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Abstract

The & l-has-van Alphen (dI-ivA)signal of the organic superconductor13’’-(BEDlTF)#SFsCHjCF$03O3 shows an inverse-sawtooth
wave form which proves the existence of an ideal two-tlmensiond (2D) Fermi surface.The dHvA wave shape cartalmostperfectlybe
describedby a 2D theosy assuming a constantchemicatpotential. TMseither impIiesthe existence of the predictedquasi-one-dimensional
band withan exceptionallylarge densi[yof statesor the chemical potentialmaybe pinneddue to locatized states nearthe Fermienergy.

Keywords: Organic superconductors. M~gnetic measurements

Organic metals of the type {BEDT-TTF)zX, where
BEDT-TTF is bkethyletdthio-tetrathiafulvalene and X
represents a monovalent anion, are characterized by their
pronounced two-dimensional (2D) electronic structure with,
often, negligible dispersion perpendicular to the highly
conducting planes [1]. Nevertheless. the de Haas–van
Aiphen (dHvA) oscillations in most of these high-quality
metals exhibit only minor deviations from the conventional
3D Lifshitz-Kosevich (LK) theory [2]. This is in contrast to
magnetoresistance oscillations where in a number of or-
ganic metals strong apparent deviations of the Shubnikov–
de Haas (SdH) signal fkom IX behavior have beersreported
(see references in [3]). In transportdata, however, compli-
cated scattering mechanisms are involved and a non-trivial
tensor inversion is needed to extract the true SdH signaL
Here, we report on true thermodynamic dHvA data which
provide experimental evidenee for the existence of a perfeet
2D Fermi liquid in a bulk 3D organic metal.

The highquaiity $-(BEDT-T’IT9ZSF5CH2CFZS03single
crystals were grown by cketrocrysb]]ization [4]. The mag-
netization Ml perpendicular to the applied magnetic field B
was measured by means of a cmtilever torque magnetome-
ter which WaS mun~ on a ro~ta~~c s~mple holder in a
‘He cryostat at the Grenoble H@ Magn&ic Field Labora-

c1 5 10 20- 25
B (:

Fig. 1. (sL) Field dependence of tbe torque signat of one high-quatity
aanspk for different temperatures. (b) Fiild dependence of tbe dHvA
arnpti!udeA at T = 0.44 K witts the fieki depettdenoeexpectedfrom 3D
UC theory (dashed tine) and from the 2D theory (sotid tine). (c) Tem-
peraturedependenceof A for different average fields. The dashedtkw is a
fit with the LK theory over all data prims at B =23 T, the solid lines are
fits at higher tempsraturcsor lower field.

tory. The torque is given by ? = M x E which is propor-
tional to B2 for an anisotropic field-independent suscepti-
bility x of the sample. In general, x is a tensor and the
absolute value of the torque has th$ form r = AXB2sin229,
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Pig. 2. Fielddependenceof the torque signal at T= 4.3 KfordMerent
angks. The rtngrkw dependence of the susceptibility difference (inset)
perfectly followstheexpeetcdsin20 dependence (solid iine).

where AZ is the susceptibility difference between two
principal axes of the x tensor and r9is the angle between 1?
and one of the prittcipal tensor axes. For a 2D Fermi surface
the torque dHvA signal is proportional to dFhiQ, with F =
FJCOSQand the angie ~ between B and the normal to the
conducting planes.

Fig. l(a) shows the torque signal at Q = -0.7” where the
dHvA amplitude is very small and any nonlinearities of the
torque signal can be excluded. The dHvA oscillations are
sitting on a torque background which follows a B2 behavior
up to the highest field. This background signal is up to T =
75 K almost temperature independent and shows a sin2fi
dependence as expected for a static field-independent sus-
ceptibility (Fig. 2). One principal axis of the x tensor lies at
@ = 30”. The occurrence of this anisotropic susceptibility is
rather unusual for the organic metals and the origin of the
signa~ in the present material is unclear. It might be a
remnant of the local magnetism of the molecular bands.

