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PTFE/copper composites were prepared by compression molding at room temperature and subsequent heat treatment in the
atmosphere. Transfer films were prepared on a GCr15 disc using different loads, speeds and morphologies of the counterface.
The tribological behavior, thickness and morphology of these transfer films were studied. A scanning electron microscope, a
laser microscopic 3D and profile measurement apparatus and an energy-dispersive X-ray spectrometer were used for analysis
of the morphology, thickness and elemental content of the transfer film, respectively. The results showed that sliding speed,
contact pressure and morphology of the counterface have significant effects on the thickness and tribological behavior of the
transfer film. Low speed, light load and isotropic surface morphology are highly conducive to the formation of a transfer film
with excellent tribological properties.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Polytetrafluoroethylene (PTFE)-based composites are one of the most
commonly used self-lubricating materials because of their excellent self-
lubrication properties. When a PTFE-based composite rubs against metallic
engineering surfaces, a portion of the compo-site is transferred to the
counterface and forms a transfer film [1—5]. Many studies show that different
transfer films incur different tribology properties [2,6—10]. Burris and Sawyer
reported that PTFE and composites that deposit thicker transfer films similarly
experi-ence higher rates of wear, presumably the thinner transfer films are
more strongly adhered to the counterface [7]. Ye et al. observed transfer film
evolution and found three unique transfer film morphologies and that different
transfer film morphologies have different tribology properties [6]. Cho studied
material transfer during the sliding of polymer composites against steel
counterfaces and observed polymer transfer to the steel counterface as well as
back-transfer of the steel counterface material to the polymer pin surface [9].
Generally, the formation of a coherent uniform and continuous transfer film
on the counterface is associated with low friction and wear, whereas a lumpy
and non-coherent transfer film is associated with high friction and wear. The
mechanisms
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proposed for adhesion of the polymer to the counterface are van der Waals
forces of attraction, bonding resulting from chemical reac-tions, Coulomb
electrostatic forces, and mechanical interlocking generated by sliding of
polymer into the crevices of the counterface surface asperities [4,5,11-15].

Many researchers have shown that fillers have a great effect on the
tribological properties of polymer and theirs transfer film [1,6,12,16-29].
Tanaka et al researched the PTFE-based composites and found the load-
supporting action and the prevention of large-scale destruction of the banded
structure of the PTFE matrix at frictional surfaces contribute to the wear-
reducing action of the fillers [25—28]. Briscoe et al studied the tribological
behavior of lead oxide and copper oxide filled high density polythene and
found that fillers may help to reduce the wear of the polymer by increasing the
adhesion of the first transfer layer to the counter-face [29]. Gong et al
researched the effect of tribochemial reaction of PTFE-based composites and
found that chemical reaction occurred in rubbing, and these new metal
fluorides appeared to be very strongly bonded at interface between the transfer
film and the substrate [5]. Bahadur and Tabor studied the wear of filled PTFE
composites and found that fillers produced a uniform and coherent film on the
steel surfaces [24]. Frictional heating and the thermal properties play an
important role on the material's mechanical strength and tribological behavior
[30,31]. Conte et al studied the role of crystallinity on wear behavior of PTFE
composites and presented that fillers content and type have an
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effect on the crystallinity and thermal properties of PTFE compo-sites and
then influence on the formation and regeneration of transfer film [32]. Brown
et al found that crack propagation in PTFE is strongly phase dependent [33].

The tribological conditions and content of fillers have an important
influence on the morphology and adhesive strength of transfer film [23,34—
41]. Shyam Bahadur studied the transfer of material during sliding between
different polymers under differ-ent experimental conditions and found that a
transfer film devel-ops because of adhesion and interlocking of the fragments
of material into metal asperities [35]. Laux and Schwartz investigated the
effects of contact pressure, molecular weight, and supplier on the wear
behavior and transfer film of polyetheretherketone and found that films with a
mean thickness of less than 4 um correlated with materials that showed the
lowest wear [36]. These same researchers also studied the influence of linear
reciprocating and multi-directional sliding on PEEK wear and transfer film
formation and found that wear behavior was dependent on the motion profile.
The lowest wear configuration resulted in a quantifiably thinner and more
continuous transfer film [37]. Wang and Yan investigated the tribological
properties of the transfer films of PTFE-based composites and found that the
introduction of fillers yielded corresponding transfer films with longer wear
lives. These researchers also studied the tribological behavior of transfer films
of PTFE/bronze composites and found that the thickness of the transfer film
slightly increased together with increases in the bronze content of the
composites. Higher bronze contents in the composite reduced the friction
coefficient and prolonged the wear life of the corresponding transfer film
[38,39].

