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1 Abstract: An investigation was made to determine the effects of tungsten surface coating on the
> coefficient of friction of sliding contact between lubricated steel surfaces. The four-ball test was
s modified, using a tungsten carbide ball bearing in the spindle to cause sliding contact onto three
a  hard steel ball bearings coated with tungsten disulfide lamellar dry lubricant coating, with a coating
s of grease lubrication applied to the ball bearings. The coatings, loads, speed, and grease level was
s varied to best understand the impact of different conditions to the friction coefficient.
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o Introduction

10 The ability to reduce the coefficient of friction (COF) during sliding contact between two steel
1 surfaces is a capability with countless applications in mechanical engineering design. Often (but not
1z exclusively) friction is desired to be minimized between two surfaces in sliding contact, as friction can
1z cause a reduction in mechanical efficiency, physical and material damage to the surfaces, as well as
1 resultin damaging heat from friction energy losses. Metals are unique for having a high non-lubricated
s friction coefficient, and lubricants including oils, greases, and dry surface coatings [1-13] are often
1s used to reduce the friction during sliding contact.

17 Often in engineering, a hard-steel surface will be coated with tungsten carbide (WC) [14-16],
1= applied as a surface treatment, often using High Velocity Oxygen Fuel (HVOF) to apply the WC
1o coating as described in the standard AMS2448A [17]. The WC coating serves to protect the steel surface.
20 Inherently, WC is harder than steel; it has a Young’s modulus of (typically) 500 to 700 GPa, significantly
z higher than the 200 GPa for steel. With this increased stiffness, there is less expected deformation of
22 the surface, and thus due to the pattern of random asperities within the surface, the true contact area
2 (Figure 1) is reduced. As the friction force is determined as the product of the shear stress and the true
24 contact area [18-21]

F = TA, (1)

s the WC coating will reduce the COF marginally due to reduced true contact area. This has been
26 Observed in published [22] COF for non-lubricated steel-steel contact (COF = 0.8) versus steel-WC
2z contact (COF = 0.6).

28 The second important surface treatment is the coating of tungsten disulfide WS,, a soft lamellar
20 material similar to graphite/MoS; [23-27]. Solid lubrications by lamellar solids is commonly
3o used when liquid lubricants are impractical, such as in clean rooms, vacuum conditions, extreme
a1 temperatures, and in outer space. Lamellar solids are defined as solids with a repeating molecular
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sz pattern, effectively sheets of molecules [18]. Because of this structure, they often have anisotropic
33 properties.

34 The most commonly used lamellar solids for solid lubrication are graphite and molybdenum
s disulfide; tungsten disulfide operates on a very similar principle. One principle of the thin film
s approach is to have a soft coating separating two hard objects in contact. When two objects are both
sz hard and inflexible, there is inherently little true contact area. The true contact area is defined as the
ss actual area of metal-on-metal contact (Figure 1). Even the smoothest surfaces have some asperities
s» and random surface roughness, and with less elastic deformation there is less true metal-on-metal
20 contact. Two hard surfaces in dry contact will have a small true contact area (m?), but the shear stress
a1 T (Pa) will inherently be higher for hard materials, and thus the friction force F = A-7 will be high.
«= The opposite of this can happen with a hard object and a soft object; the shear stress is reduced but the
a3 true contact area is much higher, and therefore there is a large friction force. By applying a thin film
41 of a soft material, the hard material underneath prevents significant deflection, and thus decreasing
4 the true contact area, all the while the soft film has a low shear stress from sliding contact with a hard
s metal substance. This low true contact area and low shear stress results in a low friction force, and
4«7 reduced coefficient of friction.

