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Abstract

The resource tests of plain bearings with metal-polymer tribo-systems developed for the aviation industry
are presented. The purpose of the work is to determine the wear resistance of modern anti-friction polymer
materials in plain bearings in comparison with metal fluoroplastic tape. The uniqueness of the tests lies in the use
of a combination of high-performance polymer materials in a pair with chromium and molybdenum coating during
the reversible movements of plain bearings. Since the use of such bearings is mass in nature, the use of titanium
materials in the manufacture of bearing cages will allow to significantly reduce the weight of the aircraft and
increase its efficiency. It was determined that a plain bearing with a polymer material of carbon and polyamide
fibers and PTFE with functional additives shows a wear resistance 1.8-2 times greater on the segment of 40-100
thousand cycles than bearings with other materials during laboratory resource tests. Also, industrial tests have
established that after 2 million cycles, a hinged bearing with a metal-polymer tape shows a result that is 1.2-1.5
times lower in wear resistance than polymer materials, but all these results are within the tolerances of normal
bearing operation. Industrial tests have proven that at replacing the inner ring of a plain sliding bearing with a
titanium alloy with a molybdenum coating, the wear resistance is almost the same or slightly lower than when the
polymer rubs against steel. Technological recommendations have been developed and a new design and materials
of plain sliding bearings with polymer anti-friction coatings for the aviation industry have been proposed. The
implementation of technological recommendations in the production of bearings will allow to move away from
the universality of the use of plain bearings and extend their wear resistance and durability in general due to the
use of the full thickness of the polymer material and the development of bearings with predicted characteristics
for a specific task.

Keywords: plain bearings, metal-polymer tribo-systems, durability, wear resistance, reversible movement,
loading, coating, titanium alloy, polymer antifriction materials.

Introduction

Plain sliding bearings are widely used in machine building and the aviation industry. They are used for:
work in aggressive environments, with high vibration and shock loads, in fixed joints and everywhere where high
contact loads and low sliding speeds are required. They are designed to transmit radial, axial and combined loads
in moving or stationary connections of machines and mechanisms. They are used to compensate for distortions,
temperature and elastic deformations that occur during the operation of aircraft. A special place in the line of plain
bearings is occupied by bearings with materials that do not require lubrication during the entire service life of the
bearing.

Bearings with metal-polymer tribo-systems are quite widely used in friction units. Different combinations
of metal and polymer structural elements make it possible to predict friction nodes for a specific task. In turn,
polymeric materials in most cases are quite complex after their modification with functional, as a rule, antifriction
fillers.

Literature review

Metal-polymer tribo-systems and polymer composite materials play a progressive role in tribotechnics.
They are used to replace scarce metals and alloys, significantly increase the manufacturability, reliability and
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durability of friction units. Units of machines using polymer composite materials have a smaller mass, work almost
silently, have high damping capacity, do not require lubrication. This is especially true for the aviation industry.
Parts made of polymer materials can be operated in vacuum and chemically active environments, at cryogenic and
elevated temperatures, in a wide range of loads and sliding speeds. Currently, anti-friction polymer materials are
widely used in transport and power engineering, technological equipment and household appliances, covering a
huge range of friction nodes for technical and medical purposes, starting with lining plates of hydroelectric power
plants and ending with microrobots for blood purification [1, 2].

The use of polymer composite materials allows significantly reduce the labor cost of manufacturing parts
of friction nodes due to high-performance and resource-saving technologies. For example, when replacing metals
with cast plastics, labor costs are reduced by 5...6 times, and the cost price by 2...5 times; when using polymer
materials instead of metals and semi-finished products based on them, the cost of the product is reduced by 4...9
times [3].

