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ABSTRACT

A method of tribological testing of models with such sliding friction using a simple pin-on-disc mechanism was
presented. Wear resistance indicators of unfilled polyamides PA6, PA66 and composites based on polyamide
PA6+30GF, PA6+30CF, PA6+MoS , PA6 and oil coupled with steel C45 are determined. They, as polymeric
materials with the property of self-lubrication, they are often used in metal-polymer dry friction bearings. Based
on them, wear resistance characteristics of these polymeric materials at sliding friction are established. They are
used as basic parameters for developed by authors mathematical model of material wear kinetics at sliding friction
and analytical research method of metal-polymer sliding bearings research. For comparative assessment of wear
resistance of the investigated polymeric materials, their wear resistance diagrams are constructed. Thef show the
functional dependence of wear resistance on specific friction forces. It is proved that the wear resistance of materi-
als nonlinearly depends on specific pressure, i.e., the specific friction forces. Qualitative and quantitative influence
of the type and structure of fillers (which improve the tribological properties of the base polymer PA6) on their
wear resistance has been established. The forecast estimation of durability of metal polymer bearings made of the
specified polyamides by the author’s method of calculation taking into account their various wear resistance, char-
acteristics of elasticity and conditions of dry friction is carried out. The research results are presented graphically,
which facilitates their understanding and analyses.
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INTRODUCTION

To manufacture metal-polymer (MP) bearing
bushings working with dry friction various poly-
amides are used, namely PA6, PA66, and their
composites filled with fiberglass (GF), carbon fi-
ber (CF), molybdenum disulfide (MoS,), lubricant
(oil), and other components. This significantly
improves the properties of the base polymers by
making them stronger, increasing wear resistance,
and reducing the coefficient of sliding friction.

In friction systems testing mode of experi-
mental metal-polymer hybrid pairs, PoD is wide-
ly used. The conditions of research using this
scheme are described in the standard ISO 7148-2
[1]. This friction scheme is the most appropriate
as it provides constant friction conditions (contact
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pressure, sliding speed, temperature) and wear
throughout the experiment. The results of such
tests objectively reflect the consumption patterns
of materials and enable their comparative assess-
ment. Quantitative results of experimental stud-
ies on the tribological properties of polyamides
used for MP plain bearings, using the pin-on-
disc system in dry friction, are available in the
literature. [2—11].

The work [2] presents the results of friction
and wear tests of 18 different unfilled and filled
polymers and their composites on AISI steel un-
der dry friction conditions. This includes PAG,
PA6+PTFE, PA6+GF. The wear of polyamide
PA6 — AISI O2 steel was tested in [3]. The tribo-
logical behavior of PA6 over stainless steel was
studied in particular in [4]. In the work [5], the
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coefficients of friction and wear of several PA6
composites after 40CrMnNiMo8 stainless steel
were determined. The article presents the results
of research on 21 types of polymers and their
composites intended for tribotechnical applica-
tions [6]. The tribological behavior of polyam-
ide PA6 on steel under various test conditions,
including dry friction, was investigated [7-10].
In the work [11], the results of the tests using
the ball-on-disk layout are presented: PA6+oil,
PA6+MoS2, polyacetal (POM)+Al, polyethyl-
ene terephthalate (PET)+PTFE, polyetherketone
PTFE+bronze, PTFE+graphite.

The literature also contains studies on the
tribological behaviour of various metal-polymer
bearings under dry friction, mainly with regard
to their wear [12—15]. It should be noted that in
experimental studies of metal-polymer bearings
based on PA6 polyamides, in addition to the wear
of the polymer sleeve and the sliding friction
coefficient, the temperature in the bearing and
its influence on certain tribotechnical character-
istics are also evaluated. In [12], the tribologi-
cal behaviour of various bearings with polymer
sleeves was investigated, showing that friction
and wear depend on speed, load, temperature
and operating time. The tribological properties
of bearings with different types of polymers were
investigated in [13]. In [14], the effects of sliding
speed, pressure and temperature on friction and
wear of metal-polymer bearings made of PA66,
PA66+18%PTFE and PA66+20%GF+25%PTFE
composites were determined. The pendulum
bearing for wear was tested in [15].