At low fields and high temperatures the dHvA data (Fig.
1) are in !ine with previous results [5] and the conventional
L,K behavior. However, at higher fields clear deviations
from this 3D theory are detected. The dHvA amplitude A
increases much less at high fields than predicted for a 3D
metal [dashed line in Fig. l(b)]. Further on, this leads to art
apparent field-dependent effective mass )m [Fig. l(c)]. i.e..
114 = 1.9 w at low B and high Tin good agreement with
earlier low-field data f5], but srntdlertnCvalues for lower T
and higher B. This &havior is even more apparent for the
higher harmonies which yield e.g. w = 1.1 me for the sec-
ond harmonicwhen tmal~ed with the LK formulaat23 T.

A very remarkable f~turc of the data is the inverse-
8mvtoothwave form of the dHvA signal (Fig. 3, where the
quadratic baek~und is subtracted). For a 2D metal with
fixed number of ch~ge carrias (canonical ensemble) an
oaeillating chemical ~tential and a “normal” sawtooth
wave f- is expeeted [6,?]. However, for a 2D metal with
a char8Ma~i~ ~se~oir, i.e., wi~ fixti chemicai po~ntial
in the grand-canonical enaetnble, exactly the wave shape as
0b3CrVed is pr~ic~ [7,8]. In tie latter case, an analytic
formula for the o~iliating magnetization is [8]

10 15 20 2s
B(l)

F@. 3. ThemeasureddHvA data (open symbols) follow thebehavior for a
2D metal wilh fixed chemical potential [Eq (1). soiid line). For a 2D
metal with fixed number of charge-cwiers swtooth-tikeoseiilztioasare
expected(dashed iine in the inset). The dHvA wave shape for a charge-
carrier reservoir with a density of states five times largerthan for the 2D
band describes lhe data not yet perfectly (short-dashed line).

M cc ~r’RDRTR~ sin[2rrr-(F/B-O.5)] , (1)
?’=1

with the Dingle (l?D), temperature (RT), and spin-spliuing
factors (Rs) being identical to those in the 3D LK formula
[8]. Almost perfect agreement between the dHvA data and
the theory (1) with the parameters extracted at low fields
and high temperatures is obtained (solid line in Fig. 3).

The observed inverse-sawtooth wave shape of the dHvA
oscillations implies the existence of a fixed chemical
potential. This either may occur through the transfer of
electrons from magnetic-field independent states, like the
predicted quctsi-lD bands, or due to the existence of local-
ized electron states near the Fermi surface [9]. Indeed, the
latter scenario seems to be somewhat more likely, since
otherwise a rather high density of states (DOS) originating
from the lD bands has to be assumed in order to account
for the observed wave shape. Using the numerical model of
[7] with a ID DOS five times larger than for the 2D states
we still cannot deseribe the dHvA data satisfactory (short-
dashed line in the inset of Fig. 3).
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Effect of Carbon Coating on Scuffkg Performance in Diesel Fuels
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ABSTRACT

Low-sulfur and low-aromatic diesel fuels are being introduced in order to reduce

various types of emissions in diesel engines to levels in compliance with current and

impending U.S. federal regulations. The low lubricity of these fuels, however, poses

major reliability and durability problems for fuel injection components that depend on

diesel fuel for their lubrication. In the present study, we evaluated the scuff resistance of

surfaces in regular diesel fuel containing 500 ppm sulfur and in Fischer-Tropsch synthetic

diesel fuel containing no sulfur or aromatics. Tests were conducted with the high

frequency reciprocating test rig (HFRR) using 52100 steel balls and H-13 tool-steel flats

with and without Argonne’s special carbon coatings. Test results showed that the

sulfur-containing fuels provide about 2070 higher scuffing resistance than does fuel

without sulfur. Use of the carbon coating on the flat increased scuffing resistance in

both regular and synthetic fuels by about ten times, as measured by the contact severity

index at scuffing. Scuffing failure in tests conducted with coated surfaces did not occur

until the coating had been removed by the two distinct mechanisms of spalling and wear.



INTRODUCTION

Diesel engines have always been used for heavy-duty applications such as trucks,

trains, ships, and off-highway heavy equipment. A major effort is currently underway to

use more diesel engines in light-duty applications (instead of gasoline engines) especially

in the area of transportation chiefly because of the higher efficienc y of diesel engines.