According to the definition, a composite material consists of one or more continuous phases of a
homogeneous matrix with one or more dispersed phases. In this regard, the reliable operation of metal-polymer
tribo-systems primarily depends on the structural and morphological factor that affects the tribomechanical
characteristics of materials [4]. The principle of obtaining composite materials consists of a previously created
combination of two different phases (fillers and matrix) using certain technological techniques. As a result of the
filling, materials are obtained, the physical and mechanical properties of which differ from the matrix. The choice
of fillers for metal-polymer materials depends on the purpose of the material, the need to change certain
tribomechanical characteristics and the type of polymer matrix.

Usually, polymer composite materials used in sliding bearings are divided into composite materials
reinforced with continuous fibers or fabrics, dispersion-reinforced composite materials, composite materials based
on mixtures of polymers that are not capable of dissolving in each other and are characterized by a certain
distribution of polymer particles of the same nature in matrices of another polymer.

Plain sliding bearings with metal-polymer tribo-systems are very popular in the aviation industry [5]. They
are made of stainless and corrosion-resistant steels and do not require maintenance. They are compact, have an
extremely high weight-to-weight ratio and are used in primary and secondary flight control systems. They have a
hinged design. The inner ring is made of high-quality steel with a polished spherical surface. The outer ring is
equipped with a composite metal-polymer material based on polytetrafluoroethylene with tin-based bronze (metal-
polymer tape). In order to precisely fit the spherical surface of the inner ring and ensure an optimal sliding surface,
the outer ring is produced by cold forming around the inner ring.

Recently, many high-tech engineering anti-friction polymer materials have appeared on the market for their
use in tribo-nodes of machines [6, 7]. According to their characteristics, these materials in some cases exceed the
wear resistance p removing the bearing from the installation. Control was carried out according to the TOCT 3635-
78 (item 4.10) scheme using a time-type indicator. The control was carried out 3 times for the reliability of the
values for each point of the graph. The contact fatigue cracking of the bearing surfaces after the total test cycle
after 100,000 cycles was also determined.

4. The frequency of oscillations was 3 Hz.

5. The amplitude of the oscillations was 40 degrees (+ 20°) and was determined from the conditions of the
kinematic diagram of the lever of the helicopter's swashplate.

6. The load for all tested bearings was 31.5 kN. The load scheme corresponded to TOCT 3635-78, chapter
6 "Operating conditions".

7. All tests were carried out at a temperature of 16 to 20 °C. In the course of research, a slight increase in
the temperature of the plain bearings up to 40 °C was observed.

Resource laboratory tests of plain bearings with polymer materials

In the process of testing plain bearings with metal-polymer coatings, the shedding of polymeric materials
in the form of black wear products was observed in all tested samples. After testing for 100,000 cycles, the
fractographic analysis did not reveal any seizure sites on the surface of the inner clip. The outer clips with metal-
polymer materials did not wear down to the base of the bearing, which may indicate that all plain bearings that
participated in the tests are functional and can withstand a longer life, according to TOCT 3635-78, DIN 1SO
12240-1 (DIN 648) ta CTII 651.02.061-92. It should also be noted that all pivot bearings showed an axial gap of
less than 0.3 mm after 100,000 cycles, which is considered a critical gap for a bearing of this size.

The results of resource tests are presented in fig. 1. According to ETY 100-4, TOCT 3635-78 ta DIN ISO
12240-1 (DIN 648), articulated bearings of this type and size should be manufactured with a gap of 0.03-0.08 mm,
which corresponds to (Fig. 1, and ) during initial measurements of IIIH30IOT ta GE30EW-2RS bearings.
However, when bearings were made with other polymer materials, the clearance of the new articulated bearings
was zero. What is associated with the peculiarity of the production of trial samples of bearings with ZX-324VMT
and TX1 materials.

