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Abstract. To solve the lubricating problems of spherical plain bearings under high-low
temperature, high vacuum, heavy loads and strong oxidation conditions, the PTFE and MoS2
based lubricating coatings were prepared on the inner rings of the spherical plain bearings by
spraying technique. A self-made tribo-tester was used to investigate the friction coefficient, wear
loss, and friction temperature increase of bearings with coatings under different oscillation
frequencies. Using scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopy (EDS), the worn surfaces of the coatings and the counter surfaces were
characterized and analyzed. The results showed that PTFE and MoS: based lubricating coatings
significantly improved the tribological properties of the spherical plain bearings. The tribological
performance of PTFE based coating was obviously superior to MoS: based coating and its wear
mechanism was adhesive wear. However, the MoS: based coating mainly occurred severe
adhesive wear and abrasive wear, and the tribological properties of spherical plain bearings with
MoS: coating were relatively optimal under low frequencies. This paper provides a reference to
developing new lubricating techniques for the spherical plain bearings.

Introduction

Bonded solid lubrication coating is an effective solution to solve the lubrication and wear problems
under harsh conditions of high-low temperature, high vacuum, heavy loads and strong oxidation
conditions. Remarkable achievements have been made in many high technology fields [1-3].
Compared with thermal spraying [4-5], laser cladding [6], thin film deposition [7,8] and other
technologies, the preparation process of adhesive solid lubricant coating is undoubtedly the most
economical and feasible [9-10].Bonded solid lubrication coating is not only economical but also
excellent in tribological properties. Currently, more than 95% of the lubricating materials achieve
the lubrication performance through spraying technology to reduce the friction and wear [11].
Molybdenum disulfide (MoS2) has the six-party crystal structure formed by S-Mo-S covalent,
which is similar to the "sandwich layer", and easily to slip and transfer into lubricant film on the
contact surfaces [12] and its application in sliding contact surface can reduce the wear degree of the
structure [13-14].However, pure MoS:2 coatings in the wet air environment present is easy to be
oxidized and leads to low hardness, resulting in poor wear resistance and limited application [15-
16]. Polytetrafluoroethylene (PTFE) is widely used as a solid lubricant because of its excellent self-
lubricating property, low friction coefficient, thermal stability and chemical stability. But PTFE as
wear-resistant materials can't be used alone because of its low mechanical strength, poor wear
resistance, and cold flow phenomenon [17-19]. The tribological performance of the organic solvent
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type bonded solid lubrication coating can get obvious improvement by adding some filler which has
the lubricant synergistic effect, such as adding graphite in the MoS: lubricant, filling additional
MoS: [20], Ni, Al203 [21] in PTFE lubricant. This paper prepared PTFE based coatings and MoS:
based coatings on the inner rings of spherical plain bearings respectively. Tribological properties of
the coatings were tested by a self-made tribo-tester under three different oscillation frequencies. The
morphologies of the worn surfaces were characterized and analyzed by SEM and EDS.

Experimental Procedure
Materials

The particle size of PTFE and MoS: as solid lubricant are respectively 0.2 um and 15 pm. Epoxy
resin(E-44) and polyamide (650) were supplied by Luoyang Shuangrui Anti-corrosion Engineering
Technology Co., Ltd, China. Xylene, n-butyl alcohol, and fluorocarbon surfactant were purchased
from Beijing Fenghua Chemical Reagent Factory, China. Dispersant(BYK-104) was provided by
Pasto Shenzhen Chemical Industry Co., Ltd, China. The GE20ET-2RS test spherical plain bearings
(GCr15 steel) were supplied by Taizhou Kejin bearing Co., Ltd, China.

Preparation of the Coating

The adhesive system adopts the combination of the binder, the curing agent, the solid lubricant and
the solvent. PTFE and MoS: were used as solid lubricants in the PTFE based coating with the
weight ratio of 1:1. Graphite and MoS:2 were used as solid lubricants in the MoS: based coating with
the weight ratio of 1:3. E-44 epoxy resin was used as a binder with the same amount as curing agent
polyamide 650 in the experiment, and the solvent was a mixed solution of xylene and butyl alcohol.