The formation of a high-quality transfer film on a counterface plays a
highly important role in the tribological behavior of self-lubricating bearings.
However, a high-quality transfer film does not always form under various
conditions. In other words, the tribological property of the transfer film is
significantly affected by the load, speed and morphology of the counterface.
In addition, a transfer film that forms under suitable conditions produces
excellent anti-friction and wear-resistance. Therefore, for a self-lubricating
bearing, if the run-in stage is able to form a high-quality transfer film on the
bearing surface, the layer of high-quality transfer film not only reduces the
wear rate of the self-lubricating materials but the transfer film itself also can
provide long extra wear life, thereby prolonging the service life of the
bearing. Unfortunately, few studies have been performed to investigate this
topic. Therefore, this paper focuses on investigat-ing the tribological behavior
of the transfer film formed under different loads, speeds and morphologies of
the counterface. The goal is to obtain parameters for excellent wear resistance
transfer film production parameters that can be used as a reference for
selection of the running parameters of a bearing at the run-in stage.

2. Experimental section
2.1. Materials and transfer film preparation

The polymer material and fillers used in this study are PTFE and copper,
respectively, and both are commercially available. The material properties are
listed in Table 1.

The PTFE powder and copper powder were mixed using a mechanical
mixer, and the mass content of copper in the compo-sites was 45 wt%. After
mixing, the mixture was placed in a die and subjected to a pressure of 50 MPa
in a hydraulic press and maintained at that level for 15 min. Next, cylindrical
samples of ®8 mm 40 mm were extruded from the mold, and the samples
were heat treated at 380 1C. After heat treatment, the samples

Table 1
Properties of PTFE and copper.

Materials PTFE Copper

Particle size (um) 40 1-3

Purity (%) 100 99.0

Tap density (g/cma) 2.17 3.0

Shape Irregular particle Spherical particle
Color White Brown

were processed to final dimensions of ®6 30 mm? and were used as pins in
preparation of transfer films. Bearing steel discs (GCr15, HRC58-62) 50 mm
in diameter and 10 mm thick were used for the counterfaces. The disc surface
was processed to produce five types of surface morphology. The properties of
the different surfaces are listed in Table 2.

The PTFE/copper composite samples were used as pins to prepare the
transfer films on a pin-on-disc tribometer (RTEC MFT-5000, made in the
USA) under dry friction conditions, and the sliding distance was 0.5 km. All
of the experiments were performed under laboratory conditions (temperature,
TYa25 1C, relative humidity 50%). Fig. 1(a) shows the schematics of the
transfer film preparation assembly. In the pin-on-disc tester, a stationary
PTFE/copper composite pin slides against a rotating steel disc. The flat-ended
PTFE/copper composite pin (diameter of 6.0 mm) is secured to the load arm
with a chuck. The distance between the center of the pin and the center of the
disc is 16 mm.

To study of the tribological behavior of the transfer film formed under
different loads, speeds and morphologies of the counter-faces, different types
of transfer films were prepared. Further details on the different types of
transfer films prepared are given in Table 3.

2.2. Transfer film thickness measurement

The thickness of the transfer film was obtained by measuring the cross-
sectional area of the transfer film using the KEYENCE VK-X200 laser
microscopic 3D and profile measurement apparatus (accuracy of 0.012 pm,
made in Japan). To ensure statistically relevant results, each experiment was
repeated three times, and three measurements were collected from each
sample on an equally spaced area distributed along the transfer film (For the
transfer film formed on the surface morphology II, all measuring points are
located in the region that the transfer film completely covered.) to determine
the general average of the thickness [42]. Additionally, to reduce the influence
of the initial surface char-acteristics on the measurement accuracy, the
average heights of the initial surface were used as the measuring datum (base
line). A schematic diagram of the measurement technique is shown in Fig. 2.

2.3. Tribological test

Tribological tests were performed using a pin-on-disc trib-ometer (RTEC
MFT-5000, made in the USA) under dry friction conditions. All of the
experiments were performed under labora-tory conditions (temperature,
TY425 1C, relative humidity 50%). Fig. 1(b) shows the schematics of the test

assembly. In the pin-on-disc tester, a stationary Si3N4 ceramic ball (diameter
of 9.525 mm) slides against a rotating steel disc transfers the PTFE/copper
transfer film. The average distance between the center of the ball and the
center of the disc is 16 mm. The ball remained over the disc with two degrees
of freedom; the vertical direction was used for normal load application by
direct contact with the disc, and the horizontal direction was used for friction
measurement.
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Table 2
Properties of disc surface.

Disc surface morphology

Processing methods

Surface roughness (um)

Surface morphology 1 Grinding and finishing Ra%40.015-0.030
Surface morphology 11 Grinding Ra%40.45-0.65
Surface morphology I11 Grinding, sandblasting and finishing Ra%40.65-0.80
Surface morphology IV Grinding, sandblasting and finishing Ra%40.80-1.10

Surface morphology V

Grinding and sandblasting

Ra’1.20-1.40

PTFE/Copper |

Transler film
-~

-

pin <\

Transfer film
—

SisN. ball ¥~

Fig. 1. Schematics of the transfer film preparation and test assembly: (a) preparation, and (b) test.