Analyzing the test results of plain sliding bearings, it can be concluded that the bearing with metal-polymer
tape and the bearing with Fluroglide material have almost equidistant curves, which are similar in the nature of
wear. The difference is observed only in the axial gap results. Initially, the spherical bearings have a certain
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clearance and the polymer material (PTFE with functional additives) is in a free, uncompressed state. When the
load is applied, the compression of the PTFE material, which is part of these polymers, and the so-called running-
in of the bearings are observed. Which is characterized by the distribution of the material and the filling of all
pores under load and the establishment of a certain wear pattern. This is exactly what the picture shows us. 1 at
the primary stages of testing with a run-in time of 20,000 oscillations. When the number of working hours increases
to 100,000, uniform wear of the material occurs almost linearly. It should be noted that during the tests, the
temperature of the bearing with Fluroglide material rose to 43°C. The GE30EW-2RS bearing heated up more than
the metal polymer tape bearing. This is explained by the removal of heat from the friction zone of the face into the
inner ring and the metal-polymer contact, and in the bearing with a metal-polymer tape, the contact is metal-(babbit
+ polymer).
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Fig. 1. Dependence of the axial gap (wear) of plain bearings with metal-polymer materials on the number of
oscillation cycles at actual values (a) and under the condition of equalization of the initial axial gap (b).

Analyzing the wear resistance of plain bearings with ZX-324VMT and TX1 materials, it can be said that
up to 20,000 oscillations, the wear resistance of these materials is the same. It is explained by the fact that the
surfaces of the polymer materials of the Zedex and Iglidur companies are almost identical in terms of
characteristics. As the number of operations increases and as the surface layers of polymer materials wear, the
structure and functional additives that are part of the polymer materials become more and more apparent. In fig. 2
shows the topography of ZX-324VMT and TX1 material structures. It can be seen from the figure that the Iglidur
company uses a larger size of reinforcing fibers for strengthening. At 100,000 cycles, it can be seen that the wear
resistance of the ZX-324VMT material is the lowest. The difference is already evident after 70,000 cycles. The
TX1 material during the tests occupies an intermediate position between the metal-polymer tape and the Fluroglide
material.

Fig. 2. Structures of polymer materials ZX-324VMT (a) and TX1 (b) at magnification of x56.

In general, we can say that up to 60,000 cycles, the plain bearing with a metal-polymer tape shows worse
wear resistance than polymer materials, but all these results are within the tolerances of normal bearing operation.
If we discard the gap that was at the beginning of the bearing tests and compare the results, the picture of the wear
of the plain bearings will be somewhat different. (Fig. 1, b) shows the results of (axial gap) wear of plain bearings
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with metal-polymer materials from the number of oscillation cycles under the condition of leveling the initial gap
(the wear curves of Zedex and Iglidur materials are symmetrically shifted to the zero mark).

Analyzing this version of the wearing of metal-polymer materials, it can be stated that the plain bearing
with Fluroglide material shows wear resistance almost 2 times higher in the segment of 40-100 thousand cycles
than bearings with other materials. It should be noted that this is the only plain bearing where the wear of the
polymer material occurs on the steel, and on the chrome coating, which is known for its wear resistance [10, 11].
The combination of reinforced fabric with PTFE and additives from solid lubricants paired with polished chrome,
once again proves that the most successful option for tribo-pairs is a solid base with a viscous matrix and solid
inclusions.

It should be noted that the testing conditions of the plain bearings did not correspond to the real operating
conditions of the plain bearings, which work, for example, in the levers of swashplate of the main gearbox of a
helicopter. And the test results were only comparative at a certain calculated load. The temperature of the tests,
the number of cycles and the load were selected according to the normative documents of the operating conditions
of the helicopter. For example, the number of hours of operation of the main gearbox and the swashplate as a
whole from repair to repair is from 2000 to 2500 hours of operation, depending on the type of equipment and
operating conditions of the helicopter. At the nominal rotation frequency of the main rotor of 192+2 rpm, the
oscillation frequency of the plain bearing is about 3 Hz, and in terms of cycles, 27 million oscillations at 2500
hours. Turn in low gas mode 45+10 rpm. That is, the value of 100 thousand cycles as well as the load of 31.5 kN
are standardized passport values.

Therefore, for more reliable results, it is necessary to conduct additional industrial tests in conditions close
to real nodes.

