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Abstract
A development for a synthetic aperture radar for exploration of another planet is planned. A synthetic
aperture radar satellite needs a deployment system for a large antenna for both telecommunication and
observation of the planet. The spacecraft will be required to withstand harsh environments without
maintenance during the mission. One option is to use a solid lubricant in the sliding portions. Tungsten
disulfide (WS2) for use as a solid lubricant at elevated temperatures in space has been examined. In order
to simulate the friction during deployment, measurements for the friction coefficient at room temperature
and high temperature in a vacuum using three types of WS2 coating films on a metal disk have been
conducted. The first WS2 bonded film was compared to molybdenum disulfide (MoS2) bonded film with the
same coating condition and using the same equipment. MoS2 has been mainly utilized in current spacecraft
and it has similar crystal structure as that of WS2. The wear life of WS2 bonded film shows longer life than
MoS2 bonded film at 500°C under vacuum. Sputtered films and shot peening films were also examined.
The friction coefficient of WS2 shot peening films are extremely low at room temperature and high
temperatures. Furthermore, an effort was made to confirm the low friction mechanism from the result of
analysis after the friction tests. The friction mechanism of these materials is attributed to weakly bonding of
the (0002) plane. It was shown that a specimen having strong texture on the (0002) plane has a low friction
coefficient.
Introduction
Spacecraft mechanisms cannot be maintained or inspected after launch. The extreme environments of
interplanetary space present a more challenging wear environment, introducing failure modes not seen in
terrestrial environments. Therefore, any satellite components subjected to sliding wear must be sufficiently
lubricated to survive mission requirements. Recent exploration programs subject spacecraft to more
extreme environments than seen in the earth orbital environment. One option to provide lubrication for
interplanetary missions is solid lubrication. [1, 2].
There is evidence in the literature by NASA in 1969 [3] that WS2 has demonstrated a great potential for a
high-temperature solid lubricant for space. MoS2 has been utilized successfully as a solid lubricant for space
equipment. Recently, nanoscale multilayers of MoS2/WS2 [4] and nanocomposite films [5-8] have been studied
for their tribological properties using X-ray diffraction (XRD) and Transmission Electron Microscopy.
Although the friction coefficient of WS2 was very low at elevated temperatures, studies of WS2 have not
been as extensive as that of MoS2 which has the same crystal structure. The crystallographic structure of
WS2 is shown in Figure 1. The friction characteristics of WS2 are attributed to the crystal structure, which is
composed of hexagonal close-packed tungsten atomic layers sandwiched between two hexagonal closepacked sulfur atomic layers. Therefore, two adjacent sulfur layers held by Van der Waals force are weakly
bonded and slide easily on the (0002) sulfur basal planes.
To simulate the deployment and driving friction, pin-on-disk reciprocating tribometer and rotary tribometer
experiments have been conducted under vacuum at ambient and elevated temperatures with WS2 on the
metal disk.
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Figure 1. Crystal structure of WS2 Hexagonal P63/mmc [5 - 9]
（0.3154×0.3154×1.236 nm3）
The purpose of this research is to evaluate three fabrication techniques of WS2 coating films for an
application at high temperature in a vacuum environment: bonded films with an inorganic binder, sputtered
films with titanium intermediate layer, and shot peening films of WS2 powder.
Experimental Procedure
Two types of friction testing equipment were utilized: a pin-on-disk type reciprocating tribometer and a pinon-disk type rotary tribometer, each in a vacuum chamber. After the friction tests, the surfaces of both disk
and ball were observed by an optical microscope and the surface profile at the wear tracks was measured
by a contact profilometer. The structural and chemical properties were analyzed with a scanning electron
microscope (SEM) and energy dispersive X-ray spectrometry (EDS). Crystallographic structures of the wear
and the non-wear regions were examined by imaging plate X-ray diffraction (IPXRD).
Pin-on-disk type reciprocating tribometer
Pin-on-disk type friction tests were carried out using a reciprocating tribometer to investigate the friction
characteristics of various types of lubricant coatings in air and in vacuum. The test conditions are listed in
Table 1. Figure 2 shows a schematic diagram of the reciprocating tribometer, which can evaluate friction
under a constant applied load and sliding speed. The tribometer was installed inside a vacuum chamber to
allow tests to be carried out in air and under vacuum. A pin slides repeatedly against a disk coated with
lubricant, with a load of 10 N applied by a weight located outside the vacuum chamber. The speed of the
sliding is controlled by the reciprocating motion of the disk.
The sliding speed and the stroke were 10 mm/s and 10 mm, respectively. For tests under vacuum
conditions, the chamber was evacuated by a turbo molecular pump to a pressure on the order of
10-4-10-6 Pa. The friction test was interrupted when the friction became high or it was suspected that the
wear had reached the substrate of the disk.
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Table1. Tested condition of the reciprocating tribometer
Load [N]
Contact Pressure [GPa]
Speed [mm/s]
Friction Distance [mm]
Atmosphere [Pa]
Temperature [°C]