The sliding was performed under dry friction conditions at a sliding speed
of 1 m/s and a normal load of 50 N. In all testing, the friction coefficient held
stable with notably little fluctuation for a period and subsequently increased
abruptly; the sliding distance at this moment (the friction coefficient reached
0.3) was recorded as the wear life of the transfer films. The normal load and
friction force were measured using a normal force sensor (range: 50-5000 N,
resolution:

0.25 N) and a friction force sensor (range: 1-100 N, resolution:

0.005 N), and the frequency of sampling was 1000 Hz. The friction
coefficients m of the specimen were calculated from the relationship mY4F/P,
where F is the friction force (N), and P is the normal load (N). To ensure
statistically relevant results, three measurements were collected from each
sample along the radius of R14.5 mm, R16 mm and R17.5 mm to determine
the general average of the friction coefficients.

Each experiment used a new Si3N4 ceramic ball. To ensure statistically
relevant results, each experiment was repeated several times. Thus, every data
point in the diagrams represents an average of three repeated tests.

The surfaces of the transfer films were examined with a scanning electron
microscope (SEM) and a laser microscopic 3D and profile measurement
apparatus. In addition, energy dispersive X-ray spectroscopy (EDS) was used
for determination of the elemental distribution and content in the transfer
films.

3. Results and discussion
3.1. Thickness of transfer film

The transfer film thickness, quality and adhesion strength are often
credited with improved tribological performance of solid lubricants. To
quantity these transfer films, the KEYENCE VK-X200 laser microscopic 3D
and profile measurement apparatus (accu-racy: 0.012 ym, made in Japan) was
used to measure the transfer film thickness.

Fig. 3(a) shows the variation of the transfer film thickness with different
experimental loads (surface morphology: grinding, speed: 0.335 m/s). It can
be observed from the figure that the transfer film thickness of the
PTFE/copper composites decreases with increases in the applied load, except
for the transfer film thickness at 6.0 MPa. Fig. 3(b) shows the variation of the
transfer film thickness with different experimental speeds (surface mor-
phology: grinding, load: 2.0 MPa). It is obvious that the transfer film
thickness is influenced by the sliding speed, and the thickness increases with
the increases in the sliding speed. Transfer film formation is a viscous
process, and thus, as sliding speed is increased, the friction forces are also
increased, and with the high friction forces, the film pulled out from the
PTFE/copper compo-sites surface becomes thick and slab-like. Another
reason for the
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Table 3
Summary of the different types of transfer film prepare condition.

Number Load of transfer film Speed of transfer film Disc surface
prepared (MPa) prepared (m/s) morphology
1 2.0 0.335 Surface
morphology II
2 3.0 0.335 Surface
morphology 1T
3 4.0 0.335 Surface
morphology I1
4 5.0 0.335 Surface
morphology 1T
5 6.0 0.335 Surface
morphology I1
6 2.0 0.167 Surface
morphology II
7 2.0 0.502 Surface
morphology II
8 2.0 0.670 Surface
morphology 1T
9 2.0 0.837 Surface
morphology I1
10 2.0 0.335 Surface
morphology I
11 2.0 0.335 Surface
morphology IIT
12 2.0 0.335 Surface
morphology IV
13 2.0 0.335 Surface
morphology V
54.3pm Transfer film
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30.0 } Cross section of transfer film
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Fig. 2. Schematic diagram of the measurement technique.

increase in the thickness of the transfer film with increasing sliding speed is
increased adhesion from the temperature rise; the transfer film thickness may
be decreased with increasing load because of greater compaction and the
likelihood of loose material becoming detached from the surface [3]. For the
influence of counterface morphology on the transfer film thickness, it can be
observed from Fig. 3(b) that counterface morphology has a remarkable
influence on the thickness of the transfer film (load: 2 MPa, speed: 0.335 m/s).
Surface morphology V exhibits the thickest transfer film, and surface
morphology I1I exhibits the thinnest transfer film.

