
specific heat capacity is about 20 %. If the graphite content 
is up to 20 wt. %, the matrix material practically does not 
increase hardness and density. The compressive strength of 
composites and its impact toughness decrease. A film was 
found on the surface of the metals, which in terms of proper-
ties is close to hard alloys. The film preserves the crystalline 
structure and creates friction conditions similar to the fric-
tion conditions of the graphite-graphite conjugation of ma-
terials. The wear resistance of the polymer composite filled 
with graphite is determined by the nature of the graphite, its 
dispersion, ash content, as well as the presence of abrasive 
impurities, the orientation of the graphite particles, and its 
content in the polymer matrix, etc.

Finally, the effect of thermally split graphite on pheny-
lone was not investigated in [11]. As stated in the work, this 
problem is of scientific interest and needs to be solved. The 
results of tribological studies show that graphite-like materi-
als increase the wear resistance by 1.3 times, and the friction 
coefficient decreases by 35...40 % compared to graphite plas-
tic, which contains ordinary graphite. Systematic studies of 
changes in tribotechnical characteristics depending on the 
content of graphite plastic should have been conducted.

In work [12], it was found that under the mode of friction 
without lubrication, the maximum value of the performance 
criterion pv for graphite plastic was 22...25 MPa·m/s. At 
the same time, the optimal set of properties was demon-
strated by a polymer composite with a graphite filler con-
taining 15 wt. %. of thermally split graphite. The resulting 
composite has been extensively tested as a sliding bearing 
material for friction units of agricultural and transport 
equipment. In order to maintain high hardness and strength, 
along with the highest wear resistance, graphite-like mate-
rials are recommended to add graphite filler with a content 
of 5...30 % to phenylone. If the content of graphite in pheny-
lone is more than 50 %, then despite the significant decrease 
in the coefficient of friction, there is a deterioration in the 
strength of the resulting polymer composite. However, it 
is not specified how the tribotechnical characteristics and 
tribological efficiency change.

Improvement of complex formation at the boundaries of 
separation and regulation of crystal transformation behavior 
of composites based on PA-6 with high mechanical and ther-
mal properties are considered in work [13]. The influence 
of the glass fiber content on the crystalline transformation, 
thermal stability, thermal conductivity, and mechanical 
properties of PA-6 was studied and discussed. The results 
of temperature deviation, dynamic mechanical analysis, and 
thermal conductivity tests show a significant increase in 
the glass transition temperature and thermal conductivity 
of PA-6. The results of differential scanning calorimetry, 
Fourier transform infrared spectroscopy, and X-ray diffrac-
tion show that the transformation of PA-6 from γ to α crys-
tals is induced by interfacial complexation. The work offers a 
facile approach to produce materials with high thermal and 
mechanical properties that could potentially be used in auto-
mobiles, electronics, and related technologies. This indicates 
the need to study the set of tribotechnical characteristics 
and tribological efficiency.

In work [14] it was found that it is also advisable to use 
polyamide fiber of the arimide-T brand as a filler, which 
has high strength indicators. Compared to glass, carbon 
and basalt fibers, these organic fibers have good wettability 
with polymers. There is also a high strength of connection 

with the matrix, a lower tendency to crushing, high specific 
strength and stiffness. At that time, the tribological efficien-
cy of such material was not investigated and the optimal 
filler content was not established.

In [15], the optimal concentration of silica in the polymer 
matrix was established (10 % by weight), when the “polymer 
composite-steel” conjugation of samples had a high level of 
tribological properties. The morphology of the steel surface 
before and after wear of the polymer composite was studied. 
It was found that the reduction of the coefficient of friction 
and the nature of wear are associated with the creation of an 
anti-friction coating on the surface of the steel. The influ-
ence of external factors (load, relative movement speed) on 
the friction and wear of the polymer composite (90 % Tef-
lon+10 % silica) was revealed. It was established that such a 
polymer composite can work under the normal mode of fric-
tion under a load of up to 2.0 MPa and a speed of 1.25 m/s. 
Mathematical formulas describing the processes of friction 
and wear of the polymer composite were derived. It was 
established that the polymer composite with silica filler 
has a high level of physical, mechanical and thermophysical 
properties compared to the original polymer. The optimal 
concentration of silica in the polymer composite based on 
the dependence of tribotechnical characteristics requires 
justification.

In work [16] it is proposed to modernize the designs of 
mechanisms with the help of parts made of polymer com-
posite materials. It is recommended to use polymer compos-
ite SSPA-6-30, which has high tribotechnical characteris-
tics. The range of changes in tribotechnical characteristics 
and tribological efficiency of materials is not specified.

In [12], the dependence of the coefficient of friction 
and wear of a composite material based on phenylone C-2, 
containing thermally expanded graphite, on the load was 
revealed. Different modes of friction with and without lubri-
cation are considered. It was determined that the minimum 
wear of the material during lubrication friction is achieved 
at a pressure of 5 MPa. It is shown that with an increase in 
the filler content from 5 to 25 wt. % coefficient of thermal 
conductivity increases by 4.0...40.8 % compared to unfilled 
phenylone. It was found that the introduction of thermally 
split graphite into phenylone in the amount of 5 wt. % leads 
to a decrease in heat capacity by 34 %, but the influence 
of filler content on tribotechnical characteristics was not 
investigated. For the tribological efficiency of composite 
materials, it was necessary to establish the dependence of 
tribotechnical characteristics on the filler content.