10
0.35
10
10
Vacuum（under 10-5）
22–24

Top view
Reciprocating Control Device
Motor
Ball Screw
Turbo Molecule
Pump

Rotary Pump

Side view

Vacuum Chamber

Counterpart Material
Tested Specimen

Load
Bellows

Reciprocation
Stage

Load Cell

Figure 2. Overview of reciprocating tribological test
Pin-on-disk type rotary tribometer
The friction characteristics of many types of WS2 and MoS2 coatings were investigated at elevated
temperatures under vacuum using a pin-on-disk rotary tribometer. The test conditions are listed in Table 2.
Figure 3 shows a schematic drawing of the test apparatus. The vacuum chamber was evacuated by a turbo
molecular pump to a pressure on the order of 10-5 Pa, and the temperature of the specimen was controlled
by a molybdenum heater and a thermocouple welded on the specimen. The temperature relationship
between the test specimen and the outer cover was monitored using thermocouples.
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Table 2. Test conditions of the rotary tribometer
Load [N]
Speed [m/s]

10，30
0.1, 0.5 (inspection)
40π（47.7）
36π（53.0）
32π（59.7）
28π（68.2）
Vacuum (<10-5)
20, 100, 200, 300, 400, 500

Friction Distance [mm]
(rotational speed [rpm])
Atmosphere [Pa]
Temperature [°C]

Top view

Load Cell

Load Cell

Counterpart

Thermocouple

Test
specimen

Side view
Specimen

Turbomolecular Pump

Outer
Wall

Stage

Molybdenum Heater

Rotary Pump

Vacuum Chamber

Figure 3. Diagrams of the rotary tribological test apparatus

X-Ray Diffraction Analysis
The crystallographic structure of wear and non-wear regions were examined by IPXRD. The wavelength of
the X-ray was 0.1542 nm and it was collimated to a spot size of 0.3 mm, which was small enough to
distinguish between a worn or non-worn area of the coating. A high-magnification CCD camera was used
to align the X-ray spot on the specimen. In order to capture a diffraction image of the surface film layer of
the coating, the X-ray was introduced at a low angle relative to the face of specimen. The incident angle of
the X-ray, and the specimen rotation angle were set to 45° as shown in Figure 4. 360° Debye-ring pattern
can be used to quantify the textured crystal structure, because the development of preferred orientation
was expected due to the wear. A beta diffraction peak can be obtained from one rotation of the specimen
(360 degrees). XRD patterns were quantified by measurements of the imaging plate.
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Figure 4. Geometry between incident X-ray beam angle and the sample stage in IPXRD equipment.
Materials
Three kinds of coatings on the SUS316L stainless steel disk (Φ40 mm×8 mm), which has relatively good
creep strength at high temperature, were fabricated. Counterpart material was a SUS316 ball (7.93-mm
diameter).
Bonded Film
MoS2 is known as a high performance solid lubricant in a vacuum environment [10-13] from numerous
research results and applications on spacecraft mechanisms. Two bonded films were fabricated using WS2
and MoS2 lubricant powder by one vendor in order to compare tribological characteristics in vacuum at
elevated temperatures under the same conditions. Table 3 lists the fabricating conditions for the lubricant
powder quality, quantity, and binder material, etc. The coating is fabricated by an annealing treatment for
60 minutes at 200°C using a furnace, then drying in an air environment for 20-30 minutes. This coating
method is necessary to form a chemical inorganic binder with better elevated-temperature performance in
vacuum than organic binders [14]. Thickness of all coatings were controlled to 10 μm.