48 Lamellar solids such as WS, are defined as solids with a repeating molecular pattern, effectively
4+ sheets of molecules. Because of this structure, they often have anisotropic properties. Other noteworthy
so characteristics of using lamellar solids are their anisotropic properties; they will easily deform in very
51 low shear stress from the surfaces of contact, yet remain attached to the worn surface. This will allow
s for low shear stresses during sliding contact, and if the coating is thin and unable to deform much
ss from the worn surfaces, the true contact area will be minimal even with a hard surface sliding against
sa it

55 Finally, oils and greases are often used as a lubricant as well during sliding contact. Liquid
ss lubricants of varying viscosities serve to coat the metal surfaces, and protect the surfaces by forming a
sz lubricant film [28-30], and only the more-profound asperities can exceed the film thickness height and
ss be worn in metal-on-metal contact. At high enough pressures, the lubricant ceases to be a Newtonian
so fluid, and the contact enters the elasto-hydrodynamic domain [18,21,31-35], where the viscosity
e increases dramatically due to pressures, and the surfaces flatten due to high pressures. As a result, a
e minimum film thickness at the interface can be expected, protecting surface asperities and reducing
ez the true contact area (Figure 1) by protecting the surfaces that do not protrude from the film thickness.
es  Grease has its unique challenges in modeling and predicting the film thickness, as grease is a distinct
es lubricant that is a solid to semi-fluid mixture of a liquid lubricant and a thickening agent [36].

es Experimental Approach

66 It is difficult to determine the average COF between two surfaces, and any COF will inherently
ez fluctuate with temperature, load, speed, and random surface asperities. In order to determine the
es effects of these coatings and grease lubrication for sliding contact, a modified four-ball test will be
eo conducted. The four-ball tester is used for a standard test of lubricants as defined in ASTM D4172 [37]
7o and ASTM D2783 [38] for Extreme Pressure Tests. The four ball test utilizes four 1/2-inch diameter
7 G25 ball bearings [39-42]; three are locked into place in a cup, and the forth is connected to a spindle
72 pressed under a specified load into the 3 lower balls. The lower three balls are coated with the lubricant
»s  of interest, which is heated and maintained at a specified temperature. The top ball spins under a
7a  specified load, at a specified speed and for a specified duration, until a small circular (typically <1 mm
7 diameter) wear scar appears at the point of contact. The top ball spindle is connected to a load cell to
76 measure the torque, which can determine the friction force and track the COF in real time. The typical
7z settings for the ASTM D4172 are for a load of 40 kg, a speed of 1,200 RPM, a lubricant temperature of
7e  74°C, maintained for 60 minutes; this standard is used to compare the wear and friction properties of
7o different lubricants.
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Figure 2. Four-ball configuration, from ASTM D4172 Standard
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80 The four-ball test will deviate significantly from the ASTM D4172 standard in order to focus on
a1 tungsten-based lubricants. Of primary interest are the WS, coatings; the bottom ball bearings can
=2 easily and inexpensively receive a WS, coating; this lamella coating, under the brand name Dicronite,
s is used as a commercially available solid lubricant, and has an advertised COF of 0.03 tested with an
s« incline plane test [43]. The steel balls used in the four-ball test have a Rockwell hardness of 64-66.

o The WC coating, however, has its own unique challenges as the HVOF requires the part subjected
s to coating to be held down in place; a unique challenge for a 1/2-inch diameter ball bearing. It could
sz not be expected that the ball bearings to get an even coating of WC, and therefore ball bearings of G25
ss quality made of pure WC will be used instead for the top ball in the spindle; these ball bearings will
e be supplied by the manufacturer VXB. Because pure WC will inherently be harder than steel, this is
%0 expected to result in a slightly lower COF. Finally, trials of standard hard-steel G25 ball bearings will
o1 also be used to compare the friction changes with and without the WS; and / or the WC coatings.

02 The second important consideration is the speed of the test. The friction coefficient is inherently
o3 affected by speed; simplified COF tables will list the static and dynamic COF and the static will always
sa Dbe the greater of the two. The impacts from speed are inherently much more complex than simply
s static and dynamic, as speed affects both the bonding between surfaces as well as the generation of an
o6 elastic film thickness when there is a lubricant. In general, the friction coefficient is reduced with higher
oz speeds, as faster speeds often result in thicker lubricant film thickness; this is clearly demonstrated in
os the Hamrock Dowson’s empirical equation [18,31,36,44—48] for lubricant thickness