This higher efficiency will result in reduced petroleum consumption and of greenhouse

gas emission by gasoline-powered automobile engines. A major obstacle to the rapid

growth of diesel engines, however, in this application area is the undesirable gaseous

emission (primarily oxides of nitrogen, NOX), and particulate emissions produced by

diesel engines. Like all engine emissions, these are detrimental to human health and the

environment. Consequently, federal and local regulations limit the levels of these

emissions. Indeed, much more stringent regulatory limits on these emissions are due to

take effect over’the next 10 years [1]. Efforts are now being devoted b y the diesel

engine manufacturers and government agencies to significantly reduce the level of

emissions from diesel engines. Several emission control and reduction technologies,

such as after-treatment catalysts and exhaust gas recirculation (EGR), are being

developed for both light and heavy-duty diesel engines.

It is now clear that the current and impending emission regulations for diesel

engines will require diesel fuels with low levels of sulfur and aromatic contents [2-4].

Studies have shown that the rate of particulate emission is directly proportional to the

sulfur and aromatic contents of the diesel fuel [3,5]. Furthermore, sulfur in diesel fuel is

known to have a detrimental effect on the effectiveness of exhaust emissions control



systems, primarily after-treatment catalytic devices. Poisoning of the catalyst by sulfur

limits the durability and emission reduction capacity of after-treatment devices.

Diesel fuels with low-sulfur and low-aromatic contents are known to have poor

lubricity, creating a major technical challenge because the diesel fuel lubricates many

components in the fuel deliverys ystems, such as the fuel pump and fuel injectors. Low

lubricity of low-sulfur and low-aromatic diesel fuel is manifested by excessive wear (a

durability issue) or catastrophic scuffing failure (a reliability issue) of critical fuel

delivery components. Field experience in Sweden and Canada showed a rash of fuel

pump and injector failures when diesel fuels with low-sulfur and low-aromatic levels

were introduced [6]. The failures were mostly catastrophic and occurred by a scuffing

mechanism, resulting in rapid loss of fuel pump performance [7]. Since then, efforts

have been made by engine and fuel manufacturers to effectively resolve the problem. It

is assumed that the problem may resurface as the sulfur and aromatic levels in diesel

fuels are further reduced in order to lower emission levels. Currently, several test

methods and standards are being developed to quantify lubricit y of diesel fuels. These

activities are summarized in a recent review paper b y Nikanjam [7].

Component design changes and formulation of diesel fuels with lubricity

additives are among the actions being taken to mitigate the problem of poor fuel lubricity

and while complying with regulations to reduce emissions. In addition to low-sulfur

and low-aromatic diesel fuels, other measures that can be employed to reduce diesel

engine emissions include higher fuel injection pressure and tighter clearance between the

injection plunger and the barrel. Both of these will increase the severity of contact and

surface interaction between the injector plunger and the barrel. In view of the low
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lubricity of low-sulfur and low-aromatic diesel fuel necessary for low emissions, coupled

with the increase in contact severity between fuel delivery components, further

enhancement of the surfaces of fuel delivery components is needed to forestall impending

reliability and durability problems in low-emission diesel engines.

Various coatings are currently being used to enhance the tribological performance

of component surfaces. One class of coating, in its various variations that has attracted

much attention over the last decade is the diamondlike carbon coating (DLC). These

coatings have unique combinations of properties such as high hardness and modulus, low

friction coefficient, and good wear resistance, making them attractive for tribological

applications. They are now being used extensively in the magnetic recording industry.

Computer hard disks are coated with DLC to prevent catastrophic failure during disc

head interaction at startup and shutdown. These coatings are also being used for more

severe mechanical interactions such as bearings and gears [8].

Argonne National Laboratory (ANL) recently developed a class of amorphous

carbon coatings with excellent friction and wear properties [9- 11]. These coatings show

very low friction and very low wear under dry sliding contacts, especially in dry nitrogen.

Friction coefficients as low as 0.001 and wear rates as low as 10-10rnm3/Nm have been

measured for these coatings under sliding contact. Because of the very low friction

coefficient of these coatings, they are designated as “near-frictionless-carbon” (NFC)

coatings, and they are very good candidates for the enhancement of diesel engine

components that will operate in low-lubricity fuels.

This paper investigates the impact of Argonne’s carbon coating on reliability-

reducing scuffing failure mode in diesel engine fuel-system components lubricated by



diesel fuel. Scuffing istiesudden catastrophic ftilure ofalubficated contact andis

usually accompanied by a sharp rise in friction, contact temperature, noise, and vibration.