These results of wear studies of these poly-
meric materials are carried out, as a rule, at a sin-
gle load, as required by ISO 7148-2. Therefore,
it is impossible to establish the characteristics of
their wear resistance, suitable for use in the cal-
culation methods of MP plain bearings, where
the range of workloads is different than in ISO
7148-2 for wear testing of materials. For this pur-
pose, we would like to conduct model triboexper-
imental studies in a wide range of load and to use
these results to establish wear resistance charac-
teristics to be used in the mathematical model of
sliding tribosystems wear kinetics [20, 21]. Such
a need arises for our calculation methods of plain
bearings made of metallic materials [20, 21] and
metal-polymer bearings [22, 23].

The use of metal-polymer bearings began
more than 90 years ago. Their active use in mod-
ern conditions is associated with a number of

positive properties, which, first of all, include the
possibility of their use in dry friction. In addi-
tion, they are needed in special technological and
extreme operating conditions, where contamina-
tion by wear particles is not allowed. Also dur-
ing their operation, the noise level is minimal and
the damping capacity is high and they are able
to operate in a wide range of temperatures, both
low and high. However, for such a long period
of their use in mechanical engineering, instru-
ment making, automotive, aerospace, rocket and
space technology; in food, pharmaceutical, tex-
tile, cellulose, chemical and other industries; in
household, computer, office, medical, measuring
equipment, effective methods of their calcula-
tion are not developed. In a few studies of MP
bearings [24, 25] Acrhard’s law of abrasion/ad-
hesive wear is used, which is not dominant even
in dry sliding friction, but concomitant. Instead,
the above-mentioned author’s methods of bearing
wear research rely on the fatigue mechanism as
the dominant one.

The article presents the results of wear resis-
tance studies using model triboexperiments [20,
22] to determine the indicators and characteristics
of wear resistance of unfilled (PA6, PA66) and
reinforced (PA6+30GF, PA6+30CF, PA6+MoS,,
PA6+o0il) polyamides. Accordingly, with their
use, the calculation was performed according to
the author’s method of durability of MP bearings
with a bushing made of these polymeric materials.

Materials and the investigation procedure

To study the wear resistance of these poly-
meric materials used double pin-on-disk friction
layout (two polyamide rods on a steel disk), which
provides constant conditions of friction during
the experiment. The design of used tribotester is
presented in Figure 1. In this test setup, the 4-5
cylindrical pins 4 have flat surfaces, resulting in
contact pressures remaining constant throughout
the experiment regardless of wear.

Test conditions:

Contact pressure: p, = 2, 4, 6, 8 MPa; slip
speed: v = 0.4 m/s; test duration: ¢ = 5-10 h;
pin diameter: d = 3 mm; ambient: dry air with
temperature 7' = 293 K; surface roughness: steel
disc — R_= 0.8-0.9 pm, face of the flat pin — R_=
0.7-0.9 um. The wear was estimated based on the
linear wear /,of pins.
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Fig. 1. The design of pin-on-disk tribotester: 1 — bearing casing; 2 — movable axis with sample
holders; 3 — specimen holder; 4 — samples — cylindrical pins; 5 — steel disc — counterpart;
6 — isolated chamber; 7 — removable cover; 8 — air pump; 9 — air manifold; 10 — heat exchanger;
11 — thermocouple; 12 — contactless pyrometer; 13 — computer, 14 — friction moment sensor

For this type of polymeric materials the ISO
7148-2 standard gives the following test con-
ditions: contact pressure p = 3 MPa, speed v =
0.4 m/s, temperature of the polymer pin sample
near the joint with the metal counterdisk 7" =
293K + 10K at relative humidity 50 + 5% in an
isolated chamber. The standard value of contact
pressure is within the range of pressures selected
for the model experiment.

