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Abstract: (1) Predictive assessment of the performance characteristics of metal-polymer (MP) plain bearings at
the design stage is necessary and important for engineering practice. They include bearing capacity, linear wear
of the bushing, and bearing life. However, no method for their calculation has been developed. (2) The authors
have created a generalized analytical method for the mathematical modeling of MP sliding bearings as a
classical science-based method of contact mechanics of conformal cylindrical bodies with consideration of
polymer bushing wear. (3) Contact problem of the theory of elasticity takes into account the significant
difference in the elasticity characteristics of polymeric materials from those of steel: Young's modulus is 60...250
times smaller, Poisson's ratio is 1.27...1.37 times larger. The method has been used to study MP bearings with
several common groups of tribopolymers used for bushings: PA, PTFE, PET, and PEEK. The maximum contact
pressures and durability of dry friction bearings have been calculated taking into account the load, radial
clearance, bushing thickness, elasticity characteristics of tribopolymers, their wear resistance, sliding friction
coefficient, and type of tribopolymer materials. (4) The paper establishes quantitative and qualitative
regularities of the influence of these factors on the maximum contact pressures and bearing durability.

Keywords: metal-polymer plain bearings; analytical method; polymeric materials for tribological
purposes; dry friction; maximum contact pressures; durability

1. Introduction

Metal-polymer (MP) plain bearings are widely used in a wide variety of human activities. They
have proven to be a suitable and cost-effective replacement for metal bearings in many cases. Various
types of tribolgical polymeric materials (unreinforced and reinforced) are used for bushings of this
type of sliding bearings for rotary (radial, axial) or reciprocating (guide) motion. They operate
reliably at sufficiently high contact pressures, high sliding speeds, under dynamic loads, in
chemically active and excessively humid environments, in water, in vacuum, with boundary or dry
friction, do not require additional lubrication and maintenance, etc. The areas of application of plain
bearings in various types of equipment are extremely diverse: engineering (machine, machine tool,
automotive, instrumentation, aircraft construction, etc.; agricultural, construction, road, rocket and
space, military, robotics, etc.), technological (food processing, pharmaceutical, textile, pulp,
woodworking, chemical, etc.), service (computer, office, control and measuring, household, medical,
diagnostic equipment, etc.), and much more. It should be noted that among the above-mentioned
positive qualities of MP bearings, their ability to operate reliably in dry friction is of particular
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practical importance. In many cases, it is impossible to use lubrication in sliding friction units for
various reasons.

Various crystalline thermoplastic, amorphous, and epoxy polymeric materials are used to
manufacture bushings for mechanical bearings. To improve their strength and tribological
characteristics, various types of fillers are widely used to form composites. Common ones include
fiberglass (GF), carbon fiber (CF), molybdenum disulfide (MoSz), graphite (C), bronze powder,
polytetrafluoroethylene (PTFE), aramid (AF), oil, etc. The most commonly used polymers for sleeves
of deep groove bearings are polyamides, polyacetals (POM), and polytetrafluoroethylene. Less
commonly used are polyethylene terephthalates, polyetheretherketones, polyethylene (PE-HD), etc.

2. Generalized Method of Calculation of Metal-Polymer Bearings

A plain bearing (Figure 1) consisting of a polymer sleeve 1, a steel shaft 2, and a housing 3 is
considered. Shaft 2 is loaded with a static load N and rotates with an angular velocity o = const. The
diagram of the bearing (Fig. 1b) shows the force F = N/l reduced to the unit width [ of bushing 1.
When the bearing is loaded, an unknown contact pressurep,, occurs, distributed along an unknown
arc of contact 2R,@,. The maximum contact pressure p,,, occurs between the shaft and the sleeve
along the action line of the force F. A radial clearance € = R; — R,)0 must be guaranteed between the
polymer sleeve 1 of inner radius R; and the shaft of radius R,. The polymer sleeve has a certain
thickness S, which is selected structurally.

R2 R .
F
/2 113
L~ - -
2o y
o

Figure 1. Metal-polymer plain bearing: (a) general view and (b) diagram.