Scuffed surfaces are severely damaged by plastic deformation and severe wear. In the

extreme case, seizure occurs in which the two contact surfaces can no longer slide on

each other. Scuffing often occurs early in the life of the component. In low-lubricity

fuels, surfaces are very vulnerable to scuffing failure, which has been observed to occur

after using less than one tank of fuel [7].

The issue of long-term durability of components in low-lubricity fuels, due to

excessive wear, will be investigated later. Accelerated wear failure can take months or

years to render fuel injection equipment inoperable.

EXPERIMENTAL DETAILS

Scuffing tests were conducted with a ball-on-flat configuration in reciprocating

sliding contact with a high frequency reciprocating test rig (HFRR). Figure 1 is

schematic diagram of the test rig and the contact configuration. The 6.35-mm-diameter

ball specimen are made from hardened and polished 52100 steel with a hardness of about

60 R. and a surface finish of 0.053 pm Ra. The 50x40x 10 mm flat specimens are

made of hardened H- 13 tool steel with a hardness of 58-60 RCand a surface finish of

0.035 pm Ra. In all tests, the ball specimens were uncoated. Tests were conducted with

coated and uncoated flats in standard diesel fuel containing 500 ppm of sulfur and in a

synthetic diesel fuel, Fischer-Tropsch (F-T), containing essentially no sulfur or aromatics.



Coatings:

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

plasma-assisted chemical vapor deposition (PACVD) method. The surfaces to be coated

were first sputter-cleaned in Ar plasma for 30 min. This was followed by sputtering

deposition of a 50-70-nm-thick Si bond layer. The sputter cleaning ahd deposition of the

Si bond layer ensured good adhesion between the NFC coating and the substrate steel

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 about

1.5 ~m was deposited on the flat specimen.

Diesel Fuels:

Table 1 shows some of the pertinent properties of the two diesel fuels evaluated.

The standard fuel contains a significant amount of sulfur and aromatics. Diesel engines

operating with this fuel are expected to emit perhaps higher than regulatory levels of

emissions. Because of the relatively high level of sulfur in the fuel, poisoning of after-

treatment device catalyst is also expected. The fuel, however, has adequate lubricity to

protect the injector and fuel pump components against catastrophic failure and

accelerated wear. The second diesel fuel (F-T) is synthetic with essentially no sulfur and

no aromatics. Tests have shown that this fuel will indeed reduce the level of diesel

engine emissions and will not compromise the effectiveness and durability of after-

treatment catalysts. However, the lubricity of this fuel is very poor, in terms of scuffing

and wear protection. It cannot be used in diesel engines without “re-formulation” with



lubricity-enhancing additives. The full impact of such additives on emissions and after-

treatment catalysts has not been fully assessed.

Table 1: Properties of test diesel fuels

ProvertY Regular diesel fuel Fischer-Tromch

Specific gravity 0.84 0.77

Viscosity at 40”C (cSt) 2.45 2.10

Sulfur content (ppm) 500 <3

Aromatic content (%) 24 <2

Pressure viscosity coefficient (a) 8.3 (GPa-l) 8.0 (GPa-l)

Scuffig Test Procedure:

Different test protocols can be used to induce scuffing failure. The most common

is the step-loading test in which the contact load is increased in pre-determined discrete

steps and duration until scuffing occurs, while all other test variables are held constant.

Scuffing resistance is judged by the contact load required to cause scuffing failure.

There is also the step-speed-increase protocol in which sliding speed is progressively

increased in predetermined discrete stages until scuffing occurs; scuff resistance is judged

by the speed which at scuffing occurs. Scuffing can also be induced by lubricant

starvation, whereby the supply of lubricant to the contact interface is interrupted. Scuff

resistance is judged by the time required for scuffing to occur once no lubricant is



supplied to the contact interface. Scuffing can also be induced by progressive increases

in test temperatures. Scuffing resistance is determined by the temperature at scuffing.

All of these scuffing test protocols have one thing in common: they involve a the

progressive increase in the severity of contact and interaction between the test surfaces

until scuffing occurs. Perhaps it would be more appropriate to judge the propensity of

test surfaces to scuffing by the degree of contact severity required to initiate scuffing. A

good measure of severity of contact between two surfaces in sliding contact is the so-

called frictional power, which is the product of friction coefficients, contact load, and

sliding speed. This parameter would be a better measure of scuffing resistance and could

be used to compare the scuffing attributes of the various test combinations in this study.