Table 3. Coating condition of the bonded films
Grain size(μm)
Degree of crystallization (%)
Powder morphology circularity(%)
Inorganic specimen Vol (%)
Binder material
Thickness
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MoS2

WS2

0.94
80
0.7～1

0.94
0.7～1

40
Na2SiO3
10 μm

40
Na2SiO3
10 μm

Sputtered Film
A sputtering technique is suitable for applying a high purity coating with only WS2 on the top surface of the
SUS316L stanless steel disk. As a result of preliminary testing, which showed that the film did not have
good adhesion with the interlayer on the mirror-polished surface, a titanium interlayer was applied between
the base material and the WS2 coating. Furthermore, the surface roughness of the SUS316L substrate was
varied to improve adhesion. Roughness treatments were carried out using a shot blast method after the
mirror surface treatment. Three levels of surface roughness were evaluated; Ra: 0.013 (this is the mirror
treatment), Ra: 0.4, and Ra: 0.7.
Table 4. Coating condition of the sputtered film
Surface Roughness of Base Materials [μm]
Target Material
Pre-Sputtered Pressure [Pa]
Ar Injection Pressure [Pa]
Output [W]
Ar Flow [ccm]
Ar Etching Time [h]
Sputtered Time [h]
Film Thickness [μm]

Ra:
0.013, 0.4, 0.7
Ti (Inter layer), WS2(Top layer)
4×10-3
3.2×10-1
100
7.5
Ti : 0.5, WS2 : 0.5
Ti : 1, WS2 : 4 - 5
1.5～1.8

Shot Peening Film
The WS2 shot peening coatings on the SUS316L stainless steel disk were applied using WS2 powder of
2-μm and 0.5-μm particle size with a coating pressure of 8.0 MPa in open air. The average thickness of the
WS2 coating was less than 0.5 μm. This coating method is also available to coat only WS2 on an outermost
surface without an interlayer and/or binder. Furthermore, this coating does not have a part size limit and
can be fabricated without special chambers or furnaces. The lack of a size limit for the shot-peening film is
an important point, especially for spacecraft with large wearing parts.
Quantitative surface condition measurements of the coatings were made by EDS analysis. Figure 5 shows
the EDS detection results of tungsten and sulfur across the surface of the disk. Vertical axis shows the ratio
of the counts of tungsten (W) and sulfur (S) normalized by the peak intensity of the steel (Fe) in the
specimen for each measurement. Horizontal axis is the location of the measurement across the disc from
0 mm to 45 mm. The thickness of coating film has a gradient since the W and S atomic counts were found
to increase across the width of the disk.
Figure 6 shows the measured friction coefficient data versus position. Friction coefficient data was
measured by a rotary tribometer with a load of 10 N in the air of room temperature and sliding speed of 0.5
m/s, data accumulation rate is 1000 points per second. Vertical axis is friction coefficient and horizontal
axis is measurement location. Accordingly, the friction coefficient is inconsistent across the coating. Friction
coefficient was decreased at locations showing high atomic counts via EDS. Thus improvement is
necessary, however this coating method was included in the study since it has useful characteristics such
as ease of application.
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Figure 5. Detection result of tungsten and sulfur atomic from top surface by EDS

Figure 6. Measured friction coefficient versus position

Results and discussions
Results of the Reciprocating Tribo Tests
The friction test was continued for 100,000 cycles with a load of 10 N under vacuum (10-5 Pa) at ambient
temperature. The test was conducted using two substrates with different bonded films, one with MoS2 and
the other with WS2. Both bonded films were fabricated using the same inorganic binder. Results of the
friction test with each bonded film are shown in Figure 7. Both coefficients of friction have similar trends
that increased with number of wear cycles. Maximum friction coefficient and/or when friction test finished
were 0.04 for MoS2 and 0.06 for WS2. Figure 8 shows optical microscope photos, measured surface wear
roughness, SEM observation and EDS analysis of each specimen after the friction tests. A transfer film was
observed on the surface of the ball (counterpart material), verified by optical microscope and EDS analysis
from both tests. Furthermore, neither substrate was exposed due to wear after completion of 100,000 cycles.
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Figure 7. Friction coefficients as a function of time for WS2 bonded film and MoS2 bonded film by
reciprocating tribometer in the vacuum at room temperature [13]