3.2. Surface morphology of transfer film

Fig. 4 and Fig. 5(a)—(e) show digital camera photos and laser microscopic
images of the transfer films formed on different surface morphologies of the
disc (load: 2.0 MPa, speed: 0.335 m/s). It can be observed from these figures
that the disc surface morphology has a significant effect on the surface
morphology of the transfer film. For the grinding sample, the transfer film
does not completely cover the friction area. For surfaces with the ground
direction perpendicular to sliding direction, the transfer films are uniform and
completely cover the friction zone. For surfaces with the ground direction
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Fig. 3. Variation of the transfer film thickness and standard deviation for different conditions of
transfer film formation: (a) 0.335 m/s and surface morphology II, (b) 2.0 MPa and surface
morphology II, and (c) 2.0 MPa and 0.335 m/s.

parallel to the sliding direction, the transfer films are lumpy and do not cover
the counterfaces completely; these observations might indicate that the
transfer film is not strongly bonded to the counterface in this area. The
transfer film is likely peeled off in the form of wear debris during the sliding
process. Fig. 4(b) shows the transfer film formed on a finishing disc, and it can
be observed from the figure that the transfer film formed on this morphology
surface is thin and discontinuous. In contrast, the transfer film formed on the
sandblasting and sandblasting-finished surfaces are uniform and continuous.
These results indicate that the main mechanism of polymer adhesion to the
counterface is mechanical interlocking of the polymer generated during
sliding into the crevices of the counterface surface asperities.

Fig. 5(f)—(j) show laser microscopic images of the transfer film formed at
different experimental speeds (surface morphology: grinding, load: 2.0 MPa).
It can be observed that with changes in the test speed, the transfer film
morphology is also altered. As shown in Fig. 5(f)—(j), the transfer film
exhibited the best
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surface quality at a speed of 0.335 m/s. Therefore, this speed was selected to
investigate the effects of the load and morphology of the counterface on the
tribological properties of transfer films of PTFE/copper composites.

Fig. 5(k)—(0) show laser microscopic images of the transfer film formed
under different experimental loads (surface morphology: grinding, speed:
0.335 m/s). It can be observed that with the increase in the load, the transfer
film formed on the counterface becomes lumpy and discontinuous. As
mentioned previously, with increasing normal load the likelihood of loose
material becoming detached from the surface and the morphologies of
transfer film becomes discontinuous.

3.3. Friction and wear properties

The mechanisms proposed for adhesion of polymer to the counterface are
van der Waals forces of attraction, bonding resulting from chemical reactions,
Coulomb electrostatic forces, and mechanical interlocking of polymer
generated during sliding into the crevices of the counterface surface
asperities. To study the tribological behavior of the transfer film formed under
different loads, speeds, and morphologies of the counterface, a pin-on-disc
tribometer (RTEC MFT-5000, made in the USA) was used to test the
tribological properties of the transfer film that formed under different
experimental conditions.

Fig. 6(a) shows the variation of the friction coefficient and the sliding
distance of the transfer film formed at different experimental loads (surface
morphology: grinding, speed: 0.335 m/s). All of the tribological tests of the
transfer films were performed under dry friction conditions at a sliding speed
of 1 m/s and at a normal load of 50 N. It can be observed from the figure that
the transfer films formed under low loads show better wear resistance.
Additionally, the wear resistance of the transfer film was sharply decreased
with the increase in the load that formed the transfer films. As mentioned
previously, the thickness of the transfer film decreased with the increase in the
load of transfer formation, and increases in the load of the transfer film
formation increased the surface morphology deterioration. This result indi-
cates that the surface morphology of the transfer film has a highly important
effect on its wear resistance. At the same time, the friction coefficient also
increased with the increase in the load of transfer film formation. The same
result showed that transfer films formed under low speeds have better wear
resistances and lower friction coefficients. As mentioned previously, the
thickness of the transfer film increased with increasing sliding speed.
However, as the thickness of the transfer film increased, the wear resistance of
transfer film worsened, which indicates that a low sliding speed during
transfer film formation is helpful in producing a strongly adhered transfer film
on the counterface. Fig. 6(c) shows the variation of the friction coefficient and
the sliding distance of the transfer film formed under different surface
morphologies of the disc (load: 2.0 MPa, speed: 0.335 m/s). It can be
observed from this figure that the disc surface morphology has a significant
effect on the tribology behavior of the transfer film. For the transfer film
formed on a finished disc, it can be observed from the figure that this type of
transfer film has rather poor tribology properties. The sliding distance is the
shortest, and the friction coefficient is a maximum. The transfer film formed
on the sandblasting surface shows the best wear resistance; the sliding
distance is 9436 m, and the value of the friction coefficient is 0.142. The
thickness of the transfer film that formed on surface morphology III is the
thinnest. However, the wear resistance is far better than those of the transfer
films formed on surface morphologies I and II. These results indicate that
under these experimental conditions, the main mechanism of transfer film
formation on the counterface is mechanical interlocking.
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3.4. SEM and EDS analysis of the transfer films

It is well known that achieving the appropriate character-istics of the
transfer film is a highly important factor that affects the tribological properties
of polymer composites. To better understand the tribological behavior of the
transfer film formed under different loads, speeds and morphologies of the
counter-face, SEM was used to explore the morphologies of the transfer films
formed under different experimental conditions. In addi-tion, an energy-
dispersive X-ray spectrometer (EDS) was used for analysis of the elemental
distribution and content in the transfer films.