hyin = 3.63R' (U%®) (Gy*) (W, ©7%) (1 — exp[—0.68Keiipse] ), @)
he = 2.69R' (U *7) (G ) (W, *%%7) (1 — 0.61-exp[~0.73ketipse ), ©)
uol
U= prr
Gy = apycE/,
w
W” = E/RIZ’

oo Where h,,;, (m) is the minimum film thickness, h; (m) is the central film thickness, U, is the
100 dimensionless speed parameter, G, is the dimensionless material parameter, W, is the dimensionless
11 load parameter, K,yipse is the ellipticity of the contact area, o (Pa-s) is the dynamic viscosity of the
102 lubricant at atmospheric pressure, apyc (Pa~1) is the pressure viscosity coefficient, E” (Pa) is the
13 reduced Young’s modulus, R” (m) is the reduced radius, W (N) is the load, and U (m/s) is the velocity
10s  Of sliding contact of the four-ball test

1 27
U = =R(Z5Qrpm 4
(60) RPM 4)

2

15 Where Qrpjy is the rotation speed in revolutions per minute (r/min) of the four-ball test, and R (meters)
106 is the radius of the ball bearing (0.25 inch). It is clear that before the pressure and film thickness profile
w7 can be realized, it is necessary to determine the dynamic viscosity and the minimum film thickness,
10e SO that a proper film thickness function can be realized and the wear rate analyzed. It is clear that as
1o Qprpp increases, hc and h,,;, increase, and thus the COF will decrease. The typical four-ball test is set
1o t0 1,200 RPM, and the maximum speed of most machines is 1,800 RPM. Throughout the test the speeds
1x will be varied at the ranges of machine speeds, including 200 RPM, 1,200 RPM, and 1,800 RPM (the
12 range of the machine), to better understand the impact of speed on the friction COF.
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113 Next, the estimated pressure can be used to determine a desired load for the four-ball test. This
us load is determined with Hertz contact theory [14-16] for elastic deformation, where the average and
us  maximum pressure of two identical spheres in elastic contact are

1%
Pavg ﬁ (5)
3
Pmux == E 'Pavg

s where W (N) is the load and a (m) represents the radius of the circular region of elastic deformation

o =

3-W-R’
— )3, (6)

El
1z where R’ (m) is the reduced radius

R
R = =
2

, @)

us  which is 0.125 inch for the four-ball test. The value of E’ (psi) represents the reduced modulus of
1o elasticity

E = (8)

120 Where Ey is the modulus of elasticity for steel (30,067 ksi) and p is the dimensionless Poisson’s Ratio
11 for steel (0.3); the reduced Young’s modulus E’ for two steel ball bearings is thus 33,000 ksi. If the
122 top ball is WC, with a modulus of elasticity of 90,000 ksi and a Poisson’s Ratio of 0.31, the reduced
123 modulus of elasticity is 66,000 ksi.

Eyq Evy, ©)

E/_l 1
21-p2 21-p3

124 If the average pressure is known, the load can be calculated as

/
W = ﬁ@(%ngn? (10)
12 For a four-ball test, the value of W needs to be multiplied by 3 because the load is spread evenly over
126 all three balls being tested.
127 In general, the friction COF will usually (but not exclusively) decrease modestly with increasing
126 loads, though overall the friction force still increases with increasing load. This makes physical sense, as
120 an increase pressure often results (typically) in an elastic smoothing of surface asperities [49-54]. With
130 a lubricant film thickness separating the two surfaces in elasto-hydrodynamic contact, the equivalent
131 Viscosity increases exponentially with increasing loads, which limits the true contact area, and overall
132 reduces the increase in shear stress with increasing load.
133 One final source of risk with this test that needs to be recognized and mitigated is the unknown
13 and random nature of the surface roughness [55-57]. The ASTM D4172 does not have stringent
135 requirements for the test ball bearing other than a 1/2-inch diameter steel bearing with a Rockwell
13s Hardness of 64-66 and a bearing quality of G25, which has a surface roughness maximum of 2.0
137 pi-inch Ra =~ 2.2 py-inch RMS. Time-controlled four-ball tests have previously been performed [58], with
s standard steel ball bearings coated with heavy viscosity mineral oil at both 51°C and 59°C, with a load
130 of 40 kg, and varying run times of 10 seconds, 1 minute, 2 minutes, 5 minutes, 30 minutes, and 60
10 minutes. After each test, the ball bearings were cleaned with both acetone and isopropyl alcohol, and
11 the wear scar was characterized with a Zygo optical profilometer. By deducting the known volume of
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Figure 3. RMS surface roughness (p-inch) after four-ball test.