It is known that the mechanical properties of polymeric materials for sleeves of sliding bearings
have significantly lower properties than structural steel for shafts: tensile strength by 8-10 times,
Young's modulus by 60-260 times, and wear resistance by 50-150 times. Consequently, at the limit
friction of such bearings, their load-bearing capacity, wear resistance, and durability will also be
significantly lower than those of plain bearings with metal sleeves. Metal bearings, on the other hand,
cannot operate in dry friction, in water, or process liquids. Therefore, MP bearings are indispensable
here, which leads to their widespread use with a reasonable limitation of bearing capacity based on
the strength properties of tribopolymers. However, except for the author's method, there are no such
methods available for use at the design stage.

The generalized analytical method for studying MP sliding bearings includes the following
partial methods for calculation:

- contact pressures p, and the area of their distribution, that is, the initial contact angle 2,

- maximum contact pressurep,,q,,

- taking into account bushing wear to reduce contact pressures p,, and increase the contact
angle 2ayy,

- taking into account the wear of the bushing to reduce the initial maximum contact pressure,

- durability t MP of the bearing at the accepted permissible linear wear hi of the polymer sleeve,
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- maximum linear wear himax of the bushing at a given bearing life t.

These methods are described in detail in the authors' previous publications [1-4]. Below are the
basic formulas for calculating the initial maximum contact pressure p;;,, in the bearing and its
durability at a given wear h; = hyq, of the polymer bushing. Here, a modified method [5,6] is used
to solve the contact problem with bushing wear, which takes into account the effect of the bushing
thickness S on the contact parameters.

The maximum contact pressure p,,,, occurs along the force line F and is determined by the
following formula:

Pmax = Ezetan (30, (1)

where E; = (e;/R;) cos?(ay/4), ey =eL, e, =4EE,/Z, L=(14+2*), 2=R;/(R; +5), 0{ay(90°,
Z=0+r)A+v)E + (1A +x)(1+Vvy)E;, k =3 —4v, Ey, v, are Young's modulus and Poisson's
ratio of the materials of shaft 2 and sleeve 1 of the bearing, and k is the numbering of the bearing
elements (Fig. 1).

The unknown angle of initial contact 2a, is determined from the condition of equilibrium of
the forces applied to shaft 2, i.e., the load F, and the reaction to it in the form of contact pressure p,

ao
F= sz Do c0s a da = 4R, E e sin?(ay/4). (2)
—ao

Hence, taking into account the expression for Ej, the formula for the semi-angle of the angle a,
will be

ay = 2arcsin,/F [me,e. (3)

Based on the mathematical model of material wear under sliding friction [2,7] and the method
for calculating contact pressures in a bearing [1-4], the durability of a sliding bearing at maximum
linear wear h; = hy,, of the bushing is calculated by the formula [8]:

—_Blrgl 1-m 1-m
t= T—T 1 —[(t = 1q0) + 1 T 1},
vchrh):l(l—mk)l(gl){[ 10] [( 10) WimaxZ1Thl } (4)

where By, my, Ty, are characteristics of wear resistance of materials in a hybrid tribopair under the
accepted external research conditions, which are determined by the results of model
triboexperimental studies [9] (Tables 1-3); v = wR, is the sliding speed, ¢, is the wear rate
coefficient; X, = (—Kt(l) + hY); Kt(l) =1; Kt(z) = a,/m are the coefficients of mutual overlap of the
sleeve and shaft, respectively; h; = h,/h, is the relative linear wear of the shaft to the wear of the
sleeve
o 3171'})1(17—1720)7"2 )
b = BaTy? (T-T10)™1 ¢ ©®)

The relationship between the specific friction force T on a tribocontact and the contact pressure

Pmax is taken according to the Amonton-Coulomb law

T = fDmaxs (6)

where f is the sliding friction coefficient.