It should be noted that there is a scuffing criterion based on this parameter: it has been

suggested that scuffing occurs when the frictional power reaches a critical value [12,13].

There are several other scuffing criteria, including critical contact temperature, critical

flash temperature, critical frictional power intensity, EHD and micro-EHD film

breakdown, thermoplastic instability, and many others. Details of these criteria have

been reviewed in many papers over the years [e.g., 14-16], but none have been adequate

in predicting scuffing, largely because the basic mechanisms of scuffing are still not fully

understood. Our goal in the present study is not to validate or disprove the critical

frictional power criteria for scuffing, but rather to “quantif y“ the severity of contact at

scuffing. Therefore, we have designated this parameter (i.e. the product of friction

coefficient, load, and speed) as the contact severity index (CSI). The higher the contact

severity index, the better the scuffing resistance of tested surface and lubricant

combinations. This parameter will be used as a measure of scuff resistance.



In the present study, scuffing tests were conducted at different constant contact

loads andwith astep-increases insli&ng speed until scuffing occumed. Tests were

conducted in the load range of 150-400 N, corresponding to initial Hertzian stress of 1.1-

1.8 GPa, 1-15 Hz reciprocating frequency, and a stroke length of about 20 mm,

translating to a sliding speed in the range of 0.04-0.6 m/s. All tests were conducted

under ambient room conditions of about 25°C and relative humidity of 20-25Y0. The

contact interface was fully flooded by the test diesel fuel by submerging the flat

specimens in a lubricant cup filled with the test fuel. Each test for a given constant load

was started with a sliding speed of 0.04 m/s. The speed was increased in a step of 0.04

mhec every 2 min until scuffing occurred or until the maximum speed of 0.6 m/s was

reached, at which point a run-out is declared. The friction coefficient was continuously

monitored and recorded during each test.

Scuffing tests were conducted with an uncoated flat and Agonne’s NFC coated

flat in regular diesel fuel and synthetic F-T diesel fuel. Repeated tests were conducted

for the various test combinations. At the conclusion of each test, optical and scanning

electron microscopes (SEM) were used to characterize the failure mode on the test

sample surfaces.

TEST RESULTS

Figure 2 shows the variation of the friction coefficients with time during the

scuffing test with an uncoated ball sliding against an uncoated flat. The effect of the

better lubricity of the regular diesel fuel (with 500 ppm S) is clearly apparent. No

scuffing failure was observed in tests up to loads of210 N (Figure 2a). However, at 230
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Nload, scuffing occurred duxingthe first speed-step. The frictional behaviors inall the

tests that did not scuff were very similar to one another. There was a period of run-in

during which the friction coefficient decreased from an initial vaIue of = 0.18 to = 0.1.

In tests with the synthetic F-T diesel, scuffing occurred in all tests, even at the low load

of 150 N (Figure 2b). Frictional behavior with the F-T fuel also showed run-in

characteristics, whereby the friction coefficient decreased from = 0.16 to= 0.09 just

before scuffing. At the scuffing point, the friction coefficient suddenly increased rapidly

as expected (Figure 2b). At a load of 180 N, scuffing occurred during the first speed

step. For the uncoated surface, it is clear that scuffing resistance in regular diesel fuel is

higher than that in the synthetic fuel. In view of the stochastic nature of scuffing failure,

repeatability of the tests was very good. Figure 3 shows the friction trend in two repeat

tests for uncoated contact pairs at 200 N in regular diesel fuel. Except for the period

between 1100 and 1300 see, the friction behavior for both tests was nearly identical.

Both tests ran-out without scuffing.

Figure 4 shows the frictional behavior of tests conducted with coated flat

specimens. With regular diesel fuel, tests up to 350 N load all ran-out without scuffing

(Figure 4a). At higher loads of 375 and 400 N, scuffing occurred. In tests with this fuel

at all loads, microscuffing occurred as indicated by the periodic spikes in the friction

trace. Microscuffs are small localized areas of severe damage within the contact area,

but that do not progress to massive catastrophic failure. Such microscuffs are often

“healed” over and the surface remains functional. In this same fuel, the friction

coefficient was nearly steady for the duration of test. In the tests with the F-T synthetic

11



fuel, scuffing occurred at the three test loads evaluated (Figure 4b), and there was no

microscuffing. Some run-in occurred, with a slight decrease of friction coefficient.