In [17], it was established that the optimal content of 
silica gel in the polymer matrix is 10 wt. %. The morphology 
of the steel friction surface after frictional interaction with 
a polymer composite based on aromatic polyamide and silica 
gel was studied. The formation of an anti-friction film on the 
friction steel surface was detected. This contributes to the 
reduction of the coefficient of friction, the temperature on 
the friction surface and the intensity of linear wear of the 
studied polymer composite. Physical-mechanical and ther-
mal studies of the developed polymer composite were carried 
out and it was shown that the introduction of 10 wt. % of 
silica gel contributes to their increase by 5...10 %. It would be 
desirable to establish patterns of changes in the tribotechni-
cal characteristics of the filler content.

In [18], the mechanisms of thermal destruction of both 
the basic polymer material and the one reinforced with 
carbon fibers were established. It was found that carbon 
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fiber, regardless of its content in the composite material 
based on polytetrafluoroethylene, is mainly oriented per-
pendicular to the plane of application of forces. It is shown 
that with an increase in the carbon fiber content from 10 
to 40 % by mass, the heat capacity decreases by 16...39 % 
compared to the matrix material. The optimal operating 
modes for the developed composite materials based on the 
pv criterion are substantiated: under the dry friction mode 
‒ up to 4 MPa·m/s; when rubbing with lubricant ‒ up to 
36.4 MPa·m/s. The dependence of the coefficient of friction 
on the modes of operation of the composite material based 
on polytetrafluoroethylene with a content of 20 wt. % of 
carbon fiber when lubricated with oil and water. In the 
study, there is no connection between tribotechnical char-
acteristics and the criterion of workability of conjugations 
of samples and parts.

In [19] it was found that under the given conditions, the 
polymer composite material with a high-modulus PA-6.6+30 % 
F filler exhibits the best tribophysical characteristics compared 
to the PA-6.6 material. The proposed material when coupled 
with steel 1.1191 has a coefficient of friction 38...41 % lower 
and the temperature in the contact zone is 8...12 % lower than 
when coupled with material PA-6.6. At that time, composite 
materials require research into the regularity of changes in 
tribotechnical characteristics in various environments, as well 
as evaluation of tribotechnical efficiency.

Based on the literature, it can be asserted that compos-
ite materials based on phenylone C-1 and PA-6 polyamide 
with different filler content have high strength and positive 
values of tribotechnical characteristics. At the same time, 
the increased tribological efficiency of composite materials 
requires the study of patterns of change in wear intensity, 
friction coefficient, temperature in the contact zone depend-
ing on the filler content and specific load. It is necessary 
to establish the trends of changes in tribotechnical charac-
teristics under friction conditions without lubrication and 
lubrication with water and I-50 oil. This makes it possible to 
control the level of wear resistance and reliability of tribo-
logical junctions of parts made of composite materials with 
high-modulus filler.

3. The aim and objectives of the study

The purpose of our study is to establish the patterns of 
changes in tribotechnical characteristics depending on the 
content of arimide-T and fullerene C-60 in the matrix mate-
rials phenylone C-1 and polyamide PA-6. This will make it 
possible to establish the tribological efficiency of the result-
ing composite materials.

To accomplish the set goal, the following tasks were 
solved in the work:

– to experimentally investigate changes in the tribotech-
nical characteristics of the composite samples depending on 
the content of the filler under conditions of friction without 
lubrication and to identify its optimal content;

– to experimentally investigate changes in the tribo-
technical characteristics of composites under conditions of 
friction without lubrication depending on the criterion of 
performance of tribological junctions of the samples;

‒ to experimentally investigate changes in the wear and 
intensity of wear when lubricated with water and industrial 
oil I-50 of samples of composite materials based on pheny-
lone C-1.

4. The study materials and methods

The object of our study is the process of changing the 
tribological efficiency according to the tribotechnical char-
acteristics of composites based on phenylone C-1 and PA-6 
polyamide with arimide-T filler and C60 fullerene.

The main hypothesis of the research assumes that the pat-
terns of change in the tribotechnical characteristics of com-
posites determine the change in their tribological efficiency. 

An assumption was adopted: the reinforcing material of 
the filler is uniformly distributed in the matrix material of 
the composite.

Phenylone C-1 and polyamide PA-6 were taken as basic 
materials for the study of tribological efficiency and regular-
ity of changes in tribotechnical characteristics of polymer 
composites, and arimide-T as a reinforcing substance.

Phenylone C-1 is a polymer material that belongs to the 
class of aromatic heat-resistant polyamides and is a linear 
heterochain polymer. Phenylone C-1 macromolecules con-
sist of fragments of different structures connected by amide 
bonds. Phenylone C-1 is a pink powder with a bulk density 
of 0.2...0.4 g/cm3.

The basic physical and mechanical properties of Pheny-
lone C-1 are: density – 1350 kg/m3; compressive yield 
strength ‒ 220 MPa; impact strength ‒ 20 kJ/m2; Brinell 
hardness ‒ 180 MPa; relative elongation – 5 %; heat resis-
tance according to Vic – 563 K; thermal conductivity ‒ 
0.186...0.256 W/(m·K); water absorption in 24 hours is no 
more than 0.5 %.