Due to the wear of the bearing bushing and shaft, the pressure p;,,,will decrease. In an MP
bearing, the polymer bushing wears out 50-100 times faster than the steel shaft, and therefore the
shaft’s wear can be neglected. The current pressure ppn,, are determined as follows:

Pnmax = Pmax — |ph|/ (7)

where p;, is the change in the initial pressures when the bushing wears in a mechanical bearing.
The value of pj, is calculated according to the following dependence [8]:

Py = Ejcueptan (%)/ 8)
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where ¢, >0 is the wear rate; €, = Ryyar2i; Q)@ is an unknown contact angle when the bushing
wears.
Therefore, during the wear process, the current contact pressure is determined by the formula

Prmax * EA [8 tan (?) - Chhlzl tan (%)] (9)

When the polymer sleeve wears, the current specific friction force is Tpyq, < 7. Accordingly,

Thmax = fPaum , and 7, = flppl.
The contact angle «,, during wear is calculated according to the condition

F = 4TR,E; (¢ + ¢y&)) sin®( ag,/4) = 4mey cos?(ay/4) (€ + cu;) sin?(agp/4). (10)

Table 1. Characteristics of polyamides.

Characteristics Polyamides
PA6 PA6+ PA6+ PA6+ PA6+ oil
30GF MoS2 30CF
B1 100 2.26 4.12 5.58 6.53 7.03
mi 1.09 1.09 1.1 1.1 1.1
t10, MPa 0.05 0.05 0.05 0.05 0.05
Young's modulus 2000 2700 1660 3300 1960
Ei, MPa
Poisson's ratio vi 0.4 0.41 0.4 0.41 0.4

Table 2. Characteristics of polytetrafluoroethylenes.

Characteristics Polytetrafluoroethylenes
PTFE+10C+ 10CF PTFE+15C+5Mo0S:
Bi-10% 8.2 8.2
m 1.1 1.1
10, MPa 0.05 0.05
Ei, MPa 850 850
Vi 0.46 0.46

Table 3. Characteristics of polyetheretherketones and polyethylene terephthalates.

Characteristics Polyetheretherketones, polyethylene terephthalates
PET PET+20PTFE PEEK PEEK+30GF
B1-10w0 6.81 11.45 3.76 5.95
mi 1.09 1.09 1.09 1.09
10, MPa 0.05 0.05 0.05 0.05
Ei, MPa 2300 2260 3400 3650
Vi 0.43 0.44 0.38 0.4

3. Results

Data on the materials of the bushings of the MP sliding bearings: shaft 2 - steel C45 normalized,
E2=210000 MPa, v2=0.3; tribopolymer materials of bushing 1 (Tables 1 - 3). Data for calculation:
N=1500, and 3000 N, F = N/Il, l = D,, D2=30 mm, F = 50, 100 N/mm, &£ = 0.15 mm, S=2, 4, 6 mm,
n2=100 rpm, hi=1.0 mm.
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The wear resistance characteristics B;,my,7;, of polymeric materials presented in the tables
above were determined based on the results of their experimental studies in dry friction conditions
by the method [9]. For this, a pin-on-disk tribometer [10] under controlled conditions (temperature T
= 23+1°C, relative humidity HR = 50+5%) was used. The results of calculating the maximum contact
pressures pmaxare shown in Figures 2 and 3.

OS=6mm ES=4mm BS=2mm N=1500N
‘ ' 5.6 '
PAG S
* | ‘ " 6.59
PA6+30GF 20| -

18
PAG+MoS2 #_
PA6+30CF _iﬁh 815

PA6+oil 6.33
PTFE+10C+10GF
PTFE+15C+5MoS2
PET __ o
PET+20PTFE __

PEEK *—
PEEK+30G ¥ ﬂ_

4.5 5,5 85 9
Puax, MPa

Figure 2. Maximum contact pressures in the MP bearing with different types of polymers: N=1500N.
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Figure 3. Maximum contact pressures in the MP bearing with different types of polymers: N=3000N.

Reducing the bushing thickness S from 6 to 2 mm results in a 1.126-fold increase in pmax,
regardless of the type of polymeric material of the bushing. The bushing thickness S = 2 mm for a
shaft diameter D2 = 30 mm is indicated for IGUS deep groove bearings Iglidur J, Iglidur G, Iglidur
W300. The contact pressures in deep groove bearings increase in the following sequence depending


https://doi.org/10.20944/preprints202410.2392.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2392.v1

on the type of polymeric material of the bushing: PTFE — PA6+MoS2 — PA6+oil —» PA6 —
PET+20PTFE — PET — PA6+30GF — PA6+30CF — PEEK+30GF — PEEK.