The specified standard air temperature in
chamber is controlled by the water temperature
in the heat exchanger using temperature sensors
11. When the temperature of the samples and the
counterbody is exceeded, it is lowered to the re-
quired values by accelerating the air flow inside
the chamber 6.

Figure 2a shows a fragment of disc 5, show-
ing the trace of contact with polyamide patterns.
Accordingly, Figure 2b shows the surface of the
PA66 standard before the experiment, and Fig. 2¢
— after the experiment. After wear, no noticeable
change in the roughness of the rubbing surfaces
of the system elements was observed.

No noticeable changes in the surface condi-
tion of polyamide samples, including roughness,
were observed during the tests (Fig. 2b, c). Other
types of polyamides in metal-polymer pairs be-
haved similarly. Since the wear resistance of C45
steel was up to 3000 times higher than that of
polyamides, the initial roughness of the counter-
sample did not change. The Young’s modulus of
polyamides was 64—125 times smaller than that
of steel. During wear, the roughness of the poly-
amide samples was similar to the roughness of the
steel surface.

During the wear process, delicate adhesive
polymer films could have formed on the steel,
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which were destroyed after some time (Fig. 2a
— visible remaining fragments of the PA66 poly-
mer). Only in the case of the PA6+30GF tribopair
(glass fibres) the smoothing of the steel surface of
the disc could occur with increasing pressure and
the adhesive film disappeared. Such a course of
polymer wear shows clear signs of the friction-
fatigue mechanism as the leading (dominant) one.

The wear of polymers in sliding friction is
usually a combination of three types of wear (ad-
hesive, fatigue and abrasive) [16, 17]. Which of
them will be the main one depends on the prop-
erties of the polymer, friction conditions and the
course of wear. Under certain conditions, in par-
ticular with dry friction, the polymeric material
will be transferred to the metal antibody, forming
a permanent adhesive layer, this is an indication
of adhesive wear as the main process [17, 28]. If
the transfer layer does not set on the steel surface
and is removed as small wear particles, then fric-
tional-fatigue wear takes place as the main pro-
cess. With sliding friction coefficients greater than
0.3 (Table 1), which is typical for metal-polymer
dry friction pairs, surface wear of polymers fol-
lows the mechanism of surface fatigue under the
influence of friction forces [17-19]. Adhesive or
abrasive wear can also occur as a minor accom-
panying process.

The classification and description of various
types of wear of materials by sliding friction are
presented in [21]. Depending on the load condi-
tions, sliding speed, external temperature, envi-
ronment, tribopair materials and other factors, the
following main types and mechanisms of wear
are distinguished:

1. Adhesive wear, in which the surface layers of
the materials of the friction pair are damaged
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Fig. 2. The appearance of the friction surfaces of the elements of the tribological test
system: (a) C45 steel disc (2:1 scale); (b, (c) PA66 sample (8:1 scale)

due to the destruction of the adhesive bonds.
The wear mechanism is multi-cycle friction
fatigue.

2. Fatigue wear, in which surface layers of ma-
terials of tribosystem elements are destroyed
under the influence of variable friction forces
(sliding friction) or cyclical contact stresses
(rolling friction). The wear mechanism is
multi-cycle friction fatigue.

3. Abrasive wear, in which there is local destruc-
tion of the material by micro-abrasive particles
with a number of load cycles ranging from
one to several hundred. The mechanism of dry
abrasive wear is low-cycle frictional fatigue
caused by micro-cutting and plastic deforma-
tion (furrowing) of the material.