12 the 1/2-inch diameter ball bearing, a wear scar surface roughness could be determined. Each time was
13 tested twice, with each test yielding three test samples, resulting in six sample surface roughness for
1aa each time. Linear trend-lines were generated to determine the increase in surface roughness over time,
s and at both temperatures the surface roughness increase is linear.

146 It is clearly observed in Figure with the mineral oil studies that the RMS surface roughness starts
147 at approximately 2 p-inch for G25 bearings, and increases to 550 p-inch. It is also clear in the data that
s this increase is linearly proportional to time. The only exception to this is during the first two minutes;
1o friction and wear rates vary significantly due to the phenomenon of running-in [59]. At the conclusion
10 Of every test, the wear scars will be measured with an optical profilometer and the surface roughness
151 will be recorded, and tests that have a final surface roughness that significantly exceeds the 125 p-inch
12 surface roughness will be discarded.

153 Test Plan

154 The test was conducted on an Extreme Pressure (EP) Falex four-ball tester (Serial Number:
155 1100539). Trials of tests were conducted of steel-on-steel, steel-on-WS, (coated-steel), WC-on-steel, and
1ss  WC-on-WS; (coated-steel). When the WC was used, it was a single top ball bearing, frequently used
17 twice (flipped over). Mobilith SHC 460 PM synthetic grease was consistently used, where some trials
1 used a light coating of grease; other trials used a heavy amount of grease. The four-ball tester was
1o configured for three different loads, 13 kg, 47 kg, and 100 kg (practical range of the weights for the
160 four-ball machine); these loads were achieved with hanging weights and a lever arm. Every test was
161 run for 900 seconds of duration, and the friction data was consistently recorded with a sampling of
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Figure 4. COF of WS;-on-WS,

162 approximately 2-3 Hz. Finally, every test was performed at least twice, to ensure the repeatability of
163 the results.

168 All of the steel ball bearings were soaked for several days in Heptane (C7H;¢4) to keep them
165 grease-free. The tungsten carbide balls were cleaned by soaking them in a beaker filled with a mixture
16 Of acetone and isopropyl alcohol, and leaving this beaker in a Branson ultrasonic bath for 20 minutes.
1z It was observed that the WS, coating would visibly appear to come off when the coated ball bearings
16s  were rubbed with either acetone or isopropyl alcohol, so a decision was made not to clean the coated
160 ball bearings. This allows for the risk of contaminants, but will accurately reflect the conditions of the
1o WS, coating. An effort was made to consistently wear rubber gloves while handling the coated ball
11 bearings to minimize contamination.

172 At the beginning of the test, one test (using two repeated trials) of four WS;-coated steel ball
173 bearings was conducted without any grease lubricant. The published COF utilizing the inclined-plane
1za  method of DOD-L-85645A [43] yielded a typical COF of 0.03 for unlubricated WS;-on-WS; sliding
s contact, with a surface roughness no greater than seven p-inches RMS. This WS;-on-WS; test was
17 conducted to verify if this result could be obtained with the four-ball set-up, to validate the four-ball
17z measurements as valid. Two trials were run, with a load of 40 kg and a speed of 200 RPM, with no
17e  grease at all. In both trials, a low COF of approximately 0.03 was observed for the first minute, then
170 increasing to approximately 0.15 for a few minutes, and finally settling at approximately 0.6 for the
10 duration of the test. This phenomenon is due to the increase in surface roughness that is inherently
11 occurring with continued sliding contact. While individual measurements of COF are very noisy and
12 variable, the lowest average COF over a minute of data collected was 0.0219, observed in the first
103 minute of trial 2, validating this test as a reasonable representation of the COF of sliding friction.
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Heavy Grease (HG)| Light Grease (LG)