Fillers have a different effect on the change in contact pressures compared to unfilled (basic)
polymeric materials. Fiberglass and carbon fiber in the polyamide group cause them to increase
because they increase Young's modulus of the composite compared to PA6 (Table 1). The MoS: filling
reduces the pressures, while the oil filling practically does not change them. Due to the introduction
of fillers into PA6, the change in pmax can be up to 1.4 times. The filling of PTFE with
polyeteretherketone PET practically did not affect pmax. In the case of filling polyethylene
terephthalate PEEK with glass fiber, the pressures pmax slightly decreased (by a factor of 1.045).

Young's modulus E1 has a significant effect on the maximum contact pressures. In polyamides,
its increase reaches 2-fold (PA6+MoS: — PA6+30CF), which, accordingly, leads to a 1.4-fold change
in pmax . In the studied polymers, it increases by 4.29 times (PTFE — PEEK+30GF) (Tables 2, 3). From
the analysis of Figures 2 and 3, it was found that in this case, pmax increases by about 1.86 times
(1.86...1.88 times at N = 1500 N, and 1.85...1.86 times at N = 3000 N).

According to the criterion of minimum contact pressures pmax, bearings with a bushing made
of PTFE+10C+10GF or PTFE+15C+5Mo0S:2 are optimal, whereas in other groups of polymers - with a
bushing made of PA6+MoSz, PET, and PEEK+30GF.

The data on the durability t of the bearings are shown in Figures 4 and 5. Here, the diagrams
show their durability in black at a constant friction coefficient f=0.35. However, experimental studies
have shown that in each steel-polymer pair, its values can differ significantly from the specified value
(see Fig. 6). In addition, the friction coefficient decreases with increasing contact pressure. Therefore,
these circumstances were taken into account when calculating the actual durability ¢, which is shown
in the color-coded diagrams below.

B =0.35=const N=1500N

721; S=6 mmn
PA6 F684: S=4 mm
632;

S=2 mm

exoanc [ 8
585

! 1036
1981

" 7
! 2349

PTFE+15C+5MoS2 Wy DD

3121

500 900 1300 1700 2100 2500 2900 3300 3700 ft, hours

Figure 4. Bearing duradility at N =1500 N.


https://doi.org/10.20944/preprints202410.2392.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2392.v1

= f=0.35=const N=3000 N

; 642 5=6mm
PA6 609: S=4nun
563:S=2mun

I

PAOG+30GEF "lo6

——

1755
PA6+MoS2 666
- 398
PAG+oil 1657

PTFE+10C+10GF

PTFE+15C+5MoS2

PET

PET+20PTFE |
PEEK

PEEK+30GF

1300 1700 2100 5 2900 t. hours

Figure 5. Bearing duradility at /N =3000 N.

When the bushing thickness S decreases from 6 to 2 mm, the bearing durability t decreases by
1.14 times for all types of polymeric materials. The bearing with a PET+20PTFE bushing has the
longest durability, and the bearing with a PA6+30GF bushing has the shortest durability. The ratio of
their durabilities is 5.33 at N = 1500 N and 5.7 at N = 3000 N. Bearings with a bushing made of
PA6+MoS2, PA6+0il, PET have an approximate durability at N = 1500 N. At a load of N = 3000 N, it
will be the same with bushings made of PA6+MoS2 and PA6+oil and slightly higher than that for PET.
The lowest durabilities of bearings made of PA6, PA6+30GF, and REEK at N = 1500 N will be close,
and at N =3000 N, bearings made of PA6+30GF and PEEK will have the lowest durability. The
durabilities of bearings with PA6+30CF and PEEK+30GF bushings will be somewhat higher.