The SEM images of the transfer films formed on the disc's surface at
different speeds are shown in Fig. 7. For the area that is ground in a direction
perpendicular to the sliding direction, it can be observed that the transfer film
formed on the disc's surface at high speed is thick and lumpy. According to
previous research, this type of transfer film was easily scaled off of the
counterface and formed debris during the wear process, which resulted in
poor wear resistance. However, a uniform and thin transfer film forms on the
disc sliding at low speed. The thin and uniform transfer film firmly adheres
onto the counterface and is not easily scaled off
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sliding direction.

during sliding. For the area that is ground in the direction parallel to the
sliding direction, it can be observed from the figure that there is no integrity of
the transfer film formed on the disc surface at all speeds. A similar result can
be observed in the SEM image of the transfer film formed on the disc's
surface at different loads. For the area ground in the direction perpendicular to
the sliding direction, it can be observed from Fig. § that at low load, the
transfer film formed on the disc's surface is uniform and thin, but a thick and
lumpy transfer film is formed on the disc sliding at high load. For the area
ground in a direction parallel to the sliding direction, it can be observed from
the figure that there is no

integrity of the transfer film formed on the disc surface at all loads. The SEM
images of the transfer films formed on the different surface morphologies of
the disc are shown in Fig. 9. It can be observed from the figure that the
transfer film formed on surface morphology III is the thinnest and most
uniform. These transfer films strongly adhere to the disc surface by
mechanical interlock-ing action, which can prevent direct contact between the
steel disc and self-lubrication materials, thereby significantly reducing the
wear rate of the self-lubrication materials. Therefore, for a self-lubricating
bearing, if the run-in stage is able to form this type of transfer film on the
bearing surface, the layer of high-quality
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perpendicular to sliding direction, (a2) magnification of (al), and (a3) 2.0 MPa and ground direction parallel to sliding direction, (bl) 3.0 MPa and ground direction perpendicular to sliding direction,
(b2) magnification of (b1), and (b3) 3.0 MPa and ground direction parallel to sliding direction, (c1) 4.0 MPa and ground direction perpendicular to sliding direction, (c2) magni fication of (c1), and (c3)
4.0 MPa and ground direction parallel to sliding direction, (d1) 5.0 MPa and ground direction perpendicular to sliding direction, (d2) magni fication of (d1), and (d3) 5.0 MPa and ground direction
parallel to sliding direction, (e1) 6.0 MPa and ground direction perpendicular to sliding direction, and (e2) magnification of (e1), and (e3) 6.0 MPa ground direction parallel to sliding direction.

transfer film not only reduces the wear rate of the self-lubricating liner but the
transfer film itself can provide long extra wear life and prolong the service life
of the bearing. However, for the finished disc, most of the steel counterfaces
are not covered with integrity of the transfer film. The lack of a continuous
transfer film suggests that adhesion between the transfer film and the disc
surface was weak in this case.

The results of the EDS elemental analysis are shown in Fig. 10. The F, O
and Cu elements were found in all types of transfer films. These findings
indicate that transfer of PTFE and Cu occurred during sliding [43,44]. The Fe
element was detected in transfer

films formed on surface morphology I and surface morphology I1I. Especially
for the transfer film formed on the finished disc (surface morphology 1), the
content of Fe reached as high as 80%, whereas the content of fluorine was
only 4.2%. This observation might suggest that the coverage and consistency
of the transfer film formed on surface morphology III (Grinding, sandblasting
and finishing) are better than those of the transfer film formed on surface
morphology I (Grinding and finishing). It is also observed from Fig. 10 that
the F element and Cu element contents in the transfer film for the sandblasting
disc are greater than those of all other transfer films.
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Fig. 9. Scanning electron micrographs of discs and the transfer films (0.335 m/s and 2.0 MPa): (al) transfer film formed on surface morphology I, (a2) magnification of (al), and (a3) surface
morphology I, (bl) transfer film formed on surface morphology II, (b2) magnification of (b1), and (b3) surface morphology II, (c1) transfer film formed on surface morphology I, (c2) magnification
of (c1), and (c3) surface morphology III, (d1) transfer film formed on surface morphology IV, (d2) magnification of (d1), and (d3) surface morphology IV, (el) transfer film formed on surface

morphology V, and (e2) magnification of (el), and (e3) surface morphology V.

4. Conclusions

This work presents investigations of the tribological behavior of transfer
films formed under different loads, speeds and morphol-ogies of the
counterface. The following conclusions can be drawn from the current study:

(a) Sliding speed has a significant effect on the thickness and tribological
behavior of the transfer film. The lower the speed is, the thinner the
transfer film is and the better the wear resistance is.