Abrasive wear can take place dry, in the
presence of lubricants and as a result of the ac-
tion of a liquid or gas stream containing abra-
sive particles (hydro- and gas-abrasive wear).
In the case of hydro- and gas-abrasive wear, the
dominant mechanism of material destruction is
frictional fatigue (medium and multi-cycle). It
arises mainly as a result of elastic deformation of
the material by abrasive particles and partly by

scratching the surface, i.e. as a result of low-in-

tensity micro-cutting.

4. Oxidative wear, in which, after a certain num-
ber of impacts, the oxide films formed on the
rubbing surface are destroyed. The wear mech-
anism is frictional fatigue of varying intensity.

5. Corrosive and mechanical wear that occurs in
the presence of an aggressive environment in
the tribotechnical system.

6. Erosion wear, which consists in the local de-
struction of the surface layer of the material as
a result of the mechanical and corrosive action
of a stream of solid particles or liquids with
considerable kinetic energy.

7. Cavitation wear, in which local destruction of
the material occurs under the influence of lig-
uid with gas bubbles formed. They disintegrate
with increasing pressure, which causes very
strong impacts of liquid particles upon impact
with the surface.

The analysis of the literature on the kinetics of
various types of wear confirms the cumulative na-
ture of this type of surface destruction of materi-
als. Therefore, it is quite reasonable to treat differ-
ent types of wear as surface fatigue processes with
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different rates of destruction of local volumes of
the surface layer material. Friction-induced wear
of materials can be defined as frictional fatigue
processes with a different number of failure stress
cycles (tangential or normal), as indicated above.

According to the measured values of samples’
linear wear, the relative characteristics of their
wear resistance — wear resistance indicators — are
calculated as follows:

D =L/h (1)

where: L =v ¢t —sliding distance,
v — sliding speed,
t — time of triboexperimental research.

The next step is to determine experimental
indicators of wear resistance and their wear re-
sistance characteristics, which are the basic input
values of mathematical model used to study the
kinetics of materials wear at sliding friction [20,
21, 27]. In this phenomenological model we as-
sumed that wear intensity is a function of specific
friction occurring in the tribocontact. To deter-
mine it, we used the Amonton-Coulomb formula:

T, =P )

where: T = T, — values of specific friction forces
arising at nominal contact pressure p,,
J; — the experimental value of coefficient
of sliding friction.

To use the results of model triboexperimen-
tal studies in the author’s calculation method [20,
21] of MP sliding bearings and gears, the basic
wear resistance characteristics of materials of the
mathematical model of material wear during fric-
tion [20, 21, 23, 30]. That is, by approximating
the corresponding function of experimental wear
resistance indicators using the method of least
squares, the characteristics of materials’ wear re-
sistance are determined. The approximation func-
tion is as follows [11, 12]:

my
@, (1)=B,—2 3)
(t—14)
where: @k(T)— the characteristic wear resistance
function — the basic integral parameter of
the mathematical wear model,;
B,, m,, T, — the characteristics of materi-
als’ wear resistance (Table 1);
k=1,2—numbering of tribocouple elements.

The established characteristics of materials’
wear resistance (Table 1) were further used in the
calculation method of MP sliding bearings [22,
23, 29] to assess their durability.

CALCULATION OF DURABILITY
OF RADIAL METAL POLYMER
SLIDING BEARINGS

Evaluation of MP bearings made of these
polyamides, the method of contact mechanics
was used to calculate rotary or linear cylindrical
bearings, given in [21, 23]. Accordingly, the dura-
bility ¢, is determined according to the following
relationship:

_ ™y
B,t5

t, = {[T—T ]1_m2 -
ve,T, 2, (l —mz)Kt(z) 2 )

_ [(r — Ty )+ 20T, ]l_mz }

where: v=wR, —sliding speed;
R,— shaft radius;
¢, — wear rate factor;
T, — specific friction force on the tribo-
contact during wear;
%, =(K?-h); K?=a/z — coeffi-
cients of mutual overlap of the bushing;
hy = [BZT;”OZ (t—7 )m' :| / [Blz'lmo‘ (t—1y )m2 ] -
relative wear in the tribosystem;

h,, — acceptable bushing wear.