Polyamide PA-6 belongs to the class of aliphatic poly-
amides and is a linear heterochain polymer. Polyamide 
PA-6 is a product of the polymerization of caprolactam. 
It has high physical and mechanical properties. Physical 
and mechanical properties of PA-6 polyamide: density – 
1130 kg/m3; heat resistance according to Vic ‒ 463...473 K; 
destructive tensile stress ‒ 55...77 MPa; in compression ‒ 
85...100 MPa, and in bending ‒ 90...100 MPa; impact vis-
cosity ‒ 90...130 kJ/m2; Brinell hardness ‒ 100...120 MPa; 
coefficient of linear expansion ‒ (8...10)·106 K-1; thermal con-
ductivity ‒ 0.267...0.290 W/(m·K); water absorption ‒ 10 %.

Arimide-T reinforcing fiber is a polyamide based on 
pyromellitic anhydride and 4.4-diamino-diphenyl ether. 
The fiber has an orange (orange, yellow-hot, red) natural 
color. The initial properties of the arimide-T fiber are: den-
sity ‒ 1410...1430 kg/m3; tensile modulus – 14.7 kN/mm2;  
glass formation temperature ‒ 653 K, during decompo-
sition ‒ 973 K, during operation ‒ 573...623 K. Thermal 
aging: temperature ‒ T=573 K; processing duration τ=100 h; 
residual strength – Р=80 %, at T=673 K, τ=25 h – Р=40 %. 

Arimide-T fibers exhibit high adhesion to various bind-
ers. Having good mechanical properties, arimide-T also has 
high heat and temperature resistance and oxygen index. In 
addition to the above-mentioned properties, arimide-T with-
stands high-temperature thermal shock in the temperature 
range of 1073...1273 K and does not emit toxic products. 
Arimide-T fibers are resistant to microorganisms, chemical 
reagents, and various petroleum products.

Production of fullerenes is widely available for research 
owing to the method of evaporation of graphite in an electric 
arc. The method is the most effective for the synthesis of 
fullerenes, in particular C60 and C70, which are the main 
product of carbon vapor condensation ‒ fullerene-contain-
ing carbon black. It is a promising additive that signifi-
cantly improves lubricating properties. Compared to other 
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carbon materials, pure fullerene and fullerene-containing 
carbon black significantly improve the antifriction and an-
tiwear properties of steel-steel and steel-bronze tribological 
junctions, especially at high loads. The use of fullerene or 
fullerene-containing carbon black leads to the formation of 
a fullerene polymer film on the friction surface, which has a 
protective effect.

The technology for obtaining composites based on 
phenylone C-1 and polyamide PA-6 consists of the follow-
ing processes: weighing components; mixing components; 
tableting of samples; drying and pressing of samples [20, 21]. 
The schematic sequence of the implementation of the acqui-
sition processes is shown in Fig. 1.

Polyamide (PA-6 or phenylone C-1) from container 1 is 
fed by dosing device 3 for weighing on scales 4. The moisture 
content of the polyamide material is controlled by hygrome-
ter 2. Arimide-T fibers are fed to cutting device 5. The length 
of the fiber is controlled by the adjuster of the device. After 
that, the chopped fiber enters container 6. Next, the fiber 
is fed in a given proportion to scales 8 by dosing device 7. 
The weighed matrix material and the filler (arimide-T and 
fullerene C60) enter electromagnetic apparatus 9, in which 
they are mixed. For better mixing of the specified mixture, 
we add ferromagnetic particles with parameters ℓ/d=4...5.

Duration of mixing is 10...15 s. The electromagnetic 
induction of the magnetic field in the device is maintained 
within 0.10...0.12 T. The temperature in the apparatus 
varies between 293...298 K. Ferromagnetic particles are 
removed by magnetic separation after the mixing process is 
completed. Note that fullerene C60 is in a storage contain-
er and, with the help of dispenser 14, is also fed through 
scales 15 to the electromagnetic apparatus for mixing the 
components 9.

The finished mixture of composite components is fed to 
apparatus 10 for the preparation of samples. Samples of com-
posites based on phenylone C-1 were formed under a pressure 
of 45 MPa, and on the basis of polyamide PA-6 ‒ 40 MPa. 
After that, the samples were to be dried in chamber 11. The 
duration of drying is about 2...3 hours. Drying takes place to 
a moisture content of 0.1 % at a temperature of 383...398 K. 
The dried samples were fed into press apparatus 12. 

The technology of pressing the samples of composites 
based on phenylone C-1 includes loading the samples into a 
heated mold to 528±3 K and holding without pressure for 

10 minutes. at a temperature of 598±3 K. Holding under a 
pressure of 55 MPa for 5 min. is carried out at a temperature 
of Т=598±3 K. Cooling of the samples is carried out under 
pressure to a temperature of 543±5 K, followed by pushing 
the sample out of the press mold.

The technology of pressing PA-6 polyamide compos-
ites includes loading the samples into a heated mold to a 
temperature of 453±3 K. Then, the procedure is carried 
out without pressure for 35 s at a temperature of 501±3 K. 
At that time, the process is carried out under a pressure of 
45 MPa for 10 s and at a temperature of 501±3 K. Next, 
cooling is carried out under pressure to a temperature of 
413±3 K and the sample is pushed out of the mold. On 
the basis of C-1 phenylone, the following groups of sam-
ples were prepared for tribological studies: without the 
content of arimide-T, and with the content of 2.5, 5.0, 7.5, 
10.0, 12.5, 15.0, 17.5, 20.0 wt. % arimide-T+3 wt. % fuller-
ene C60 powder.

