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ABSTRACT:

An increase in engine and vehicle efficiency usually requires an increase in the severity

of contact at the interfaces of many critical components. Examples of such components

include piston rings and cylinder liners in the engine, gears in the transmission and axle,

bearings, etc. These components are oil-lubricated and require enhancement of their

tribological performance. ~Argonne National Laboratory (ANL) recently developed a “

carbon-based coating with very low friction and wear properties. These near-frictionless-

carbon (NFC) coatings have potential for application in various engine components for

performance enhancement. This paper presents our study of the tribological performance

of NFC-coated steel surfaces when lubricated with fully formulated and basestock

synthetic oils. The NFC coatings reduced both the friction and wear of lubricated steel

surfaces. The effect of the coating was much more pronounced in tests with basestock

oil. This suggests that NFC-coated parts may not require heavily formulated lubricant

oils to perform satisfactorily in terms of reliability and durability.
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INTRODUCTION:

Many factors are currently driving engine and vehicle components toward severe

operating conditions. Existing and pending emission regulations for gasoline and diesel

engines will require these engines to operate at higher injection pressures [1], thus

increasing the severity of operating conditions in fuel systems. In addition, engine

emission reduction is accompanied by a 4 – 7% fuel penalty, which could be very

substantial on a national scale. Also, industries that depend on these engines and that

operate with a slim profit margin (such as the trucking industry) cannot afford or tolerate

the increased fuel consumption. A possible way to offset the undesirable fuel penalty is

to increase overall engine and vehicle efficiencies. This can be done by minimizing

frictional pamsitic losses in various components and systems. In other words, the

efficiency of the engine must be increased. Highly efficient engine and vehicles can also

translate to significant energy savings.

The current technology for the enhancement of lubricated component performance is

a combination of materials technology (steel technology) and lubricant oil formulation

with additive packages. Unfortunately, many of the oil additive constituents, such as

sulfur (S) and phosphorus (1?)poison the emission-reducing after-treatment catalyst and

also contribute to emissions [2]. Hence, lubricating oils containing little or none of these

performance-enhancing additives may be needed to achieve and maintain the regulatory

levels of engine emissions. This will make the lubricated surfaces of components more

vulnerable to catastrophic failure and excessive wear.

In short, existing emission reduction strategies are accompanied by efficiency

reduction and often compromise the reliability and durability of many engine components
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and the vehicle as a whole. Furthermore, material and lubricant technologies are almost

at their upper limits of their capabilities. Innovative new technologies, such as surface

modification and engineering (e.g., coatings) of component surfaces will certainly be

required in order to meet the challenging technological demands of new engines and

vehicles in the 21st century.

Argonne National Laboratory recently developed a carbon-based coating with

exceptional friction and wear characteristics under dry contact conditions. In the

laboratory under dry nitrogen, friction coefficients as low as 0.001 (hence the near-

-10
frictionless-carbon or NFC, designation) and wear rates as low as 10 mm3/Nm have

been measured during sliding contact [3-5]. If such an exceptional tribological

performance can be obtained under oil lubrication, the coating will indeed be a prime

candidate for engine and vehicle components performance enhancement. - -

This paper presents our evaluation of the friction and wear performance of NFC-

coated surfaces under oil lubrication. The effects of oil additives were also assessed by

conducting tests with both fully formulated and unformulated basestock oils.

EXPERIMENTAL DETAILS:

Coatings:

The NFC coating was deposited on 50 x 40 x 10 mm steel flat test samples and 9.5-

mm diameter bails using an RF-plasma-assisted chemical vapor deposition (PACVD)

method. The surfaces to be coated were first sputter-cleaned in Ar plasma for 30

minutes. This was followed by sputtering deposition of a 50-70 -rim-thick Si bond layer.

The sputtering cleaning and deposition of the Si bond layer ensured good adhesion
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between the NFC coating and the substrate material. A proprietary mixture of gas was

then blended into the chamber to create the plasma for chemical vapor deposition of the

NFC coating. A coating thickness of 1 ~m was deposited on both ball and the flat

specimen surfaces.

Friction and Wear Tests:

The friction and wear tests were conducted using a ball-on-flat contact configuration

in reciprocating sliding contact. Figure 1 is a schematic diagram of the test rig. Tests

were conducted with four different material contact combinations, namely uncoated ball

on uncoated flat, coated ball on uncoated flat, uncoated ball on coated flat and coated ball

on coated flat. All material combinations were tested with commercially available fully

formulated synthetic oil (Mobil-1) and a polyalphaolefin (PAO) synthetic basestock oil

(Mobil SHF-101). Tests were conducted with a generous supply of oil on the disc

specimen’s surface, resulting in a fully flooded contact.

All tests were conducted at a nominal load of 20 N, creating an initial Hertzian stress

of 1200 MPa, a sliding speed of 0.05 m/s, and ambient room temperature (22-25”C) and

humidity (30-35%). The average sliding speed of 0.05 rds was created by running the

test with a stroke length of 25 mm and a frequency of 1 Hz. During each test, the

friction coefficient was continuously monitored and recorded.