Table 1. Wear resistance characteristics of polymeric materials

Polyamides
Name PA6 PAG6 PA6 + 30GF PAG + MoS, PA6 + 30CF PA6 + oil
B, -108 226 337 412 558 653 703
m, 1.09 1.09 1.09 1.1 1.1 1.1
T,, MPa 0.05 0.05 0.05 0.05 0.05 0.05
f 0.41 0.4 0.62 0.34 0.48 0.435
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RESULTS AND DISCUSSION

The results of triboexperimental tests of poly-
amides in dry friction are shown in Figures 2—4.
Calculations of the bearing durability according
to relation (4) were performed with the following
data: N=5000N;D,=50mm;/=D,;e=0.2 mm;
o = 6.28 rad/s; h , = 0.5 mm. Data on the materi-
als of MP plain bearings: shaft — normalized steel
45, R, = 0.8 — 0,9 um — surface roughness, £, =
210000 MPa, v, = 0.3; B, = 10°, m, = 2, 7, =
0.1 MPa; bushing — polyamides (Table 2).

Figure 2 presents diagrams of wear resistance
of the above-mentioned polyamides. The markers
show the experimental indicators of wear resis-
tance function @, of polyamides at each value of
T, =Jp; .

In Figure 3a, 3b, 3¢ experimental indicators of
wear resistance of the respective polymeric mate-
rials, calculated according to the data of [26]. As a
result of approximation of experimental values @,
using equation (2), wear resistance characteristics
B, m, 7, of polymeric materials (listed in Tab. 1)
are calculated and their wear resistance diagrams
are constructed (graphs © : 7).

Figure 4 shows combined wear resistance
diagram of studied polyamides and polyamide-
based composites.

It is clearly seen that the experimental indi-
cators of wear resistance of different polymers at
the same contact pressures are differently located
along the t axis. These wear resistance diagrams
of materials, as their graphic indicators, allow to
compare wear resistance of several investigated
polyamides at different values of specific friction
forces. The lowest wear resistance is for unfilled
polyamide PA6, and the highest — for PA6+oil.
The dependence of wear resistance on the specific
friction force 1 is nonlinear. This behavior for dif-
ferent polyamides is almost identical.

For example, the results of the comparative
assessment of the abrasion resistance of com-
posites based on PA66, PA6 with different fillers
(PA6+30GF, PA6+30CF, PA6+MoS,, PA6+oil)

with respect to the least wear-resistant material
(unfilled polyamide PA6) at 2 MPa (certain value
of'the specific friction force) are given in Figure 5.

The relative wear resistance @ of polyam-
ides PA6 and PA66 and PA6-based composites is
different depending on the type of filler. That is,
the fillers provide a significant increase in wear
resistance of the studied polyamide composites.
Oil, carbon fiber (CF) and MoS, are known to
have varying degrees of lubricating properties.
On the other hand, fiberglass (GF) has abrasive
properties.

In the literature to characterize the wear re-
sistance of materials is widely used the Acrhard’s
coefficient (indicator) of wear k,, which is ex-
pressed as follows:

14 3N
k= (mme/Now) 5)

where: V- the volumetric wear of the sample.

Given the obvious dependence that, V = hS
where s is the contact area of the finger sample
with the disk counter-sample, and the pressure
p =N /S, the formula (5) taking into account (1)
will take the form

3
g B8 L1

mm
NL p p®d® Nm

) (6)

At a pressure of 2, 4 and 6 MPa, the Acrhard’s
wear rate k, was determined, which are given in
Table 3. As the contact pressure increases, the &,
decreases.