Based on PA-6 polyamide, the following groups of sam-
ples were made for tribological studies: without arimide-T 
content and with 5, 10, 15, 20, 25, 30, 35, 40, 45 wt. % arim-
ide-T+3 wt. % fullerene C60 powder.

The quality of the manufactured samples from composite 
materials was assessed by microstructure. The use of tech-
nologies for combining material compositions should enable 
a uniform distribution of arimide-T filler fibers in polymer 
matrices (Fig. 2).

One can also see the formation of monolithic structures 
of composites, which is possible when the fibers interact 
with the matrix. To this end, it is necessary to provide good 
wetting of the fibers by binders and high adhesion between 
the fibers and the matrix. This is characterized by the shear 
strength of the “fiber-matrix” contact.

A typical (Fig. 3, a) globular structure for amorphous 
polymers was established using electron microscopy. 
When reinforcing with arimide-T fibers (Fig. 3, b), the 
formation of a boundary layer is observed at the boundary 
of the separation of the filler and the binding material of 
the matrix. The structure of the polymer changes at the 
same time.

This technique of combining the components of the 
composite material is characteristic of preserving the fibril-
lar structure of the fibrous filler, which provides for high 
mechanical properties, including tribological ones.

Fig.	1.	Schematic	of	the	technological	process	for	obtaining	samples	of	polymer	composites:	1	–	container	for	storage	of	
polyamides;	2	–	hygrometer;	3,	7	–	dispenser;	4,	8	–	scales;	5	–	device	for	cutting	fibers;	6	–	container	for	storage	of	

arimide-T	fiber;	9	–	electromagnetic	device	for	mixing	components;	10	–	apparatus	for	tableting	composites;	11	–	drying	
chamber;	12	–	press	apparatus;	13	–	container	for	fullerene	storage;	14	–	dispenser	for	supplying	fullerene;	15	‒	scales
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Patterns of changes in tribotechnical characteristics 
and tribological efficiency were studied on samples of the 
obtained composites. The tests were carried out both under 
the mode of friction without lubrication and with oil and wa-
ter lubrication. The following tribotechnical characteristics 
were studied: intensity of wear, coefficient of friction, and 
temperature in the friction zone.

Determination of the main characteristics of the wear 
process ‒ the intensity of linear Ih and mass Im wear ‒ was 
carried out according to the formulas:

;h
h

fr

u
I

L
=  ,M

m
u fr ar

u
I

L S
=
ρ ⋅ ⋅

   (1)

where uh=Δh is the thickness of the worn layer, m; 
uM=ΔM – amount of mass wear, kg; Lfr – friction path, m; 
Sar – wear surface area, m2; ρu is the density of the studied 
sample, kg/m3.

The coefficient of friction ffr was determined from the 
formula:

,fr
fr

ar

M
f

p R S
=

⋅ ⋅
   (2)

where Mfr is the moment of friction, N·m; p – specific 
load, Pa; R is the radius of curvature of the friction sur-
face, m; Sar is the contact area of the surface of the tribologi-
cal coupling of samples.

The temperature in the contact zone of the tribological 
junction was recorded using a chromel-coppel thermocouple 
and a copper-constantan thermocouple and a PSMG-0.1 
potentiometer. At the specified heating temperature of 

Fig.	2.	Microstructure	of	samples	of	composites	
containing	a	matrix	of	phenylone	C-1	and	filler	of	arimide-T	

fibers+3	wt.	%	C60	fullerene	powder:	a	–	longitudinal	
section	of	a	sample	containing	10	wt.	%	of	arimide-T	fibers;	

b	–	longitudinal	section	of	a	sample	containing	15	wt.	%	
of	arimide-T	fibers;	c	–	longitudinal	section	of	a	sample	

containing	20	wt.	%	of	arimide-T	fibers;	d	–	cross	section	of	
a	sample	containing	15	wt.	%	of	arimide-T	fibers,	x60

a

b

c

d

Fig.	3.	Supramolecular	structure	of	materials:	a	–	phenylone	
C-1;	b	–	composite	based	on	phenylone	C-1+15	wt.	%	
arimide-T+3	wt.	%	of	C60	fullerene	powder,	x10,000

a

b
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the friction surface, the thermocouple was pressed into 
the sample and connected to a loop oscilloscope with a  
MO17-150 galvanometer. Counting was carried out from the 
zero line of the oscilloscope, which corresponded to room 
temperature. Thermal curves were recorded at a belt speed 
of 0.01...0.25 m/s. They characterize the dependence of tem-
perature on the duration of friction, which was monitored 
using a time relay.

Research into tribotechnical characteristics under the 
mode of friction without lubrication was carried out on the 
SMC-2 friction machine according to the “roller-roller” and 
“roller-pad” schemes. The friction path in the experiments 
was Lfr=1000 m, the specific load was 0.4...1.0 MPa, the 
sliding speed varied within 1.0...2.5 m/s. The wear of the 
samples was determined by the change in linear dimensions 
or mass by the weighing method on analytical balances 
VLR-200 with an accuracy of 0.0002 g.