(b) Contact pressure also has a highly important effect on the thickness,
surface morphology and tribological behavior of the transfer film. The
thickness of the transfer film decreases with

©

(d)

increases in the contact pressure, except for the transfer film thickness at
6.0 MPa. The lower the contact pressure is, the better the surface quality
and the wear resistance of the transfer film will be.

A directional texture and a highly smooth surface are not conducive to
the formation of a strongly bonded transfer film. Therefore, the wear
resistance of the transfer film and its surface quality are quite poor.
However, the adhesion strength of the transfer film formed on the
counterface with an isotropic morphology and sandblasted counterface is
rather good, and thus, the wear resistance is also good.

Low speed, light load and an isotropic surface morphology are highly
conducive to formation of a transfer film with excellent tribological

properties.
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Abstract. In the present work, attempts have been made to dope MoS, films with moisture-repel-lent
polytetrafluoroethylene (PTFE) by the co-sputtering technique, with the purpose to reduce the moisture sensitivity
and to improve the tribological performance of the films. Several films have been produced by the combined direct
current (DC) and radio frequency (RF) magnetron sputter-ing technique. These include pure MoS,, graded MoS»-
PTFE and mixed MoS,-PTFE films. The resultant films were characterised by a variety of experimental and
analytical techniques, scan-ning electron microscopy for film morphology examination, nanoindentation for hardness
and elastic modulus evaluation, and ball-on-disc sliding tests for tribology measurement, for instance, friction
coefficient and film wear-life. The experimental results showed that doping MoS, with PTFE has several advantages
over the pure MoS: film. These include increased film hardness and modulus, and more importantly reduced friction
coefficient and increased film wear-life, particularly after prolonged storage of the specimens in open-air
environments. The performance of the films relies on the content of PTFE in the film, which is controlled by
sputtering power and co-deposition time. By appropriate doping with PTFE, the tribological performance of the film
under ambient condi-tions could be significantly improved.

1. INTRODUCTION

Molybdenum disulfide (MoS>) films have been de- veloped for
vacuum and space applications due to their super lubricity under
vacuum conditions [1]. However, under normal ambient
conditions, pure MoS, films show much poorer lubricating
perfor-mance due to the interaction of the film with the moisture
in the ambient atmosphere. Recently, there have been
increasing interests in using MoS: films in the field of precision
engineering, for ex-ample in bearing components and in
manufactur-ing operations [2]. Efforts have been made to im-
prove the moisture resistance of MoS: films (mainly by surface),
interface and bulk modification of the film-substrate system,
including doping MoS: films with various kinds of metals [3,4].
Corresponding author: P. Wangyao, e-mail: panyawat@hotmail.com © 2007

Advanced Study Center Co. Ltd.
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Fig. 1. Schematic of sputtering system.

Table 1. Deposition conditions.

Subrirute Holding

PTFE Targzet

Chsmmiber

Specimen Mode Parameters Thickness of
Base Layer Top Layer Film (oc m)
1 Pure MoS; 200 W MoS; for 2 Hrs - 3.6
2 Graded MoS,-PTFE 200 W MoS; for 1 Hr 200 W MoS, + 3.2
100 W PTFE for 1 Hrs
3 Graded MoS,-PTFE 200 W MoS; for 1 Hr 200 W MoS,; + 3.0
50 W PTFE for 1 Hrs
4 Mixed MoS2-PTFE 200 W MoS; + - 4.0

50 W PTFE for 2 Hrs

croscopy for film morphology examination,
nanoindentation for hardness and elastic modulus
evaluation, and ball-on-disc sliding tests for fric-tion
coefficient and film wear-life measurements.

2. EXPERIMENTAL PROCEDURE

The films were prepared on titanium in a magne-
tron sputtering system (MSS3 by the Coaxial com-
pany, UK) equipped with DC system for the MoS:
target and RF system for the PTFE targets and a
substrate heater, as shown in Fig. 1. The base
pres-sure of the system was 5105 torr. Pure
(99.95%) iron disc of 75 mm in diameter and 5 mm
thick, which was located 14 cm above the
substrate, was used as the sputter source for iron.
Titanium was grinded by standard metallurgi-cal

silicon-carbide waterproof papers, which have

grid size 180, 320, 800 and 1,000, and no polish-
ing. The titanium was cleaned in an ultrasonic bath
of acetone for 5 min before charging in the deposi-
tion chamber. High-purity Argon gas was
introduced into the chamber after the chamber was
evacu-ated to below 5.10- torr. Then the pure MoS:
and PTFE targets were pre-sputtered for 15 min
with the target shutter closed. The working table
was rotating at 2 rpm during the process. All the
experi-ments were conducted at a constant working
pres-sure at 5 mtorr, total gas flow rate at 20 sccm,
and substrate temperature at 100 °C. The detailed
deposition parameters were concluded and listed in
Table 1. Scanning electron microscope (SEM) and
high-resolution field emission scanning elec-tron
microscope (FESEM) were used to examine the
morphology of the surfaces and fractured cross-
sections of the films.
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c)PTFE doped MoS, film (Sample 3) (diMixed PTFE + MoS, film (Sample 4)

Fig. 2. FESEM images showing the surface morphology of the as-deposited films on titanium.