Firstly, epoxy resin was weighed according to the formula, then the desired amount of lubricant
was added into epoxy resin with a glass rod fully mixing at a 300 r/min for Smin. After the addition
of the solvent, a ZLD-300 high-speed agitator was used for stirring at 1200r/min for 40min or
longer. One or two drops of dispersant were dropped into the system at the beginning of stirring to
promise the homogeneous distribution of the components. The curing agent was mixed at last, and
the solution needed to be exposed to the air for a proper time to ensure the fully volatile of the gas
in the liquid. The inner rings of the spherical plain bearing used as the substrate material were
washed with acetone solution and preheated under 100°C for 5-7 min before spraying.Then the

coating was sprayed with an H-2000 gun under the pressure of 0.2 MPa and at a distance of about
300 to 400mm. The coating thickness was 25 ~ 35 um. Then the sample was cured in the BPG-
9030AH electric furnace. The curing temperature and dwell time for PTFE based coating was
120 ‘C/40min and that of MoS: based coating was 150 ‘C/90min. And a schematic of the prepared

self-lubricating plain bearing with the coating is shown in Fig. 1a.
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Fig. 1 Schematics of the tribo-tester and the test bearings.
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Test Method

The tribological properties of bearings with coatings were tested by a self-made tribo-tester(Fig. 1b).
The test condition were as follows: the swing angle of = 10°, the swing cycles of 2.5x10%, the
applied load of 25 MPa, the swing frequency of 2, 2.5, and 3 Hz, which was established referred to
the U.S. military standards SAE AS81819 and SAE AS81820. The scanning electron microscope
(SEM) was used to observe microstructure and morphology of the coatings. The chemical
composition of the coatings and film-formation were analyzed by an energy dispersive X-ray
spectroscopy (EDS).

Test Results and Analysis
Tribological Properties of the Spherical Plain Bearing

Fig. 2 shows the tribological performance curves of the bearings under 25MPa loading pressure. In
Fig. 2a, with the increase of the oscillation frequency, the friction coefficient of bearings decreased
whether with PTFE based coating or not, whereas the friction coefficient of bearings with MoS:
based coating increased firstly and decreased subsequently. The friction coefficient of bearings with
PTFE based coating was smaller under three swing frequencies compared with that of bearings with
MoS: based coating. The friction coefficient of the bearings without coating was the highest. The
relative wear resistance of the bearing with coating was obviously higher than that of the bearing
without coating. The relative wear resistance of bearings with PTFE based coating increased with
the increase of the swing frequency. However, bearings with MoS> based coating had an opposite
trend. The relative wear resistance of bearings with PTFE based coating was higher than that of
bearings with MoS: based coating under three different swing frequencies. Fig. 2¢ shows that there
was a positive correlation between the temperature increase of three bearings and the swing
frequency. The temperature increase of bearings without coating was higher than that of bearings
with the coating. The overall change trend of temperature increase of bearing with PTFE based
coating was the least. The temperature increase of bearings with MoS: based coating was lower
than that of bearings with PTFE based coating at low frequencies (below 2.5Hz).

0.18 8 40
=1 -=- None coatings §7_ -=-None coatings % -=—None coatings
g5l -o- PTFE coatings || & o[ |-® PTFE coatings @ % | o PTFE coatings
e -4~ MoSz coatings || 2 °[ |-a- MoSz coatings ® 3| [-A-MoS: coatings
© st Q
So1 & 4 ‘0 25
c (] \5
= Af“\‘ >3l T 20
S T T |2 2
T &2 A\A\‘ 15
&1t = = 2
0.06 X . . . . 10 . . .
2.0 25 30 20 25 3.0 20 25 3.0
Swing frequency/Hz Swing frequency/Hz Swing frequency/Hz
(a)Friction coefficient (b) Relative wear resistance (c) temperature increase

Fig. 2 Tribological performances of self-lubricating bearings vs. swing frequency (P=25MPa,
N=25000)