Industrial testing of plain bearings

Industrial tests of plain sliding bearings with metal-polymer materials were carried out at an aircraft repair
enterprise, which is engaged in maintenance, overhaul and production of parts and assemblies for helicopters of
Mi-8/17 series.

The purpose of the research was to manufacture and test the wear resistance of prototypes of plain bearings
that were manufactured at the enterprise on the recommendation of the authors of the work in accordance with the
contract. The bearings were manufactured according to the scheme described above, but in addition, molybdenum
coating was applied to the inner surface of the plain bearings by the vacuum-arc method with a thickness of about
100 microns. Also, the inner cage of some bearings was made of titanium alloy R56260 (Ti6AlI2Sn4Zr6Mo).

The installation on which plain bearings were tested was made according to the scheme presented in [12].
The test bench works on the principle of movement of the outer ring with a given amplitude with a fixed inner ring
under a combined radial and axial load. The stand allows tests of both spherical and cylindrical sliding and rolling
bearings in the mode of reversible motion in a wide range of angles, frequencies and loads in air as well as in other
gases or vacuum. The stand also carried out tests at temperatures with the help of heating with infrared radiation
at the place of installation of the hinged bearing.

The choice of material combinations of plain bearings for industrial tests was determined from the
standpoint of economic efficiency and reliable working conditions from the introduction of experimental samples
into industry. The HIIH30IOT type bearing was used as the basis, which is currently standardized according to all
relevant technical documents. The test results of test samples of plain bearings are presented in Table 1.

For testing of plain bearings, the operating conditions were selected based on the operating modes of the
lever of the helicopter's swashplate:

. The frequency of oscillations is 3 Hz.

. The testing temperature is 50-55 °C.

. The load on the bearing was 3 kN in the radial direction.
. The amplitude of oscillations was £15°.

. Research base 2-10° cycles.

. Control of the axial gap at 1-10° and 2-10° cycles.

. The sliding speed was 32.7 mm/s.

It should be noted that standard bearings of the type IIH30}OT and GE30EW-2RS according to [13] DIN
ISO 12240-1 (DIN 648) are manufactured with a clearance of 30-80 um, and test samples of plain bearings were
manufactured with a minimum clearance of 5 um. It is also noted that the surfaces of all polymer coatings were in
satisfactory condition after the tests. There were no damages or tears on the surfaces. The gaps of all samples after
the tests were within the tolerance of 0.3 mm.

Analyzing the test results of test samples of plain bearings, it can be said that all samples are within
tolerance even after 2 million cycles. Also, for a clearer picture, it is necessary to list the characteristics of the wear
resistance of plain bearings and to present the test results in the form that the initial value of the axial gap is
excluded. Fig. 3 presents a histogram of the results of the axial gaps of plain bearings without taking into account
the initial gap.

~No n b wWwN R
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Table 1
The results of axial gaps of plain bearings during industrial tests
Sample Polymer on the Coating on the Inner clip Axial gap at the number of
No. outer ring inner clip material working cycles, m

0 1-10° 2-10°
1 Metal-polymer tape - 95X181I 45 170 200
2 Fluroglide chrome 95X18I1I 50 145 155
3 Zedex - 95X 1811 5 120 140
4 Zedex molybdenum 95X18I1I 5 120 135
5 Zedex molybdenum R56260 5 125 140
6 Iglidur - 95X18I1I 5 100 120
7 Iglidur molybdenum 95X 18111 5 95 120
8 Iglidur molybdenum R56260 5 105 125

It can be seen from the histogram (Fig. 4) that under moderate loads, in test conditions close to real ones,
the selected polymer materials showed better wear resistance results than the metal-polymer tape. This indicates
that modern highly modified engineering plastics have better wear resistance (under certain operating conditions)
than metal-polymer tape. The FLURO bearing shows the best results in terms of wear resistance. This is confirmed
by the experiments of laboratory installations and resource laboratory tests. When analyzing the table. 1, it can be
seen that at the beginning of the operation of the bearing, the polymer material is pressed, and the PTFE polymer
material is installed in the reinforced fabric. In the future, equilibrium occurs in the zone and all processes of
friction and wear of the materials involved in the work are stabilized.
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Fig. 3. The results of the axial gap (um) of the samples without taking into account the initial gap after 2
million oscillation cycles (sample numbers according to TéSample number