Nanoindentation test involves indenting a speci-
men by a very low load using a high precision in-
strument, which records the load and displacement
continuously. The mechanical properties, hardness
and elastic modulus, can be derived from the mea-
sure load-displacement loading/unloading curve
through appropriate data analysis [8-10]. The thin
film was indented by diamond Berkovich indenter in
nano-scales and performed to a depth of 100 nm to
avoid the substrate effect to the coating prop-erties.
The experiment is performed using the NanoTestm
(Micro Materials Limited, UK). The NanoTestm
device measures the movement of a calibrated
diamond indenter penetrating into a specimen
surface at a controlled loading rate. This device
uses a pendulum pivoted on bearings, which are
essentially frictionless. These tests are based on
new technologies that allow precise measure-ment
and control of the indenting forces and pre-cise
measurement of the indentation depths.

A ball-on-disc tribometer (CSEM 15-208
Instru-ments, Neuchatel, Switzerland) was used
to per-form dry sliding friction experiments on the
film. The ball-on-disk test was performed on the
film coated on sample by alumina ball (Al.O3),
diam-eter 6 mm, was used as the counter face
material against the films, The loading was 2 N
for all test. The sliding velocity was 20 cm/s, and
the test du-ration was 200 meters for all tests.
The ball-on-disk tests were conducted in
ambient air conditions, with temperature of 23 °C
and relative humidity of 50% during the test.

[13] RESULTS AND DISCUSSION
[13] 1. Film morphology

The morphology of the as deposited film surfaces
was examined under FESEM, Fig. 2. The pure
MoS; film (sample 1) exhibits a needle-like struc-
ture, typical of a porous columnar structure with
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Fig. 3. FESEM image of fractured cross section
of sample 2.

x4 ,500

Fig. 4. Pure MoS: film surface after storage in
ambient environment for 4 months.

Table 2. The measured results of mechanical properties by nanoindentation method.

Coating Film Thickness Maximum Hardness Elastic Modulus
Specimen (c m) Depth (nm) (GPa) (GPa)
1 3.6 100 0.60 7.20
2 3.2 100 0.80 12.80
3 3.0 100 0.68 942
4 4.0 100 0.70 11.20

random orientation in the film deposited at rela-
tively high pressures (Fig. 2a). Doping the top part
of the film or the whole MoS; film with a small
amount of PTFE (50 W RF power on the PTFE
target), the film morphology changes to cauliflower-
like (Figs. 2c and 2d), which is less porous and
thus indicates improvement in film quality and basal
plane orientation. This reflects the benefits of dop-
ing with PTFE. Increasing the PTFE target power
such that more PTFE is incorporated in the top part
of the film results in a significant change in film
morphology (Fig. 2b). The incorporation of a sig-
nificant amount of PTFE also leads to the rough-
ening of the film surface, as can be seen from Fig.
2b. The formation of relatively large PTFE particles
is probably due to the increased amount of sput-
tered polymer macromolecules which have a low
mobility on the growing film surface.

Fig. 3 shows the FESEM image of the fractured
cross section of sample 2, revealing the graded
nature of the resultant film, which is characterised

by the MoS: base layer and the PTFE doped MoS:
top layer. The columnar growth and nano-struc-ture of
the film are also noted. The morphology and quality of
the resultant films were examined again after several
months storage in laboratory environment. It was
found that the quality of all the films was deteriorated
after prolonged exposure to the ambient atmosphere,
in terms of water con-densation on to the film surface,
partial flaking and cracking of the film. Such a
deterioration is the most serious for the pure MoS;
film, and is obviously associated with the moisture
sensitivity of MoS», particularly when basal plane

orientation is not achieved as in the present MoS: film.
It is antici-pated that the condensation of water on to
the film surface and then the penetration of water
molecules along the exposed basal planes to the film-
sub-strate interface would weaken the cohesive
strength of MoS; and weaken the film-substrate
adhesion strength [11], and thus would result in film
cracking and debonding. The crack pattern formed
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Fig. 5. Nanoindentation load—displacement curves for MoS; film obtained with a Berkovich indenter

dur-ing loading and unloading.

on the pure MoS; film after 4 months exposure
is illustrated in Fig. 4.

The deterioration in film quality after prolonged
storage is not so severe in the PTFE doped films.
Less amount of water condensation, less film
cracking and flaking were observed in these films.
In particular, film sample 2, which contains a rela-
tively large amount of PTFE in the top part, is al-
most intact after several months exposure. This
important improvement in film quality by PTFE dop-
ing is obviously derived from the moisture-repel-
lent ability of PTFE.