Although the NFC coating did not change the frictional behavior significantly in

either the regular or synthetic diesel fuel (compare Figures 2a and 4a; 2b and 4b), it had a

major impact on scuffing resistance in both fuels. Ignoring the run-out data, Table 2

summarizes the estimated contact severity index at scuffing; the same data are shown in

Figure 5. The NFC coating significantly improved scuffing resistance by a factor of

about 10. Sulfur content also had a noticeable effect on scuffing resistance. When both

surfaces are uncoated, there were many run-outs with regular fuel containing sulfur,

while all the tests with F-T fuel with no-sulfur failed. For the scuffed test only, the

average contact severity index with high sulfur is about 20% higher than that of synthetic

fuel, and that is ignoring the many run-out tests in regular fuel.

Table 2: Average Contact Severity Index at Scuffing

Test Flat Regular Fuel Synthetic F-T Fuel

Uncoated 1.132 0.964

NFC-Coated 8.646 9.992

Microscopic analysis of the tested surfaces provided some information on the

differences in the behavior of coated and uncoated surfaces during the scuffing tests. For

the uncoated surface, a typical scuffed surface is shown in Figure 6. There is severe

damage in the form of plastic deformation and material loss; this is the typical appearance

of a scuffed surface. The damage features on scuffed surfaces in the regular and

12



synthetic F-T diesel fuels are very similar to each other and are typified b y Figure 6.

Figure 7 shows the typical appearance of a wear track in tests that ran-out without

scuffing on the uncoated surface in the regular diesel fuel. There is evidence of some

mild abrasive wear. Chemical analysis by X-ray energy dispersive spectroscopy

(EDAX) also showed that the sulfur level in the wear track is about 2.25 atomic wt. %

compared to 1.22 for areas outside the contact area. This suggests there was preferential

reaction of sulfur, from the fuel, with the specimen surface during the scuffing test.

In the tests conducted with NIW-coated flats, scuffing occurred only after the

coatings had been worn away or otherwise removed (Figure 8). This was the case in the

tests with regular ands ynthetic fuels. Once the coating was gone, the scuffing damage

in the steel substrate was similar to that of the uncoated specimens (compare Figures 9

and 6). In many of the tests with coating that ran-out without scuffing in the high-sulfur

fuel, the coatings had been completely removed except for tiny patches, as shown in

Figure 10. In such cases, wear track damage after coating removal consisted of general

polishing or mild wear.
.

Coating removal occurred by gradual wear in some tests (Figure 11). Evidences

of cracking and coating spalling was also observed (Figure 12). As expected, coating

cracking and spalling are more prevalent in the tests conducted at higher contact loads.

The cracks were observed in both scuffed and unstuffed tests, and thus were not initiated

or caused by the scuffing process. Crack formation is caused by the inability of the hard

and brittle coating to accommodate the imposed contact stresses at the interface by plastic

13

flow, as metals do.



DISCUSSIONS

Results of the present study showed clearly that the ultra-low-sulfur and low-

aromatic fuels that will be required to reduce emissions in diesel engines to levels

compliant with impending regulations will also make steel component surfaces that are

lubricated by the fuel vulnerable to scuffing failure. In this study, the uncoated surface

showed much higher scuffing resistance in the regular diesel fuel with high-sulfur than in

the no-sulfur synthetic F-T diesel fuel. There are two possible mechanisms for this

difference, and there may be some synergy between the two mechanisms.

First, the viscosity of the regular fuel containing sulfur and aromatics was slightly

higher than that of the synthetic fuel with no sulfur and low aromatics. An earlier study

by Wang [17,18] showed that diesel fuel lubricity is dependent on fuel viscosity and

aromatic content. As Table 1 indicates, there are significant differences in the viscosity

and aromatic levels of the two fuels. It is also known that the efficac y of fluid-film

lubrication is dependent on lubricant viscosity to some extent. The EHD fluid film

thickness (h) formed by the two fuels can be estimated by [19]

h (x (UqO)0”G7ctO’53

where U is the entraining velocity, qO is the dynamic viscosity at atmospheric pressure,

and u is the pressure viscosity coefficient. Using the fuel properties in Table 1, we

estimated EHD film thickness for regular fuel to be about 3.3 nm, and that of synthetic

fuel to be about 2.7 nm, both at the maximum speed of 0.5 m/s. According to the load-

share model of lubrication, a thicker lubricant fluid film will reduce the load carried by

surface asperities and hence the severity of interaction between the surfaces in contact.
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Thus, in the present study, the thicker film of the regular fuel will result in less severe

interactions between the surfaces, thereby providing more protection against scuffing.