The histogram shows very clearly the groups of samples 3, 4, 5 and 6, 7, 8. When analyzing the wear
resistance of bearings with Zedex material, the dependence is followed that with an increase in temperature and a
decrease in load, the wear resistance of the material is greater than in laboratory resource tests (Fig. 1). Under
operating conditions close to real ones, the wear resistance of the ZX-324VMT polymer exceeds metal-polymer
tape by 10-15%. Also, applying a molybdenum coating of 0.1 um increases the wear resistance of the bearing. The
wear resistance of the molybdenum coating on the titanium alloy shows the same results as when the polymer
slides on the 95X18III steel. An approximately the same pattern is observed in the TX1 material, but its wear
resistance is even greater under these operating conditions. An interesting fact is that when replacing the inner ring
of a hinged sliding bearing with a titanium alloy with a molybdenum coating, the wear resistance is almost the
same or slightly lower than when the polymer rubs against steel. A slight deterioration in wear resistance can be
explained by the fact that the titanium alloy removes heat from the friction zone worse [14, 15] and the temperature
in the contact zone is higher, and as a result, the wear of polymers is greater. But despite this, at light or moderate
loads, replacing the inner ring of the pivot bearing from steel to a titanium alloy with protective wear-resistant
coatings is an excellent option for the aviation industry. Due to the fact that the use of plain bearings is widespread
in aircraft, the benefit in weight will be very noticeable. Provided that the polymer material does not wear out to a
critical value and the wear-resistant coating on the inner ring will also work for the entire period of operation of
the plain bearing, it is possible to manufacture outer rings from titanium materials. The problem is that the use of
polymer materials in plain bearings has limited operating conditions than metals or roller bearings.

Conclusions

1. The results of laboratory resource testing of plain bearings with metal-polymer materials are presented.
It was determined that the plain bearing with Fluroglide material shows a wear resistance of 1.8-2 times greater
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on the segment of 40-100 thousand cycles than bearings with other materials. It was also established that, up to
60,000 cycles, a plain bearing with a metal-polymer tape shows worse wear resistance than polymer materials, but
all these results are within the tolerances of normal bearings operation.

2. Industrial tests have proven that at replacing the inner ring of a plain sliding bearing with a titanium alloy
with a molybdenum coating, the wear resistance is almost the same or slightly lower than when the polymer rubs
against steel. At low or moderate loads, replacing the inner ring of the plain bearing made from steel to a titanium
alloy with protective wear-resistant coatings gives a significant gain in the aircraft weighting.
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Ximko M.C., Ximko A.M., MnanmakanoB P.I'., Mikocsanuuk O.0. Pecypcui BunpoOyBaHH:
MOM(DiKOBaHUX IAPHIPHUX MIANIMIHUKIB AJIs aBialliiHOT ramysi

[IpencraBneno pecypcHi BHUNpOOYBaHHSA INAPHIPHUX  HIJIIWIHUKIB 13  METAIONOJIMEPHUMH
TpubocucTeMaMy po3poOJieHi JiId aBialiiiHol mpoMucioBocTi. MeTolo poOOTH € BU3HAYSHHS! 3HOCOCTIHKOCTI
Cy4acHMX aHTH(PHUKUIHHUX TOJNIMEPHUX MaTepiajiB y I[IapHIPHUX MiJIMIMIHAKAX B MOPIBHAHHI IX i3
MeTaI0()TOPOIIIACTOBOIO CTPIUKOIO.