Tests of the samples when lubricated with industrial oil 
I-50 and water were carried out on the MY-1M friction ma-
chine according to the “roller-pad” scheme at a speed of 1 m/s. 
It should be noted that the rollers are made of steel 45, 
heat-treated to a hardness of 45...48 HRC, and the pad is 
made of composite materials. The friction path when lubri-
cated with water was 400 m, when lubricated with industrial 
oil I-50 ‒ 3000 m. For comparative analysis, the coupling of 
the materials of the samples “bronze OTS-5-5-5-steel 45”,  
“composite-steel 45” was studied. The pads are made of com-
posite material and OTS-5-5-5 bronze, and the roller is steel 45.

Industrial oil I-50 is a general-purpose, distillatory oil. It is 
a base oil for selective cleaning without additives. The choice 
of industrial oil I-50 is due to the fact that the tested tribolog-
ical junctions of the samples do not have special requirements 
for their antioxidative and anticorrosive properties.

The obtained data of experimental studies were subject 
to regression analysis.

The general form of regression equations with one vari-
able is represented in the form of a polynomial of power m:

( ) 1
1 2 1... ,m m

n ny x x x x−
−= β +β + +β +β   (3)

β1, β2,..,βn are unknown coefficients.

And the general form of regression equations with two 
variables is represented in the form of a polynomial of 
power m:

( ) 2
11 22 12

1 2 0

, 2

,

z x y x y xy

y x

= α +α + α +

+α +α +α  (4)

where α11, α22, α2, α1, α0 are unknown coefficients.
Unknown coefficients were found by the method of least 

squares.

5. Results of research on the change in the tribological 
efficiency of composites according to the laws of change 

in their tribotechnical characteristics

5. 1. Results of experimental research into depen-
dence of the tribotechnical characteristics of composites 
on the filler content during friction without lubrication

The results of our study on the influence of the content 
of the arimide-T filler in phenylone C-1 on the tribotechnical 
characteristics (intensity of linear wear, friction coefficient 
and temperature in the friction zone) under conditions of 
friction without lubrication are shown in Fig. 4. The conju-
gated sample is made of steel 45.

Statistical analysis of experimental data made it possible 
to construct the following regression equations:

8 210 0.0254 0.7697 6.2406,h m mI c c−× = − +  R2=0.9989,  (5)

20.0171 0.4665 6.8436,fr m mf c c= − +  R2=0.9981, (6)

3 20.0029 0.0718 0.1233 6.6091,m mТ c c x= − + +  

R2=0.9635. (7)

The results of tribological studies of samples of compos-
ites based on PA 6 with different contents of arimide-T filler 
and 3 wt. % of C60 fullerene powder, under conditions of 
friction without lubrication, are shown in Fig. 5. The conju-
gated sample is made of steel 45.

Fig.	4.	Experimental	dependences	of	tribotechnical	characteristics	of	composites	based	on	phenylone	C-1+arimide-T+3	wt.	%	
fullerene	C60	on	the	content	of	arimide-T:	1	–	intensity	of	linear	wear;	2	–	coefficient	of	friction;	3	–	temperature	in	the	

contact	zone,	with	the	criterion	of	performance	of	the	tribological	junctions	of	the	samples	рv=1.0	MPa	m/s,	under	conditions	
of	friction	without	lubrication
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Statistical analysis of experimental data made it possible 
to construct the following regression equations:

8 210 0.0006 0.0393 0.8389,h m mI c c−× = − +  R2=0.9635,  (8)

20.0001 0.0082 0.6945,fr m mf c c= − +  R2=0.9663, (9)

3 20.00001 0.0007 0.0063 0.9226,m m mТ c c c= − + +  

R2=0.9826.   (10)

Knowing the resulting regularities, it is possible to es-
tablish the trend of changing the tribological efficiency of 
composites based on phenylone C-1 and polyamide PA-6 

under conditions of friction without lubrication depending 
on the change in the content of the filler.

5. 2. Results of experimental dependences of tribo-
technical characteristics of composites on the criterion of 
performance of tribological junctions of samples without 
lubrication

The results of comparative studies of the patterns of 
changes in tribotechnical characteristics of conjugated sam-
ples of composites from the performance criterion рv are 
shown in Fig. 6. Composites were obtained on the basis of 
phenylone C-1 and polyamide PA-6, reinforced with arim-
ide-T, and steel 45. The conjugated sample is made of steel 45.

Fig.	5.	Experimental	dependences	of	wear	intensity	(curve	1),	friction	coefficient	(curve	2),	and	temperature	in	the	contact	
zone	(curve	3)	on	the	content	of	arimide-T+3	wt.	%	of	C60	fullerene	in	PA-6	polyamide,	at	the	performance	criterion	of	

tribological	junctions	of	the	samples	pv=0.5	MPa	m/s,	under	conditions	of	friction	without	lubrication
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Fig.	6.	Experimental	dependences	of	the	performance	criterion	of	samples:	a	–	on	the	amount	of	wear;	b	–	on	the	friction	
coefficient;	c	–	on	the	temperature	in	contact	zone	of	the	composite:	1	–	phenylone	C-1+15	wt.	%	arimide-T+3	wt.	%	

fullerene	C60;	2	–	polyamide	PA-6	+	30	wt.	%	arimide-T+3	wt.	%	fullerene	C60
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Statistical analysis of experimental data made it possible 
to construct the following regression equations for the tribo-
technical characteristics of phenylone C-1+15 wt. % arim-
ide-T+3 wt. % fullerene C60 and polyamide PA-6+30 wt. % 
arimide-T+3 wt. % fullerene C60:

The regression equation of the amount of wear:

u1=0.0797(pv)2+0.0159(pv)+0.1529, R2=0.9991, (11)

u2=0.1486(pv)2–0.0867(pv)+0.0948, R2=0.9999. (12)

Friction coefficient regression equation:

ffr1=0.3248(pv)3–1.3403(pv)2+1.1821(pv)+0.6494, 

R2=0.9813, (13)

ffr2=–0.0206(pv)2– 0.2245(pv)+0.8491, 

R2=0.9908.  (14)

Temperature regression equation in the contact zone:

Т1=–0.4288(pv)3+1.617(pv)2–0.9909(pv)+0.1744, 

R2=0.982, (15)

Т2=–0.3196(pv)2+1.5315(pv)–0.8622, 

R2=0.9707. (16)

It can be seen that for the obtained patterns of tribo-
technical characteristics from the performance criterion for 
composites based on phenylone C-1 and PA-6 polyamides for 
the optimal filler content, it is possible to use a comparative 
analysis of the tribological efficiency of these materials.

5. 3. Results of experimental research on the depen-
dence of wear and wear intensity of composite samples 
lubricated with water and I-50 oil on specific pressure 
and filler content

The developed composites are planned to be used in tri-
bological junctions of machine parts; as a rule, these coupled 
parts are made of OTS-5-5-5 bronze and steel 45 and work 
with oil lubrication. The study of the wear resistance of the 
samples of the created composites was carried out under 
similar conditions, that is, at friction with oil lubrication. 
Interaction with water is important for composites based 
on phenylone C-1. Research was also carried out when the 
couplings of the samples were lubricated with water.

The results of the study of the conjugation of the samples 
under the conditions of wear of the tribological junctions of the 
samples lubricated with water and oil are shown in Fig. 7, 8.

The regression equation of wear under water lubrication 
conditions for the two variables cm and p takes the form:

( ) 2 2, 17 4.8571

–2363 –139 17.257 320.2,
m

m m

u p c c p

c p c p

= −

+ +

−

 R2=0.9614.  (17)

The wear regression equation under conditions of lubrica-
tion with I-50 oil for the two variables cm and p takes the form:

( ) 2 2, 0.2286 0.2

0.85 –1.7114 0.48 0.7,
m

m m

u p c c p

c p c p− +

+= +

+  R2=0.9947. (18)

Our data on the patterns of change in wear of the “com-
posite-steel 45” conjugation samples take into account the 
specific load, the content of arimide-T filler in the C-1 pheny-
lone matrix, and the influence of water and I-50 oil. These 
factors will affect the tribological efficiency.

The results of the intensity of linear wear of the inves-
tigated composite materials based on phenylone C-1 and 
polyamide PA-6 are shown in Tables 1, 2. The tribological 
junctions of materials of the samples “composite-steel 45”, 
“bronze OTS-5-5-5-Steel 45”.

One can see that the intensity of linear wear of the re-
sulting composites in the coupling “composite-steel 45” is 
compared with the intensity of wear of the coupling of “OTS 
bronze-5-5-5-Steel 45” samples. In this case, the content of 
the filler and the specific load, as well as the environment in 
which the conjugation of the samples work, vary.

Fig.	7.	Experimental	dependences	of	the	wear	of	conjugated	
samples	“composite-Steel	45”,	lubricated	with	water,	with	
a	matrix	of	composite	‒	phenylone	C-1:	a	‒	on	the	content	

of	arimide-T	filler	and	specific	load;	b	–	on	the	filler	content	
at	a	constant	specific	load;	c	–	on	the	specific	load	at	a	

constant	filler	content
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Table	1

Dependence	of	the	intensity	of	linear	wear	of	samples	of	
composites	based	on	phenylone	C-1,	reinforced	with	arimide	

filler-T+3	wt.	%	fullerene	C60,	and	OTS-5-5-5	bronze,	
lubricated	with	water	(Р=5	MPa)

Indicator
Phenylone 

S-1

Composite based on 
phenylone C-1 with differ-
ent content of arimide-T 

fibers, wt. %+3 wt. % fuller-
ene C60

Bronze 
OCS 5-5-5

5 10 15 20

Linear wear  
intensity,  
μm/km

Intense 
wear

322 186 98 112 122

Table	2

Influence	of	the	specific	load	on	the	intensity	of	linear	wear	
of	composite	materials	based	on	phenylone	C-1	and	PA-6	
polyamide	and	OTS-5-5-5	bronze	in	the	medium	of	I-50	oil

Material
Linear wear intensity (μm/km) 

at specific load, MPa

2 4 6 8 10

Composite based on phenylone 
C-1+15 wt. % arimide-T+3 wt. % 

fullerene C60
0.62 1.58 2.34 2.98 3.20

Composite based on poly-
amide PA-6+30 wt. % arim-
ide-T+3 wt. % fullerene C60

1.24 6.38 14.50 23.62 25.80

Bronze OCS-5-5-5 13.2 506 Intense wear

6. Discussion of results of the tribological efficiency of 
the studied composites

On can see (Fig. 4) that under identical conditions, 
composites based on phenylone C-1, reinforced with arim-
ide-T with its content of 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 
20.0 wt. %+3% wt. % fullerene C60, have wear resistance 
2.0...18.0 times higher than the matrix polymer. The coeffi-
cient of friction for composites decreases by 1.5...2.0 times, 
which is explained by the higher hardness of the composite. 
Based on the regression analysis of the database shown 
in Fig. 4, and regression equations (5) to (7), it was estab-
lished that the composite based on phenylone C-1, reinforced 
with 15 wt. % arimide-T+3 % wt. % fullerene C60, possesses 
an optimal set of tribological properties and the best tribo-
technical characteristics.