Second, surface chemical analysis show the possibility of sulfur reaction with the

surface during testing with sulfur-containing regular diesel fuel. Sulfur and sulfur

compounds are known to be strong extreme pressure (EP) additives that can protect steel

surfaces against scuffing failure. In diesel fuel, sulfur has been observed to be pro-wear

[20], but the present study shows that it does provide protection against scuffing.

The ~C coating provided significant protection for the steel surfaces against

scuffing failure. The scuffing resistance of coated surfaces in terms of contact severity

index is about 10 times that of uncoated surfaces. This was the case for both sulfur-

containing regular and no sulfur synthetic F-T diesel fuels. In all tests with coated

surfaces, scuffing occurred only after the coating has been worn away or otherwise

removed, possibly because the coating surface cannot undergo massive plastic flow,

which is required for scuffing to occur. The higher hardness of the coating makes it

much more resistant to plastic deformation than is the steel surface.

Coating removal from the steel surface during the tests occurred by two

mechanisms, namely wear and spalling. Microscopic evidence showed that in some tests,

the coating layer was gradual worn away. There were also evidence of cracking and

spalling of the coating. Once the coating was removed, scuffing of the steel substrate

occurred by severe plasticity and surface damage. However, coating removal did not

always result in scuffing. In several tests that ran out, the coating was already removed

but scuffing did not occur. Thus, removal of the NFC coating from the steel surface is a

necessary but not sufficient condition for scuffing. Based on the two observed failure
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mechanisms for the coating, two possible ways to further enhance the performance of the

NFC coatings in terms of scuffing protection for steel surfaces are increased coating

adhesion (to prevent spalling) and lower wear rate.

This study clearly identifies an effective means of solving the reliability problem

of catastrophic failure due to scuffing in fuel injections ystem of diesel engines operating

with low-sulfur and low-aromatic fuels. The use of Argonne’s NFC coating improves the

scuffing resistance of steel surfaces operating in no-sulfur fuel about 10 times over the

regular sulfur-containing fuel. As a result of the low lubricity of the no-sulfur fuels, early

catastrophic failure of fuel pumps and injectors have been encountered. The use of

carbon coatings on the critical component will solve the problem of such failure with low

lubricity diesel fuel. Use of the coating is a more attractive option than addition of

lubricity additives to the fuel. This is because little is known about the effect of such

additives on emissions. Another manifestation of the low lubricity of no-sulfur diesel

fuel is accelerated wear, which compromises the durability of the fuel injection system.

Plans are underway to evaluate the impact of the NFC coating on wear and hence

durability.

CONCLUSIONS

Scuffing resistance of uncoated and Argonne’s near-frictionless carbon (NFC)-

coated steel surfaces was evaluated in regular diesel fuel and in no-sulfur and low-

aromatic synthetic diesel fuel. The no-sulfur and low-aromatic synthetic fuel showed

poor lubricity in terms of low scuffing resistance. This poor lubricity creates reliability

and durability problem for diesel engine fuel injection systems. Use of the NFC coating
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increased the scuffing resistance by a factor of more than 10, as measured by contact

severity index. This coating is an effective practical means of preventing catastrophic

failure by scuffing in low-lubricity diesel fuels. It is a more attractive option than the use

of lubricity-enhancing additives in diesel fuels, because the effects of such additives on

emissions are still unknown.
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Figure 6: SEM photomicrograph of typical scuffed uncoated flat surface.

Figure Ja: wear[rack on uncoated

fuel without scuffing
flat specimen surface tested in regular diesel
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Figllr~ 7b: Wear track on uncoated flat specimen surface tested in regular diesel
fuel without scuffing

Figure 8: Track on coated surf~ce tested with synthetic F-T diesel fuel.
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Figure 10: Coating removal (except for few patches) without scuffing
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Figure 11: Edge of track on coated flat showing gradual wear as mechanism for
coating removal.

Figure 12: Edge of track on coated surface showing cracking and spalling as

another mechanism of coating removal.