Depending on the type of polymeric material of the bushing, the durability of MP bearings
increases in the following sequence: PA6+30GF — PEEK — PA6 — PEEK+30GF — PA6+30CF —
PA6+oil —» PA6+MoS: — PET — PTFE+10C+10GF — PTFE+15C+5MoS: — PET+20PTFE. This
sequence is significantly different from the above sequence of increasing maximum contact pressures:
PTFE — PA6+MoS: — PA6+oil — PA6 — PET+20PTFE — PET — PA6+30GF — PA6+30CF —
PEEK+30GF — PEEK (Figs. 2 and 3). The increase in the linear wear resistance characteristic B1 of
polymeric materials is as follows: PA6 — PEEK — PA6+30GF — PA6+MoS: — PEEK+30GF —
PA6+30CF — PET — PA6+oil — PET+20PTFE — PTFE (Tables 1-3). Friction coefficients f in these
hybrid tribo-conjugations (Fig. 7) and Young's modulus E1 of polymers (Fig. 8) have other sequences
of change from minimum to maximum values. Therefore, the calculated durability t of a bearing
depends on the complex effect of the maximum contact pressure pmax, the wear resistance
characteristics of polymeric materials B, m;, 719, Young's modulus Ei, and friction coefficient f. All
of these factors are included in formula (4) for calculating the bearing's mechanical life.

According to the criterion of maximum durability t, bearings with a PET+20PTFE bushing are
optimal, whereas in the other groups of polymers -- with a bushing made of PA6+MoS:z or PA6+oil,
PTFE+15C+5MoSz, PET+20PTFE, and PEEK+30GF.

Comparison of the pattern of change in pmax in bearings with different polymer bushings and
the durability t of the bearings is shown in Figure 6. Here, it is easy to track the patterns of change in
contact pressure and service life of bearings with different bushings.


https://doi.org/10.20944/preprints202410.2392.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2392.v1

08=6mm  BS=4mm  B$=2mn N=1300N Ll N-1500N

PAG
PA6

=4

63218=2u
P T | e S — 1
2172

) PAG+MoS2 20%

N

gy — .. pasecr [
1036
. Pason . e
1981
PTFEFIICHOGE i PTFE+HOCHOIGE _Fp_vi@
2349
+15C+MoS2
gy - f
PET it

Lty —— . |

PET+20PTFE

gy .

, PEEK E?ﬁ*
e .. 2
T T T " | 1096
PEEK+30GF
354 48 5 85 6 68 7 T8 8 83 9 Egsﬂ?‘o

P MPa 500 900 1300 1700 2100 2500 2900 3300 3700 thours

>

Figure 6. Contact pressures and durability of deep groove bearings.

Figure 7 shows the experimentally determined sliding friction coefficients at the calculated
contact pressures pmax (Figures 2 and 3).

| f=0.35=const EBN=1500N ON=3000N
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PAG+30GF a7
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PTFE+15C+5MoS2 _,m_—o.4s
PET 026 032
PET+20PTFE —0_285_34
prek | s .44
0.38
PEEK+30GF | e 046
0 0,1 0.2 0,3 0.4 0,5 0.6
f

Figure 7. Sliding friction coefficients.

Dry friction coefficients depend not only on the type of base polymer but also on the type of
filler. The introduction of fiberglass into the base polymer increases the coefficient of friction of
composites under dry friction on steel 45. Instead, the fillers from MoSz, oil, and PTFE as lubricants
have little effect on it.

The elastic Young’s moduli of the studied polymeric materials determined by the Oliver-Farr
method are shown in Figure 8.
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Figure 8. Modulus of elasticity of tribopolymers.

Young's modulus of the investigated polymeric materials differs by a maximum of 4.29 times
(PEEC+30GF / PTFE+10C+10GF). In the group of polyamides, the filling with CF and GF significantly
increases Young's modulus compared to the base PA6 (Table 1). Filling PA6 with oil reduces it, and
MoS: practically does not change it. In polyesteretherketone, PTFE filling has a slight reducing effect
on the modulus, and in polyethylene terephthalate, GF filling slightly increases it (Tables 2, 3). In all
groups of polymers, fillers change Poisson's ratio slightly compared to the base materials (Tables 1-
3).

4. Discussion

Despite the widespread use of sliding bearings, no relevant standards have been developed for
the design calculation of their bearing capacity. Effective analytical methods are also absent in
scientific publications. The calculation [11] or numerical methods [12,13] known in the literature for
studying metal plain bearings are not used in engineering practice to assess the bearing capacity of
MP bearings. As for the analytical methods for calculating the wear and durability of sliding bearings,
there is no attempt to develop them.

