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In this paper, the effects of loading capacity and sliding speed on the tribology properties of
composite films formed by a high-concentration MoS, additive and the biopolymer hydroxypropyl
methylcellulose (HPMC) are demonstrated. The main mechanisms that affect the coefficient
of friction are the real contact area and the formation of the transfer layer. Reducing the real
contact area will decrease the overall coefficient of friction, while the formation of the transfer
layer is a dominant factor for high-load and high-sliding-speed conditions, which results in a
stable coefficient of friction. The self-lubrication phenomenon occurring after the formation of
the transfer layer is mostly responsible for the excellent tribology properties of the MoS,/HPMC
composite material.

1. Introduction

In recent years, several environmental issues have been widely discussed, including climate
change anomalies, severe weather changes, lack of water resources, food shortage, and an increase
in sea level. At the same time, the development of environmental technologies such as those
for reduced greenhouse gas emission as well as the reduced usage and reutilization of natural
resources have attracted much attention. The application of natural biopolymer materials has
also recently received a lot of attention such as in electronic devices (transistors, loudspeakers,
and actuators) and sensors (biosensors, gas sensors, and chromogenic sensors). The industry now
requires the use of environmentally friendly or earth-friendly materials. For example, technologies
substitute cutting fluid with dry plating for mechanical knives and minimum quantity lubrication
(MQL) using biopolymer additives. This has been continuously developing.

In addition to dry lubrication plating and MQL, green tribological material technology has also
been extensively studied and developed.!"?) This year happens to be the 50th anniversary of the
renowned Jost Report. As pointed out in the report, friction/lubrication is not only a technical
problem but also an economic problem.”) As a matter of fact, friction/lubrication is even more
critical today: it is about the sustainability of the earth.**>)

Good green tribological materials have several important features in common: (1)
environmentally friendly (from nature), e.g., natural oils, including soybean oil and coconut
oil, and plant cellulose;®” (2) biologically decomposable;® (3) widely applicable;*™'? (4)
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casy to prepare;'>'¥ and (5) reliable tribological performance.>™'” In contrast to traditional
petrochemical oil products, the lubrication performance characteristics (friction and wear
reduction) of green tribological materials that meet the above requirements are not as good as those
of the former. Therefore, there are still many research topics worth investigating.

In this study, a biologically and environmentally friendly biopolymer material, hydroxypropyl
methylcellulose (HPMC), is introduced and its tribological performance with MoS, additives
that are known for their excellent tribological properties is strengthened. By developing this
environmentally friendly lubricant and using it in sustainable manufacturing applications, the
ultimate goal of this work is to reduce the use of petroleum-based lubricants and minimize damage
to the earth while achieving friction reduction, wear resistance, and energy conservation.

2. Materials and Methods
2.1 Preparation of MoS,/HPMC composite films and the control of film thickness

The MoS,/HPMC composite film was produced by adding 5 g of HPMC to 30 mL of water
and 130 mL of ethanol, followed by heating to 60 °C. A MoS, additive (13.5 g) was added to the
solution and ultrasonicated for 20 min. A solution of 150 puL was injected onto a silicon substrate
by a micropipette. Films were observed after the solutions were left to stand for 1 h at 25 + 2 °C
and 60 + 5% RH.

2.2 Film analysis

The surface morphology of the films was determined using a scanning electron microscope
equipped with an energy-dispersive X-ray spectroscope (EDS).

2.3 Tribological performance analysis of MoS,/HPMC

A pin-on-disk system was used to study the friction behavior of the composite films.
Experimental details were as follows: the radius of gyration was 2 mm, the sliding velocity was
varied from 0.01 to 0.05 m/s, and a DIN 17350 chrome steel ball was used as the counter grinding
ball.

3. Results and Discussion

The SEM cross-sectional image in Fig. 1(a) has thickness information, which shows a film
thickness of approximately 100 pm. There are uneven portions on the surface because it is very
difficult to create a clean and smooth cross section on a soft elastic film such as HPMC. In the
process of splitting, the deformation and destruction of the film are likely to occur, which is
indicated by the unevenness in the image.! Figures 1(b)-1(d) show the results of EDS mapping,
wherein the Mo and S signals (from MoS;) are observed from Figs. 1(b) and 1(c), whereas the C
signal is observed in Fig. 1(d) (from HPMC). It can be seen that MoS, particles are uniformly
distributed in the HPMC substrate.