The results of the durability calculation of
MP bearings with different polymeric materials
are shown in Figure 6. There is no increase in the
durability of bearings (Fig. 6) in the order of in-
creasing their wear resistance (Fig. 5), although
the linear characteristic B of wear resistance is
increasing (Table 1). This order is not observed
either in the coefficients of sliding friction or

Table 2. Mechanical properties of studied polymeric materials and composites

Polyamides
Prop_erty of ] PA6 PAG6 PA6+30GF PAG+MoS, PA6+30CF PAG+oil
polymeric material | (Sustamid 6 | (Sustamid 66 (Sustamid 6 | (Sustamid 6 MO| (Sustamid 6 ESD | (Sustamid 6 OL
Rochling) Rochling) GF30 Rochling) Rochling) 60 Rochling) Rochling)
Young's modulus 2000 2300 2700 1660 3300 1960
E,, MPa
Poisson'’s ratio, v, 0.4 0.4 0.41 0.4 0.41 0.4
Compression
strength R, MPa 80 80 100 78 80 78
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PA6+Qil

PA6+30CF

PA6+MoS2

PA6+30GF

PA66

PAG6

0 1 2 d . times

Fig. 5. Relative wear resistance @ of polyamides relative to wear
resistance of as fabricated (unfilled) PA6 at t = 2 MPa

Table 3. Acrhard’s wear rate

Property of polymeric Polyamides
material PAG PAG6 PAG+30GF PA6+MoS, PAG+30CF PAG-+oil
. 0.52 0.67 0.72 1.47 1.29 1.50
Wear resistance 0.96 1.30 1.07 1.90 2.04 1.98
indicator @ - 10*
0.35 0.60 0.43 1.00 0.87 1.39
. 5.22 3.85 4.67 2.63 2.45 2.53
Wear rate k, 10, 4.80 3.20 3.90 1.70 1.94 167
mm?3/N-m
4.76 2.78 3.47 1.67 1.92 1.12

t,hour B5000N

PA6+oil
PA6+30CF
PA6+MoS2 1171
PA6+30GF

PA66

PA6

0 200 400 600 800 1000 1200
Fig. 6. Durability of MP bearings

in the value of the Young’s moduli (Table 1). CONCLUSIONS

Therefore, the MP bearing with a polymer bush-

ing made of a more durable material (PA6+oil)
will not have the highest durability. Instead, it
has a bearing with PA6+MoS, composite. There-
fore, the durability of the bearing depends on the
complex effect of these three characteristics.
Figure 7 shows the relative durability of bear-
ings from the studied materials.

According to the results of wear tests of poly-
amides (PA6, PA66 and composites PA6+30GF,
PA6+30CF, PA6+MoS,, PA6+oil coupled with
steel 45, dry sliding friction) using developed by
authors triboexperimental method we may say:

1. Using experimental model wear resistance in-
dicators and their functional approximation the
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t, times mS000N
PAG+oil

PAG+30CF
PAG+MoS2
PAG+30GF

PAGG

PAG

3,25

0 1

2 3 4

Fig. 7. Relative durability of MP bearings

wear resistance characteristics of these poly-
meric materials are determined.

. The used fillers significantly affect the wear re-

sistance of PA6-based composites, increasing
it almost three times at 2 MPa. The lowest wear
resistance is for polyamide PA6, and the high-
est — for PA6+0il composite.

. Wear resistance of the studied polyamides is

presented in the form of diagrams of wear re-
sistance as their graphic indicators as its depen-
dence on different values of specific friction
forces. They reflect the qualitative and quanti-
tative interdependencies of wear resistance of
materials on the specific friction forces arising
in tribocontact. The constructed wear resis-
tance diagrams allow to compare wear resis-
tances of the investigated materials in broad
range of specific friction forces.

. The estimated durability of MP bearings with

bushings made of composites depends on the
type of fillers and can increase 3.25 times in
the case of using PA6+MoS, compared to the
base polyamide PA6. It is comprehensively af-
fected by the wear resistance of the polymer,
its Young’s modulus and coefficient of friction.
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