Figure 8. Optical microscope observation, SEM micrographs and EDS mappings of the surface of each
bonded film after reciprocating friction test [9]

Figure 9. Friction coefficient of WS2 sputtering and WS2 shot peening coating by reciprocating tribometer
in vacuum at room temperature
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Figure 9 shows the results of friction measurements taken using the reciprocating tribometer over 5000
wear cycles under a normal load of 10 N, under vacuum at ambient temperature with a variety of coupons.
Sputtered films with a Titanium interlayer applied over substrates with different surface roughness levels,
and shot-peened films with different WS2 particle sizes were tested. Both of these coating methods are
capable of creating a pure WS2 outer surface. With the sputtering films, the friction coefficient of the Ra:
0.01 specimen increased before 5000 cycles and the Ra: 0.4 mm and Ra: 0.7 mm coupons were stable
throughout the test. The Ra: 0.7 mm specimen produced a lower friction coefficient than the Ra: 0.4 mm
specimen. With the shot peening films, 0.5-µm WS2 shot peening produced the lowest and most stable
friction coefficient.
Results of the rotary tribo tests
Figure 10 shows the temperature dependence of friction coefficient for two types of WS2 shot peening
measured by rotary tribometer with a load of 10 N and speed of 0.1 m/s in a 10-5 Pa vacuum condition at
several temperatures. These friction tests were continued for a nominal 1000 cycles, or the test was
interrupted when the frictional force became high.
Friction coefficients of 0.5-μm WS2 shot peening and 2-μm WS2 shot peening increase almost linearly with
increasing test temperatures. Friction coefficient of 0.5-μm WS2 was lower than that of 2-μm WS2 at all
temperatures. Testing of the 2-µm WS2 was terminated before reaching 500°C due to wear-through of the
WS2 layer. The 0.5-μm WS2 shot peening coupon did not reach 1000 cycles at 300°C for the same reason.
Although 2-μm WS2 shot peening did not produce the lowest friction coefficient, it did maintain friction
coefficients below 0.1 at 400°C in the vacuum. We propose that 2-μm WS2 shot peening has potential for
continued research for high-temperature spacecraft applications.
Since spacecraft generally receive no maintenance after launch, the durability of the coating and wear life
in the intended environment are considered. Figure 11 shows the comparison between WS2 bonded films
and MoS2 bonded films by rotary tribometer with a load of 30 N and sliding speed of 0.5 m/s in a 10-5 Pa
vacuum condition at high temperatures. These films were made by the same coating method using the
same inorganic binder. The endurance life of WS2 was longer than that of MoS2 at all temperatures tested
under vacuum [14].

Figure 10. Behavior of friction coefficient of 2-μm powder WS2 and 0.5-μm powder WS2 with increasing
temperature by Rotary tribometer in vacuum
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Figure 11. Comparison of endurance life between WS2 bonded film and MoS2 bonded film by Rotary
tribometer in vacuum at elevated temperature (300°C, 400°C, 500°C).
IPXRD observations
For each specimen, a two-dimensional diffraction image was used to capture the diffraction pattern in worn
and non-worn areas, as shown in Figure 12. The (0002) plane is formed and the (0004) plane overlaps a
layer. The (0002) plane consists of the two hexagonally closed-packed sulfur atom layers which form the
slip-plane. All specimens were fixed at an angle of 45 degrees for measurement conditions of the (0002)
plane. Existence of the (0002) plane is established from X-ray Debye ring patterns. An area detector is
used to obtain a 360° Debye-ring pattern and to quantify the textured structure because the development
of preferred orientation was expected during the friction test.
No clear (0002) plane Debye-ring pattern was detected from the bonded films in the non-wear points. This
is likely due to the fact that the WS2 particles are distributed randomly in a binder so the (0002) planes do
not align. WS2 sputtering film did not show the (0002) planes on the non-wear point. Consistent (0002)
plane Debye-ring patterns were detected from the wear points on all coupons. Only WS2 shot peening film
showed (0002) Debye-ring patterns before friction. Since there is no doubt that the existence of the (0002)
plane is the friction mechanism for tungsten disulfide[15], the presence of the (0002) plane before wear is an
important point. The relationship between friction coefficient and X-ray diffraction results is shown in Table
5. All WS2 coating films showed extraordinary low measured friction coefficients at room temperature. The
friction coefficient was lowest in the specimens having only pure WS2 coatings.
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Figure 12. X-ray Debye ring patterns and Intensity profile against β angle of (0002) plane on the wear
point and non-wear point of WS2 specimen surface.