The nine-point Raman measurement method was adopted in the experiments, where nine
regions with the same size were drawn on a 10 mm? Si base, followed by Raman spectral
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Fig. 1. (Color online) (a) SEM cross-sectional Fig. 2. (Color online) Additive uniformity analysis
image; EDS mapping of (b) Mo, (¢) S, and (d) C using nine-point Raman measurement.

signals.

measurement at the center of each region. The results are shown in Fig. 2.5 The distinct peaks
Elzg and Alg are respectively located at 383 and 408 cm!, corresponding to the characteristic
peaks of MoS,, which indeed confirms the existence of the MoS, additive.?” Further analyses of
the positions and amplitudes of the nine-point peaks show that all relative errors are within 3%,
suggesting an excellent uniformity of the MoS, particle distribution.

The tribological properties with 10%-added MoS; were experimentally studied under different
loads, viz., 2, 5, and 8 N. When the load was 2 N, according to the SEM measurement, the real
contact area with grinding chrome steel balls was 0.1 mm?, and the contact pressure was 20
MPa. Previous studies noted that when the load is small, even if there is an uneven deformation,
in situations where the roughness of the contact surface is constant, the real contact area and the
coefficient of friction are considered to be proportional to 2/3 of the load.?"?? 1In this case, the
coefficient of friction is related to the shearing force and hardness of the material.>®

However, when the load is large, an insufficient load capacity will result in the elastic or plastic
deformation of the film, which will increase the contact area and the overall average coefficient of
friction.?¥ When there is a relative movement between two objects of distinct materials in contact,
if the cohesion force of one material is smaller than the adhesion force in the contact interface, the
material with a low cohesion force will break and adhere to the surface of the material with a high
cohesion force. This phenomenon is called material transfer, which forms the transfer layer as a
result.>>

The condition of the transfer layer directly affects the tribological properties of the entire
system. During the run-in period, a great amount of wear will be produced, but the wear will
gradually decrease when the transfer layer formed (transition period) and well-covered (steady
state) the object surface.?®) After effectively adhering to or covering the objects in contact, the
transfer layer material can provide a self-lubrication effect, which is one of the main mechanisms

responsible for the considerable reduction in frictional resistance.%2327)
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As shown in Fig. 3, only the tribological properties during the run-in and transition periods
are discussed. At a low load (2 N) during the run-in period, the amount of deformation of the
soft film is small. The coefficient of friction is related to the shearing force of the material, and
therefore it is low compared with high-load situations. However, because the transfer layer is not
easy to produce, the coefficient of friction is unstable. At a high load (5 or 8 N), the soft film is
deformed, resulting in an increase in real contact area, which generates a higher coefficient of
friction. Because the load is higher, the transfer layer is easily formed, resulting in relatively stable
tribological properties.

It has been proposed in the literature that a load on the system and sliding speed will affect the
generation of the transfer layer and also directly affect the subsequent tribological behavior.?®
Figure 4 shows the tribological properties of the film at different sliding speeds. With an increase
in sliding speed, the friction coefficient exhibits a stable state. This is because when the sliding
speed is high, the transfer layer can easily adhere to and cover the objects in contact, producing a
good self-lubrication effect.

The relationship between the average coefficient of friction in and the sliding speed obtained
from Fig. 4 is plotted in Fig. 5. Here, two mechanisms are considered to affect the behavior of the
coefficient of friction: the real contact area and the length of the run-in period. At a low sliding
speed, because the real contact area is small, although the unstable period is relatively large (longer
run-in period), the overall average coefficient of friction is lower than that at higher sliding speeds.
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Fig. 3. (Color online) Tribological behaviors under Fig. 4. (Color online) Tribological behaviors at
different loads. different sliding speeds.

c

=]

§ 0.2+

-

[T

o

o)

o

] 0.1+

b=

o

o

o

1 1 'l
0.01 0.03 0.05

Sliding speed (m/s)

Fig. 5. Effect of sliding speed on the coefficient of friction.
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While at higher sliding speeds, because the real contact area is large, the steady state will be
rapidly reached (short run-in period) and the system will have a higher coefficient of friction. This
once again verifies the discussion and results shown in Fig. 3.

4. Conclusions

The main purpose of this research is to study the effects of a high-concentration MoS; additive
on the tribological properties of the biopolymer HPMC. The results demonstrate the importance of
the growth time and uniformity of the transfer layer in the system to the tribological properties of
MoS,/HPMC. The real contact area of the soft film is also a very important parameter in different
applications. The conclusions that may be drawn from this study are as follows:

(1) MoS; additives and HPMC can form a completely covered and uniformly distributed composite
film.

(2) An appropriate load can accelerate the formation of the transfer layer, providing a favorable
coefficient of friction.

(3) The sliding speed affects the run-in period and the real contact area during wear.
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