Figure 5. HG vs LG

184 It is not typical for the four-ball test set-up to be used with grease; overwhelmingly the test is
s used to test different liquid lubricants. To study grease, two configurations were used, Light Grease
s (LG) and Heavy Grease (HG). With LG tests, the ball bearings are fully rubbed with an even coating of
1z grease. With the HG tests, heavy globs of grease are spooned into the specimen container, both below
1es  the three balls and fully above it, to ensure the ball bearings are fully immersed in grease at all times.
180 Qualitative observations of the LG specimens after a 15 minute test demonstrate that the balls remain
10 coated with grease, but it is impossible to truly ascertain whether or not the area of contact remains
101 fully coated during the entire test; it is realistic that there are moments of pure metal-on-metal contact.
102 With the HG test, it can safely be assumed continual coverage of the lubricant over the area of contact.
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Figure 6. LG after a test, before cleaning
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Figure 7. Steel-Steel COF data.
Test Results

Steel-Steel

The first series of test utilized the LG configuration steel-on-steel, utilizing the hard steel ball
bearings sold by Falex. The test was conducted for loads of 13 kg and 47 kg, and at speeds of 200
RPM and 1,200 RPM. The measured friction is tabulated in Table 1. These COF results represent the

Table 1. Measured Friction, Steel-Steel

l Grease \ Material \ Load \ Speed \ COF \ Scar (mm) ‘
LG Steel-Steel | 13kg | 200 RPM | 0.5787 | 1.056166667
LG Steel-Steel | 47 kg | 200 RPM | 0.3212 | 0.829333333
LG Steel-Steel | 13kg | 1,200 RPM | 0.3307 | 1.694916667
LG Steel-Steel | 47 kg | 1,200 RPM | 0.1091 | 0.984666667

minimum average COF over 60 seconds for two 15 minute trials (first 15 seconds are discarded). These
results are usually but not exclusively the first 15 to 75 seconds of the 900 second long test. It is clearly
observed in the data that the COF ratio is observed to decrease (the overall friction force is higher)
with the higher speed and the higher load with all-steel ball bearings.
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Figure 8. Steel-WS; COF data.
202 Steel—WSz
203 The second series of test utilized the LG configuration steel-on-WS,, utilizing the hard steel ball

204 bearings sold by Falex on top, and using the hard steel ball bearings sold by Falex and later coated
20s with Dicronite WS; as the three ball bearings on the bottom. The test was conducted for loads of 13
20 kg and 47 kg, and at speeds of 200 RPM and 1,200 RPM. The measured friction is tabulated in Table

2. Just like with the steel-on-steel configuration, these COF results represent the minimum average

Table 2. Measured Friction, Steel-Steel

lGrease\ Material \ Load \ Speed \ COF \ Scar (mm) ‘

LG Steel-WS, | 13kg | 200 RPM | 0.4251 | 1.049916667
LG Steel-WS, | 47 kg | 200 RPM 0.248 | 0.818416667
LG Steel-WS, | 13 kg | 1,200 RPM | 0.3068 | 1.351083333
LG Steel-WS, | 47 kg | 1,200 RPM | 0.1170 | 1.267166667

20e  COF over 60 seconds for two 15 minute trials (first 15 seconds are discarded). These results are usually
200 but not exclusively the first 15 to 75 seconds of the 900 second long test. It is clearly observed in the
20 data that the COF ratio is observed to decrease (the overall friction force is higher) with the higher
2 speed and the higher load with all-steel ball bearings. These results also show an expected decrease in
22 minimum COF when compared to the same conditions with steel-on-steel, demonstrating that the
23 WS; coating serves to reduce the COF.
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Figure 9. Steel-WC COF data.
WC-Steel

The third series of test utilized the LG configuration WC-on-steel, utilizing the tungsten carbide
ball bearing sold by VBX on top, and using the hard steel ball bearings sold by Falex on the bottom.
The test was conducted for loads of 13 kg and 47 kg, and at speeds of 200 RPM and 1,200 RPM.
The measured friction is tabulated in Table 3. Just like with the steel-on-steel and the steel-on-WS;