3.2. Nanoindentation test

There have been very limited reports on the me-
chanical properties such as hardness and elastic
modulus of MoS:; films, probably due to the diffi-culties
in assessing the properties of thin solid lu-bricant films
and the many factors that can influ-ence MoS; film
properties. Indeed, a wide range of hardness and

modulus values have been reported for MoS; film with
different orientation and produced under different
conditions. Fig. 5 shows load-dis-placement curve of
sample 1 tested at 100 nm penetration depth. It can
be seen that loading curve with the unloading one.
This is to extract the intrin-sic mechanical properties
of the tested samples by calculating the coating
properties from the un-

loading curve. A general anticipation is that MoS;
with basal plane orientation parallel to the surface
should exhibit higher hardness and modulus. This
is indeed true in the present case, as can be seen
from the summarised nanoindentation results for
the films tested (Table 2). All the PTFE doped films
show higher hardness and elastic modulus values,
in accordance with the observation that PTFE dop-
ing promotes basal plane orientation, which gives
rise to hardness and modulus of the film.

3.4. The results of tribology test

Fig. 6a shows SEM image analysis results of the
friction-wear track in specimen 1. It was
observed that plastic deformation of titanium
substrate oc-curred during the ball-on-disc test.
The plastic de-formation and ball impact
contributed to local debonding of MoS, film
coating from titanium sub-strate and obviously
the MoS, film was flaked out from titanium
substrate around the peripheral rounded track.
Wear debris particles are expected to detach
from the transfer film layers that accumulate in a
contact. Wear debris from the ball-on-disk tests
was also by scanning electron microscopy imag-ing
shown in Fig. 6b. It was observed that the wear
debris were trapped in the contact area as the third
body and caused micro-cutting on the film. Fig. 7
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Fig. 6. Scanning electron micrographs showing tracks image and surface microstructure of MoS. film
on titanium specimen.
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Fig. 7. Schematic illustrations of wear process of the graded MoS>—PTFE coating.

shows the wear process of the graded MoS - A ball-on-disc friction test of the coated samples
PTFE film that undergoes three stages i.e. the was first conducted within 2 days after deposition.
wear of MoS>—PTFE surface layer; the wear of This is to minimise the effect of moisture conden-
rich  MoS; interlayer; and the wear of the sation on friction behaviour. The recorded friction
substrate through the test process. curves are shown in Fig. 8. The coating sample 1
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Fig. 8. Variation of friction coefficient of four specimens of coating with sliding distance.

Table 3. Results of sliding friction and wear test.

Coating Wear area Wear Volume Sliding Wear Rate
Specimen (X103 mmz) (mms) Distance (mm) ( x10-s mmz)
1 15.40 0.484 200,000 242
2 9.35 0.293 200,000 1.47
3 11.40 0.358 200,000 1.79
4 7.70 0.242 200,000 1.21

showed the typical frictional behaviour of pure
MoS:: the friction coefficient is relatively high at
the start of the test (due to the existence of
adsorbed water), decreases to a steady state
value around 0.15 (due to frictional heating
which removes the adsorbed water), and after a
certain distance of sliding, increases abruptly,
which marks the total failure and the wear-life of
the solid lubricant film. The PTFE-doped films
behave slightly differently from the pure MoS»
film. The benefit of PTFE dop-ing in reducing the
initial friction coefficient is obvi-ously due to the
moisture repellent effect of PTFE, such that less
water is adsorbed on to the film sur-face.

The wear volume of each sliding tests can be
estimated using a profliometer to trace the surface
roughness on the specimen. A probe is slide hori-
zontally across the wear track and the resultant

surface profile is being printed on a piece of
paper in the form of grid such that the cross-
sectional are of each track can be estimated and
hence, the wear volume can be determined.

The wear volume values are summarised in
Table 3. It is clear to demonstrate the benefit of
PTFE in order to improve the wear-life of the
MoS; films. With doping PTFE such as sample
4, the wear volume of pure MoS: film was
reduced from 0.484 to 0.242 mms (50% by
volume). This has shown the promising results of
the benefit of dop-ing PTFE due to the reduced
moisture sensitivity effect of PTFE.

4. CONCLUSIONS

[29] Composite MoS,-PTFE solid lubricant
films can be fabricated by co-sputtering of
MoS; and PTFE targets.
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[37] Doping MoS:; film with PTFE is beneficial for improving the mechanical and tribological prop-
erties, such that the PTFE doped films exhibit improved density, increased hardness and modulus.

[38] PTFE doping improves the quality of MoS; film after prolonged storage, due to the reduced
moisture sensitivity effect of PTFE.

[39] Mixed MoS.-PTFE film has shown the lowest value of friction coefficient (about 0.12). It also has

shown the longest wear-life compared with without PTFE and graded MoS,-PTFE mode.
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