In [14], an FEM study of the mechanical behavior of a large-sized MP sliding bearing with a
sleeve made of a phenolic-based composite filled with PTFE and reinforced with polyester fibers was
carried out. A simplified 3D FEM model was used in [15] to study the effect of clearance on contact
stresses and kinematics of a polymer composite sliding bearing. Article [16] is devoted to a numerical
study by the adaptive method of modeling the wear of a bearing made of a laminated polymer
composite but does not provide for the possibility of estimating the durability. Here, local wear is
modeled according to the Archard abrasive/adhesive wear law with a linear dependence of wear on
contact pressure and sliding speed. However, [17] indicates that at friction coefficients above 0.3,
which is typical for dry friction pairs, the dominant type of polymer wear is the frictional fatigue
mechanism under the influence of specific friction forces. Adhesive wear can then be a secondary
concomitant process. A sign of adhesive wear as the main process is the transfer of a thin adhesive
film of polymeric material to a metal counterbody.

In the literature, more attention is paid to experimental studies of mechanical bearings [7,18-20].
In particular, their results are presented in the works [14-16]. Paper [21] reports on the tribological
behavior during dry friction of various bearings with polymeric bushings made of polyacetal (POM-
Delrin), cast polyamide PA6, etc. Work [18] is devoted to the study and evaluation of the wear
resistance of bearings based on PE (polyethylene), PA, POM, PTFE, and bakelite polymers. The effect
of sliding speeds, pressure, and temperature on the friction and wear of PA66 bearings,
PA66+18PTFE, and PA66+20GF+25PTFE composites was studied in [22] at room temperature. A
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tribological analysis of the dry friction behavior of PA6 for a connecting rod plain bearing was
performed in [4]. Study [19] evaluated polymeric plain bearings with PET and UHMWPE bushings
and an Inconel stainless steel shaft in dry friction and water lubrication. The effect of radial clearance
on the coefficient of friction, mass wear, and temperature of plain bearings with a sleeve made of the
NORDEN Marine 605 composite and a shaft made of AISI 316 steel was studied in [20]. Two modes
of friction in bearings were used - dry and with solid lubrication (PTFE). In [7], the wear of a sliding
bearing with PEEK bushings and PEEK+30CF, PEEK+30GF, and PEEK+10CF+10C+10PTFE
composites was studied.

The authors solve the problem of calculating the maximum contact pressures, wear, and
durability of mechanical bearings by reasonably modifying the developed method of the elasticity
theory for the study of metal bearings [1-4]. The developed method has been presented in [24], and
the results of studies using it in [9,10,23-26]. Below are the results for MP bearings with bushings
made of polyamides PA6, PA6+30GF, PA6+30CF, PA6+MoS:z, and PA6+oil; polytetrafluoroethylenes
PTFE+10C+10CF and PTFE+15C+5MoSz; polyethylene terephthalates PET and PET+20PTFE; and
polyetheretherketones PEEK and PEEK+30GEF.

5. Conclusions

Using a generalized analytical method, dry friction sliding bearings with a bushing made of four
groups of polymeric materials for tribolgical purposes were studied. The influence of the following
factors on the maximum contact pressure and durability of MP bearings was analyzed: load, radial
clearance, bushing thickness, elasticity characteristics of tribopolymers, their wear resistance, sliding
friction coefficient, type of tribopolymer materials, and type of fillers. It was found that Young's
modulus of the polymeric material of the bushing is, in addition to the load and geometric parameters
of the bearing, the main factor that has a significant effect on the maximum contact pressure. Fillers
of base polymers, depending on the type, have a differential effect on the change in pmax in PA
composites, they increase (except for PA6+oil); in PET composite, they have no effect, and in PEEC
composite, they slightly decrease pmax. Instead, the bearing's durability is influenced by a combination
of several factors: contact pressure, polymer’s wear resistance and Young's modulus, and the
coefficient of dry friction on steel. Fillers of all types of bushing polymers (except for the PA6+30GF
composite) always increase bearing life. Quantitative and qualitative regularities of the influence of
these factors on the maximum contact pressures and bearing life have been established.

Since the contact problem in the theory of elasticity for mechanical bearings to study their
bearing capacity and durability is presented in a closed form, it is easy to solve it using appropriate
computer programs. Also, the developed method can be used to optimize a bearing at the design
stage according to the criteria of minimum contact pressure or maximum durability. According to
the above results, this task has been solved for the accepted design data.
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