Table 3. Measured Friction, Steel-WC

d0i:10.20944/preprints201812.0004.v1

| Grease [ Material [ Load [ Speed [ Min COF [ Min COF (300-900 s) [ Scar (mm) ‘
LG WC-Steel | 13kg | 200 RPM 0.1052 0.4950 0.7089
LG WC-Steel | 47 kg 200 RPM 0.1427 0.2532 0.838
LG WC-Steel | 13 kg | 1,200 RPM 0.3166 0.3166 1.186
LG WC-Steel | 47 kg | 1,200 RPM 0.1176 0.1176 1.1885

configuration, these COF results represent the minimum average COF over 60 seconds for two 15
minute trials (first 15 seconds are discarded). It was observed in the 200 RPM cases that the friction
was oddly lower when considering the first 300 seconds; this is believed as due to the lower speed it
will take longer than the initial 15 seconds break-in to have a reasonable amount of wear and surface
roughness at the point of contact; therefore it is observed that for 200 RPM trials the minimum possible
COF is lower than for 1,200 RPM. After 300 seconds of sliding contact, however, it is clearly observed
in the data that the COF ratio is observed to decrease (the overall friction force is higher) with the
higher speed and the higher load with all-steel ball bearings.
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27 WC-WS;

228 The final stage of the LG study involved a tungsten carbide ball in the spindle and three
220 WSy-coated steel balls on the bottom. The test was conducted for loads of 13 kg and 47 kg, and
230 at speeds of 200 RPM and 1,200 RPM; in addition, speeds of 200 RPM and 1,800 RPM were conducted

for a load of 100 kg. The measured friction is tabulated in Table 4. The phenomenon of a lower COF

Table 4. Measured Friction, WC-WS,

| Grease | Material [ Load | Speed [ Min COF [ Min COF (300-900s) | Scar (mm) |

LG WC-WS, | 13kg 200 RPM 0.0883 0.4075 0.757416667
LG WC-WS, | 13kg | 1,200 RPM 0.2189 0.2189 0.740916667
LG WC-WS, | 47 kg 200 RPM 0.1355 0.2218 1.21125
LG WC-WS, | 47kg | 1,200 RPM 0.1149 0.1149 1.4375
LG WC-WS, | 100kg | 200 RPM 0.1983 0.1983 1.004166667
LG WC-WS, | 100 kg | 1,800 RPM 0.0415 0.0415 1.12225

22 for 200 RPM with loads and speeds has been observed in the WC-WS; tests for the 13 kg and 47 kg
233 studies; same as with the WC-Steel tests; the proper trend of lower COF ratio with increasing load and
23s speed is observed after 300 seconds of contact, when the WC starts to get sufficient surface roughness.
235 This is not observed at the 100 kg tests, which has the lowest COF when spun at the high 1,800 RPM
26 speed.

237 Heavy Grease WC-WS,

238 The friction of sliding contact in the presence of heavy Mobilith SHC 460 grease was also studied
230 with the tungsten carbide — tungsten disulfide (WC-WS,) configuration, for loads of 13 kg, 47 kg,
2e0 and 100 kg, and for speeds of 200 RPM, 1,200 RPM, and 1,800 RPM. The COF results representing
21 the minimum average COF over 60 seconds for two 15 minute trials (first 15 seconds are discarded)

is tabulated in Table 5. It is clear that the minimum COF ratio is significantly less for heavy grease

Table 5. Measured Friction, WC-WS,, Heavy Grease.

l Grease \ Material \ Load \ Speed \ Min COF \ Scar (mm) ‘

HG WC-WS, | 13kg 200 RPM 0.0201 0.265333333
HG WC-WS; | 13kg | 1,200 RPM 0.0301 0.2535
HG WC-WS, | 13kg | 1,800 RPM 0.0101 0.3005
HG WC-WS, | 47 kg 200 RPM 0.0700 0.419
HG WC-WS;, | 47kg | 1,200 RPM 0.0692 0.56125
HG WC-WS, | 47kg | 1,800 RPM 0.0652 0.67375
HG WC-WS, | 100kg | 200 RPM 0.0899 0.461083333
HG WC-WS, | 100 kg | 1,200 RPM 0.0646 1.0535
HG WC-WS, | 100kg | 1,800 RPM 0.0600 0.651

23 than for the light grease trials. Also apparent in the qualitative data is the fact that the COF remains
=2as  relatively consistent during the entire trial; the light grease trials all show an increase in friction (or the
25 friction was high to begin with) from the minimum over time.