At the conclusion of each test, the dimensions of the wear scar on the ball specimen

were measured by optical microscope. The ball wear volume and average wear rates of

the tested balls were calculated as follows: ball wear volume wb = nd4/64R, where d is

the wear scar diameter and R is the ball radius. The average wear rate in mm3/Nm is the
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ball wear volume (Wb) divided by the normal force (20N) and the total sliding distance

(500 m).

RESULTS AND DISCUSSIONS:

Typical variation of the friction coefficient over the duration of the fkiction and wear

test is shown in Figures 2 and 3. With the basestock PAO oil, the frictional behavior of

the uncoated ball-on-uncoated flat showed a wide variation throughout the duration of the

test. The average friction coel%cient during the test was about 0.10, which is typical of

boundary lubrication conditions. The friction coefllcient of the NFC-coated ball-on-

uncoated flat tests were highest (about O.13) for both the formulated and unformulated

oils. This is due to abrasive plowing contributing to the friction at the contact interface.

The hardness differential between the hard NFC-coated ball and the uncoated flat is high

enough that microplowing of the softer flat specimen is expected under boundary

lubrication conditions. When both the ball and flat specimens were coated, the friction

coefficient was the lowest (0.07). This can be attributed to the low friction coel%cient of

the NFC coating at real points of contact between surfaces in the boundary lubrication

regime. The average of friction coefficients during the various test combinations is shown

in Figure 4. The uncoated test pairs have an average friction coel%cient of about 0.1,

with the value for formulated oil slightly lower (perhaps reflecting the effect of the

additives). The NFC-coated ball-on-uncoated flat showed the highest friction, and when

both surfaces were coated, the friction coefficient was lowest.

In lubricated contact, the friction coefficient is determined by the shear strength of

the lubricant fluid film and contribution from direct surface interaction through the
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lubricant film. If the contact is under a hydrodynamic or elastohydrodynamic (HID)

lubrication regime, the friction coefficient is determined primarily by the shear strength .

of the lubricant film. For synthetic lubricants, the friction coeftlcient from fluid film

shear is between 0.06 and 0.08. .Under boundary lubrication, there is direct contact and

interaction between the surfaces through the lubricant fluid film. Such interaction

contributes to the friction coefficient. The severity of contact and the nature of the

interaction determine the extent of the contribution. In the present study, the 0.07

average value for tests with both coated surfaces suggest that the friction contribution

was primarily from the lubricant fluid film. There was only minimal contribution from

the NFC/NFC contact despite the surface interactions under boundary lubrication. This

is perhaps due to the low-friction attributes of the NI?C coatings. With an NFC-coated

ball on an uncoated flat, however, there was a significant plowing contribution to friction

coefficient in addition to the fluid film shear.
I

Figure 5 shows the average wear rates for the balls tested under different contact

configurations for formulated and unformulated oils. The highest wear was observed

when both specimens were uncoated. The presence of the NFC coating reduced wear

substantially in all cases. When the coating was applied to the ball, wear was minimal.

In general, wear in tests with basestock oil was lower than with formulated oil when the

NFC coating was on one of the surfaces. This observation is very significant in two

ways: (a) the additives in the oil maybe reducing the tribological effectiveness of the

NFC coatings, and (b) it is possible to operate components with unfoqrmlated oils and

NFC coatings and obtain very good tribological performance. These two points will be

investigated further. In addition, efforts are underway at Argonne to develop a



fundmental understanding of thettibolo~cal behavior of~Ccoatings. Sucha study

will facilitate a better understanding of the role of lubricant additives on the performance

of these coatings. If it is indeed possible to use these coatings with only basestock

lubricants, the catalyst poisoning by sulfur and phosphorus oil additives can be

eliminated.

SUMMARY:

Laboratory tribological performance of NFC coating was examined under oil

lubrication with synthetic basestock and fully formulated oils. Using a ball-on-flat

contact configuration in reciprocating sliding, we observed significant reduction in wear

in tests with coated steel surfaces compared to wear on uncoated surfaces under the same

test conditions. The wear reduction was much more pronounced in the tests with the

basestock oil. This suggests that the NFC coating is a viable ahemative to the use of

highly additized oils when the goal is performance and durability enhancement of

lubricated components. The friction coefilcient during the tests was dominated by the

shear strength of the lubricant fluid film.
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Figure 1: Schematic Diagram of Friction and Wear Test Rig.
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Figure 2: Friciton Coefficient vs. Time for Various Surface Contact Pairs with Mobil
SHF-101 Oil Lubricant
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Figure 3: Friction Coefficient vs. Time for Various Surface Contact Pairs with
Mobil-1 Oil Lubricant
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Figure 5 Final Wear Rate for Various Surfaos Contsot pairs w.th Formulated and
Unformulated Oil
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