VYHIKaNbHICT BUNPOOYBaHb NOJSATAaE Y BUKOPUCTaHHI KOMOIHYBaHHS BHCOKOC(EKTHBHUX ITOJIIMEPHUX
MaTepialiB B mHapi i3 HOKPUTTAM XpOMY Ta MOJIOOEHY IpH PEBEPCHBHUX PyXaxX MIAPHIPHUX ITiJIIAITHHUKIB.
OCKUMBKH  3aCTOCYBaHHS NOAIOHMX MIAIIUIHAKIB HOCHTH MAaCOBHU XapakTep, 3aCTOCYBaHHS THTAaHOBHX
MaTepialliB y BUTOTOBJICHHI 00OWM MiAMIMITHUKIB JO3BOJIUTH CYTTEBO 3MCHIIHWTH Bary HOBITPSHOTO CyTHA Ta
T ABUIITATH HOTO €(peKTUBHICTB.

BuzHaueHo, 1110 MapHipHUH MiJIUITHUK 3 TOJIMEPHUM MaTepialoM i3 ByTJIeEeBUX 1 MOJiaMiHUX BOJIOKOH
ta PTFE i3 dpyHKIiOHATBHUME JOOaBKaMHU TIOKa3y€e 3HOCOCTIHKICTh B 1,8 - 2 pasu Ounbiny Ha Bimpizky 40-100 Tuc.
[UKJIIB, HDK MIIMIMIHAKY 13 IHIIMMH MaTepiajlaMd NpH J1a00paTOpHUX PECYpCHHX BUNPOOyBaHHAX. Takox
MPOMUCIIOBUMH BHIIPOOYBAaHHSIMH BCTAHOBJICHO, 1[0 ITPX HApOOITKY B 2 MJIH. IIUKJIIB MIAPHIPHUHA MiANIUITHUK i3
METAJIONIONIIMEPHOIO CTPIUKOIO TOKa3ye pe3ynbrati B 1,2-1,5 pa3iB HUKYE MO 3HOCOCTIMKOCTI HIX TOJIIMEpHI
Marepianu, ajie BCi Il pe3yJIbTaTH JIeXkKaTh B MOJI AOIYCKIB HOPMaIbHOI pOOOTH MiALIIHITHHKIB.

IIpoMucmoBuMu BUNPOOYBaHHSAMH [OBEIACHO, IO NpPH 3aMiHi BHYTPIIIHBOTO KiJbIS HIAPHIPHOTO
MiANTNITHAKA KOB3aHHA Ha TUTAHOBHUH CIUIAB i3 MOKPHUTTSAM MONIOAEHY 3HOCOCTIHKICTh Maiike omHakoBa abo
HE3HAYHO HIDKYE YUM IIPH TEPTi HOTiMepy 1o cTaii. Po3po0ieHi TeXHONIOTiYHI peKOMEHAaIii Ta 3aIpOIOHOBAHO
HOBa KOHCTPYKIISI Ta Marepiaiyl IIapHIpHUX MiAIIAIHAKIB KOB3aHHS i3 TOJIMEPHUMH aHTH()PHUKIIHHUMEI
MOKPUTTSAMHU IS aBialiifHOI MPOMHUCIOBOCTI. BrpoBamkeHHS TEXHOJNOTIYHHX pPEKOMEHIANid y BHPOOHHIITBO
MIANTUITHAKIB TO3BOJIMTE BiJIHTH BiJl YHIBEPCAIbHOCTI BUKOPHCTAHHS MIAPHIPHUX MIiAMIUITHAKIB Ta MPOTOBXKUTH
iX 3HOCOCTIHKICTh Ta JOBIOBIYHICTh B I[JIOMy 332 PaxyHOK BHUKOPHCTAaHHS IOBHOI TOBIIMHHU IIOJIIMEPHOTO
Marepiany Ta po3poOLi MiANIMITHUKIB i3 IPOrHO30BAaHUMH XapaKTEPUCTUKAMHU IiJl KOHKPETHY 3aJaqy.
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