The resulting regression equations (8) to (10) based 
on the experimental data shown in Fig. 5 testify to the 
following. With an increase in the content of arimide-T 
from 5 to 45 wt. % in aliphatic polyamide PA-6, the wear 
resistance of the studied composites increases by an order 
of magnitude compared to the composite based on pheny-
lone C-1 (Fig. 5, curve 1). While for the starting material 
PA-6 polyamide, the intensity of linear wear takes the 
value of 8.2·10-7, for composites this indicator, with the 
increase in the amount of fibrous filler from 5 to 45 wt. %, 
decreases from 6.5·10-8 to 2.7·10-7. A decrease in the coef-
ficient of friction is also observed: for a composite based 
on PA-6 polyamide, which contains 45 wt. % of arimide-T, 
the coefficient of friction is 1.75 times lower compared to 
PA-6 (Fig. 5, curve 2). The temperature that develops in 
the contact zone of the tribological junctions of the sam-
ples also decreases (Fig. 5, curve 3). In general, based on 
the results of our research, it can be concluded that the 
most optimal complex of tribological properties and tribo-
technical characteristics is demonstrated by a composite 
containing 30 wt. % fiber arimide-T+3% wt. % fullerene 
C60 in PA-6 polyamide.

The wear mechanism for composites based on pheny-
lone C-1 and polyamide PA-6 varies from adhesive to fa-
tigue. When rubbing samples from the matrix materials of 
composites, their smearing on the surface of the conjugated 
metal sample is observed, and for the composite, the surface 
has a vitreous character [22]. Wear products formed in the 
tribological junctions of samples in the form of powder are 
removed from the friction zone.

Fig.	8.	Experimental	dependences	of	the	wear	of	conjugated	
samples	“composite-Steel	45”	lubricated	with	I-50	oil,	with	
a	matrix	of	composite	‒	phenylone	C-1:	a	‒	on	the	content	

of	arimide-T	filler	and	specific	load;	b	–	on	the	filler	content	
at	a	constant	specific	load;	c	–	on	the	specific	load	at	a	

constant	filler	content
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Since the results of research on tribological properties 
and tribotechnical characteristics under the mode of friction 
without a lubricating medium of composites based on pheny-
lone C-1, polyamide PA-6 with an arimide-T content of 15 
and 30 wt.%, respectively, +3 % wt. % of C60 fullerene, are 
the best (Fig. 4), so it makes sense to give their comparative 
results based on the performance criterion pv of tribological 
junction.

Regression analysis of the experimental database to 
determine the regularities of changes in wear, friction coeffi-
cient, and temperature in the friction zone (Fig. 6), as well as 
the obtained regression equations (11) to (16), indicate the 
following. From the data shown in Fig. 6, a, the growth of the 
performance criterion (the product of the specific load by the 
speed of movement) slightly increases the wear of composite 
samples. The intensity of the increase in wear of the compos-
ite PA-6+30 wt. % arimide-T+3 % wt. % of fullerene C60 is 
greater than the composite of phenylone C-1+15 wt. % arim-
ide-T+3 % wt. % fullerene C60. This can be explained by the 
fact that when the specific load changes, work of the friction 
forces and the time of the frictional connection of the “com-
posite-metal” material conjugations increases. As the perfor-
mance criterion increases, the friction coefficient (Fig. 6, b) 
for the studied composites decreases, but according to 
different patterns. For the PA-6 polyamide-based compos-
ite, this pattern is almost linear (Fig. 6, b, curve 2). For the 
composite based on phenylone C-1, the regularity (Fig. 6, b, 
curve 1) is complex: at first, the friction coefficient drops 
sharply, and at a certain value of the performance criterion, 
it begins to increase. This can be explained by the fact that 
for composites based on phenylone (Fig. 6, curve 1) and 
polyamide PA-6 (Fig. 6, curve 2) with different content of 
arimide-T, the actual contact area of the conjugated samples 
changes differently.

The decrease in the friction coefficient is also due to 
both a reduction in the time of “composite-steel” frictional 
contact and an increase in the tangential component of the 
sliding speed [23]. The specified circumstances contribute 
to the removal of wear particles from the friction zone of the 
conjugation of samples.

The contact temperature of the conjugates of sam-
ples from the C-1-based composite, 15 and 30 wt.%, re-
spectively, arimide-T+3 wt. % of C60 fullerene in the 
friction zone reaches its maximum value (Т=352 K) at 
рv=2 MPa·m/s (Fig. 6, c, curve-1). For a polyamide-based 
composite, the maximum temperature is 345 K (Fig. 6, c, 
curve 2), which is slightly reduced. This can be explained 
by the fact that when the product of specific load and speed 
changes, the work of friction forces and the time of frictional 
contact “polymer-steel” increases [24].