Analysis of the wear mechanisms

Fig. 3a shows the microscopic picture of the inner rings of spherical plain bearings without coating
after abrasion, a large number of folds and obvious furrow that caused by shear of debris formed on
the wear surface and spalling pit appeared in the local position. Phosphate film on the surface of the
inner ring had been destroyed, resulting in the exposure of the substrate, which indicated that
abrasive wear and adhesive wear occurred on the inner ring. As is shown in Fig. 3d, the phosphate
film on the outer ring had been destroyed heavily, and a lot of shedding material transformed into
debris after peeling off the worn surface, indicating the severe abrasive wear .
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Fig. 3b shows the microscopic picture of the inner rings of spherical plain bearings with PTFE
based coating after abrasion. Smooth-wearing surface and dense zone with sparse holes were
observed from the microscopic pictures. The dense region was the transfer film which formed after
the interruption of the PTFE and adhesive molecular polymeric chain. With the transformation of
the solid lubricant of the wear interface strengthening dynamically, so efficient the lubricating effect
was that the wear rate decreased. Adhesion wear occurred, and uniform and continuous transfer film
formed on the counter surface (Fig. 3e)with good tightness. From the EDS of the inner ring of the
bearing with PTFE based coating in Fig. 3g, it can be seen that a lot of elements such as F, S, Mo
and a small amount of P appeared on the surface of the coating, indicating the good quality of
coating surface. And lubrication film had not been destroyed. Fig. 3h is the EDS for the outer ring.
It contained a large amount of Fe. S, Mo, and F, which may transferred from the coating bonded to
the inner ring, formed transfer film and protected the bearing well.
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Fig. 3 SEM morphologies and EDS of the worn surfaces for bearings without coatings(inner
ring:a(SEM);outer ring:d(SEM)),with PTFE based coatings(inner ring:b(SEM),g(EDS);outer
ring:e(SEM),h(EDS)),with MoS: based coatings(inner ring:c(SEM),i(EDS);outer
ring:f(SEM),j(EDS))
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Fig. 3c shows the microscopic picture of the inner rings of bearings with MoS: based coating.
Obviously, the coating surface had been destroyed seriously, and a large number of particles fell off
from the worn surface and formed wear debris. Severe adhesive wear and abrasive wear occurred.
Fig. 31 shows that large quantities of phosphorus, sulfur, and molybdenum existed on the surface, a
little oxygen carbon and iron were also observed, of which the content of phosphorus was the
highest as the result of exposing of the phosphate film after the long-time friction. The coating was
damaged under such condition and adhesion wear occurred. Fig. 3f and Fig. 3j shows the
microscopic picture and EDS of the worn surface, the outer ring surface contained phosphorus, zinc,
and chromium, especially the high content of an iron element, but the content of sulfur and
molybdenum was rare. It revealed that no obvious transfer film formed on the surface of the outer
ring in the test process, and the counter surface had not been effectively protected. After a long time
of friction, the phosphate film on the outer ring was destroyed and even led to the exposing of a
large area of the substrate, which was confirmed from the iron content in the EDS. The outer ring
surface had obvious furrow caused by the micro cutting, indicating the abrasive wear.

PTFE based coating is easy to form a uniform and continuous transfer film on the dual surfaces
for two reasons: first, no branched chains exist in the molecules, and the molecules are only bound
by the van Edward force, which is easy to move along the slip direction and transfer to the counter
surface. Second, with the tendency of complexation with metal, metal fluoride and organometallic
complex exists on the friction metal surface. With the comparison of the worn surface morphology
of the PTFE based coating, large tracts of white matter appeared on the worn surface of the MoS2
based coating. MoS2 was prone to be oxidized to MoOs3 after the long-term friction, an increase in
brittleness accompanying with oxidation of the MoS: crystals, which led to the occurrence of the
ruptures and detachments of the plastic flow layers and reduced the abrasion resistance of the
coating surface. It can be revealed that the solid lubricant coating on the surface of the friction dual
surface played a significant role in the protection of spherical plain bearing. The lubrication effect
of MoS: based coating for spherical plain bearing was inferior to the PTFE based coating.

Summary

(1) Abrasive wear and adhesive wear occurred on the counter surface of non-spraying spherical
plain bearings, whereas PTFE based coating played a significant role in the protection and
lubrication for the spherical plain bearing. Only slightly adhesive wear occurred and much transfer
film formed in the wear process. Severe adhesive wear and abrasive wear were observed from the
surfaces of the spherical plain bearing with MoS: based coating.

(2) The oxidation of MoS: led to an increase in brittleness and occurrence of the ruptures and
detachments of the plastic flow layers. As a result, the lubrication and protective effect of MoS2
based coatings were inferior to PTFE based coatings.

(3)The tribological performance of the steel/steel friction pair of the spherical plain bearing was
improved obviously under the protection of the PTFE based coating and the MoS: based coating.
The tribological performance of the spherical plain bearing with PTFE based coating was obviously
better than that with MoS: based coating, except low swing frequencies.
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