2 Optical Profilometer Measurements

247 After every test, where the sliding friction ran continuously for 900 seconds, the wear scars were
2e  scanned with optical profilometry. Because of the larger wear scars during the LG testing, it was often
200 difficult to measure the complete wear scar without stitching as no wide angle lens was available. As
20 there was no available software to mathematically remove the ball bearing volume and figure out
=1 the true surface roughness, each sample received a single scan at the center of the wear scar, whether
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Figure 10. WC-WS; COF data.
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Figure 11. WC-WS;, Heavy Grease COF data.
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=2 the entire wear scar was captured or not. While the software was not available to determine the
=3 true surface roughness over the entire wear scar, the software did collect the average asperities size
zsa  over a straight 1D line arbitrarily selected. After each scan, the surface roughness (in p-inch Ra) was
25 collected over an arbitrary line across the wear scar; the line was adjusted to give the maximum surface
26 roughness possible.

257 The goal of optical profilometry was to confirm that the surface roughness never significantly
e exceeded 125 RMS (average manufacturing finish); an excessive increase in surface roughness will
=0 significantly affect the results. A scan of an arbitrary initial ball bearing showed that the initial surface
260 roughness of the ball bearing without a WS, coating to be Ra = 1.10374 p-inch, and Ra = 1.4219 u-inch
201 for a WS; coated ball bearing; both of these surface roughness are even smoother than the required Ra
202 =2 p-inch required for the G25 bearing standard that is specified for the ASTM D4172 four-ball test.
203 With a total of 67 total four-ball tests (3 balls each for a total of 201 wear scar samples), only 11 had a
2es  surface roughness that exceeded Ra = 113 p-inch (125 RMS). The average surface roughness was Ra =
265 58.24 p-inch, and the median was Ra = 56.92 p-inch.

266 Determining the exact impact of surface roughness to the COF measurements is nearly impossible,
26z though obviously a smoother surface will have a lower COEF. It is also noticed that overwhelmingly the
2ee  minimum minute of COF data is usually within the first 15 seconds, when the ball bearing is smoothest;
200 the few examples where this trend is not noticed often have a much higher COF. This experimental
270 data on the wear scar surface roughness serves to demonstrate that, in general, the surface roughness
= of the ball bearings under test were usually smoother than standard manufactures finish of 125 RMS.

272 Conclusion

273 This effort demonstrated the effectiveness of using both tungsten carbide and tungsten disulfide
274 as a means to reduce the friction during grease-lubricated sliding contact. A parametric study of
275 four ball tests with WS; coated steel ball bearings in sliding contact with a pure WC ball bearing was
276 conducted, with Mobilith SHC 460 PM grease. A clear reduction in the minimum coefficient of friction
277 is observed both by switching to tungsten carbide, as well as by using the WS, coating. The existence
2re  Of grease can clearly add to the reduction in friction, but in applications where changing the grease is
2re  difficult, the dry coating is a viable alternative. The surface friction was continually tracked and was
20 Observed to increase as expected over 15 minutes of run-time. This friction increase was expected to
21 increase with increasing surface roughness from wear; the surface roughness of the samples under
22 test never exceeded an average manufacturer finish of 125 RMS. This effort clearly demonstrated that
2e3  low friction coefficients under 0.2 are practical with metal in sliding contact and limited grease or oil
2es lubrication.
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201 The following abbreviations are used in this manuscript:

MDPI  Multidisciplinary Digital Publishing Institute
DOAJ  Directory of open access journals

203 BB Ball Bearing
L1 Number of revolutions before 10% chance of failure
COF Coefficient of Friction
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