In the process of wear, the formation of finely dispersed 
wear products is observed, which fill micro-cavities on the 
surface of steel samples, while the friction is realized no lon-
ger on the steel but on the wear products. This indicates a 
pseudo-elastic abrasion mechanism, which provides the lon-
gest service life of couplings of samples and parts, minimal 
growth of gaps between them [25].

Regression analysis of experimental databases (Fig. 7, 8) 
and regression equations (17), (18) made it possible to ob-
tain mass wear response surfaces of the composite based on 
phenylone C-1 on the mass content. % arimide-T and pressure. 
The results showed that the composite containing 15 wt. % 
arimide-T+3 % wt. % fullerene C60 demonstrates the least 

wear while lubricating in the medium of water (Fig. 7) and 
oil (Fig. 8), As can be seen from Fig. 8, the wear resistance 
of phenylone C-1 and composites based on it is significantly 
higher when lubricated with industrial I-50 oil.

This can be explained by the effect of water and oil at 
different temperatures in the friction zone on the molecular 
weight of phenylone. An increase in the water temperature in 
the friction zone leads to a decrease in the specific viscosity, 
which depends on the duration of contact of the composite 
with water [26].

An increase in the intensity of linear wear (Table 1, 
Fig. 7) of the studied composites lubricated with water was 
revealed. This can be explained by the destruction of the 
polymer matrix in the binder as a result of the influence of 
water and temperature [27], which develops during friction 
in the contact zone of the “polymer-metal” samples. It was 
found that the composite obtained on the basis of pheny-
lone C-1+15 wt. % content of arimide-T+3% by mass. % 
of C60 fullerene has a 1.25 times lower intensity of wear 
compared to the wear of OCS 5-5-5 bronze. It should be 
noted that the material of the base of the phenylone C-1 
composite itself has intensive wear.

Comparative tests on the tribological efficiency of sample 
couplings (Table 2) showed high wear resistance of the studied 
composites. The developed composites based on phenylone C-1 
and polyamide PA-6, reinforced with arimide-T+3 wt. % of 
C60 fullerene, are not inferior to OTS-5-5-5 bronze in terms 
of wear resistance. When lubricated with oil and water, they 
significantly surpass it. At the same time, the wear of the con-
jugate sample when working with reinforced liners is approxi-
mately 3.5...4.5 times less than with bronze ones.

The obtained level of tribological efficiency and the regu-
lar nature of the tribotechnical characteristics of the studied 
composites indicate that we are dealing with new materials 
for structural purposes. These composites have high wear 
resistance and a low coefficient of friction. Based on their 
tribological efficiency, the resulting composites can be used 
in friction units of machines and mechanisms as antifriction 
materials that can work under various operating condi-
tions [28]. The tribological efficiency of the studied compos-
ites correlates well with the maximum level of strength and 
reliability.

This study is characterized by the limitations of the 
arimide-T filler content in the matrix material of the com-
posite. For phenylone C-1, the arimide content varies from 
0 to 20 wt. %. For polyamide PA-6, the content of arimide-T 
varies from 0 to 45 wt. %. The ranges of variation of the 
filler are due to the expediency of a positive change in tribo-
technical characteristics and a sufficient level of tribological 
efficiency of the conjugations of samples.

Adding C-60 fullerene powder as a filler is effective but 
this material is expensive. It is possible to eliminate this 
shortcoming by replacing this material with a cheaper ana-
log. This requires additional research. 

The development of our research may involve abrasive 
wear of the obtained composite materials. The study of com-
posites for abrasive wear requires a special setup.

7. Conclusions 

1. We have experimentally established regularities of 
changes in tribotechnical characteristics (wear intensi-
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ty, friction coefficient, temperature in the contact zone 
of samples) of composites based on phenylone C-1 and 
polyamide PA-6 with a change in the content of arimide 
fibers-T+3 wt. % fullerene C60. It was found that with an 
increase in the content of arimide-T in composites based 
on phenylone C-1 and polyamide PA-6, the intensity 
of linear wear, the coefficient of friction, and the tem-
perature in the friction zone decrease in different ways. 
This is observed at a predefined level of performance 
criterion. It was established that composites based on 
phenylone C-1 with an optimal arimide-T content of 
15 wt.% +3 wt. % fullerene C60 have the best tribological 
efficiency, and those based on polyamide PA-6 30 wt. % 
arimide-T+3 wt. % fullerene C60.

2. For the conditions of dry friction of composites based 
on phenylone C-1 and polyamide PA-6, the comparative 
analysis established almost the same level of tribological 
efficiency. A similar pattern of changes in mass wear, friction 
coefficient, and temperature in the friction zone depending 
on the tribo-coupling performance criterion of the samples 
was revealed. The criterion for the performance of the con-
jugation of samples is equal to the product of the specific 
pressure and the speed of movement.

3. It was found that under conditions of lubrication with 
water, the wear of samples of composites based on phenylone 
C-1 is two orders of magnitude greater than wear under 
conditions of lubrication with industrial oil I-50. This can be 
explained by the destruction of the polymer component as a 
result of the influence of water and temperature. It has been 
experimentally proven that the developed composites with 
the best tribological efficiency in terms of wear resistance 
are 4 times higher than the wear resistance of OCS 5-5-5 

bronze when lubricated with oil, while the wear intensity is 
1.245 times lower.
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