Table 5. Results of friction test and X-ray diffractions
Coating Method

Bonded

Sputtered

Shot Peening

10

WS2
1.5～1.8

0.1～0.5

0.01～0.06

0.016～0.028

0.01～0.02

Not less than
10,000

Friction Coefficient at 400°C

Not less than
100,000
0.05～0.23

-

Less than
10,000
0.06～0.1

Friction Coefficient at 500°C

0.05～0.15

-

Doesn’t work

△

×
○

○
○

Lubricant
Film Thickness [μm]
Friction Coefficient at Room temperature
Endurance life at Room temperature

(0002) Plane in Non-Wear Region
(0002) Plane in Wear Region
〇: Exist, ×: Not Exist, △: Partially Exist

○

Figure 14 demonstrates the temperature dependence of the half width of (0002) peaks in Figure 13. The
half width of (0002) peaks decreased with increasing test temperature from room temperature to 200°C,
however, the half width jumps to a high value at 300°C. Data of half width at 300°C are scattered widely,
since different areas were examined. The half width of the X-ray peak is directly related to both grain size
and elastic strain of the WS2 crystal. As severe deformation occurs during friction, materials can undergo
recovery and recrystallization at elevated temperature. WS2 could be recrystallized to form finer grains at
temperatures above 300°C. The abrupt increase of the half width can be explained by a recrystallization
process of the WS2 film.
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Figure 13. Measurement half width of (0002) peaks by X-ray Debye ring patterns
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Figure 14. Effects of test temperatures on half width of (0002) peaks on 2-μm WS2 shot peening
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Concluding Remarks
It is necessary to understand the detailed characteristics of a lubricant for use in space since maintenance
can almost never be performed after launch. Therefore, the mission-unique environments must be
considered when selecting a lubricant. WS2 was considered as an option for lubrication in high-temperature
space environments. The test results presented confirm the possibility of WS2 as a solid lubricant for
elevated temperature space applications.
Three types of WS2 lubricant films were prepared: bonded film with inorganic binder, sputtered film with
titanium interlayer and shot peening film. The results of this study show that all WS2 coatings tested
produced very low measured friction coefficients.
This study had two purposes. The first was to evaluate WS2 solid lubricants for elevated temperature in
vacuum using current technology. One approach was to compare the tribological properties of the WS2
coatings to MoS2 coatings since MoS2 and WS2 share similar crystal structures. Furthermore, MoS2 has
many previous studies showing it to be an excellent solid lubricant in a vacuum environment. The other
approach was to compare the performance of pure WS2 coatings produced with different methods of
application. The second purpose was to verify the low friction mechanism of WS2 Sputtering films which
can be applied without binder and with high purity. Shot peening WS2 is able to apply the coating without
binder or interlayer. These test methods are better to investigate the friction properties of WS2 than only
from analytical results.
The friction coefficients of WS2 shot peening films are extremely low at room temperature and also at
elevated temperatures. This lubricant film showed increasing friction coefficient with an increase in test
temperature, however friction coefficient at 400°C is still under 0.1. The low friction mechanism has been
confirmed based by the result of XRD analysis after the friction tests. All the WS2 shot peening specimens
show a preferred orientation of (0002) basal plane aligning parallel on the disc surface. It is therefore
concluded that the friction coefficient values of WS2 strongly depend on the (0002) crystal structure and
lattice defects in the crystal. These results suggest that behaviors of the lattice defect play an important role
on the low friction mechanism of WS2 that relies on sliding of the (0002) plane.
Endurance life of WS2 bonded films were longer than the other coatings. However, friction coefficient
increased over life. It is proposed from results of shot peening XRD analysis that the orientation (0002)
plane aligning parallel on top surface is one of reason for increasing of friction coefficient.
The testing performed showed WS2 to have good performance and endurance life at elevated temperatures.
Based on a comparison of the test results between WS2 and MoS2 bonded film, it can be concluded that
WS2 is a promising solid lubricant candidate at elevated temperature.
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