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Gainesville, FL 32611, USA The frictional behavior of diamond-like carbon (DLC) films varies with environmental
A. Erdemir conplition. One theory asserts that the cause of variatipns in the frictional performgn_ce is
- environmental contaminants adsorbing onto the DLC film surface. Testing of the frictional
Argonne National Laboratory, performance of DLC films in a pin-on-disk contact has mapped the transient behavior of
Energy Technology Division, the friction coefficient. A model for fractional coverage, based on the adsorption of envi-
Argonne, IL 60439, USA ronmental contaminants and their removal through the pin contact, is developed. The rate

of adsorption is taken from Langmuir’s model [17], which is combined with the removal
ratio from Blanchet and Sawyer [18]. The coefficient of friction is based on the average
fractional coverage under the pin contact. The model also gives a closed-form expression
for the steady-state fractional coverage. Model calculations compared favorably to the
time progression of the friction coefficient for a series of earlier experiments on a super-
low friction DLC coating [7], when the fractional removal term was allowed to increase
with increasing sliding speedDOI: 10.1115/1.1739408

Introduction give a closed form expression to describe the increasing friction
coefficient with increasing exposure times. This model was devel-

chz]:ctuer:!qgs Erogeg:jlser?tf dS;‘?ggfggenggrbé%gr)nﬂI;'.Sb.‘?tre ao ed without a removal term, and, therefore, could not predict any
ctenz y ex W : "+ DI patbriity, & ady-state behavior. In the model developed here a removal term
chemical inertness. These films can potentially be used in a wi

oo : . Wipes away a fraction of the adsorbed species each cycle, and thus
range of applications, such as bearings, cutting tools, submersiglg.ahapie ‘of not only predicting transient behaviors but also pre-

parts, and biomedical applicatiofs—4]. Testing of DLC films as dicting a partially covered steady state.
solid lubricant coatings has shown them to possess low coeffi-

cients of friction, spanning the range=0.001 to 0.6[3-6], al-

though the testing conditions and type of DLC filire., hydro- Modeling

genated versus hydrogen-fiebave a strong influence on its

frictional behavior. The frictional behavi f th low fri The model assumes some initial surface fractional covefigge
rictional benavior. The iricional behavior of theé SUperiow MiC-ut 5 adsorbed species. At time equals zero, or the initiation of an

tion DLC film, recently investigated at Argonne National Laborag, hariment, this term is the fractional coverage that enters into the

tory [4,7], has been theorized to be dependent on the amountiQitia| pin contact. The fractional coverage that then leaves the
contaminants adsorbed on the rubbing surfade contact 6, is assumed to be less than the entering fractional
Some attempts have bet_en m_ade tc_J model 'ghe frictional behav&g,erage for two reasonél) adsorption of gaseous species is
of DLC and other carbon films in various environmef8$8,9. A assumed to be negligible under the pin contact, @ndemoval of
hypothesis is that the variations in friction coefficient with slidinggdsorbed species is assumed to occur under the pin contact as a
speed in a pin-on-disk contact are the result of competitive rai§gmbination of mechanical removal and thermal desorption as a
processes that involve an interaction of a contaminant gas spe¢gsult of frictional heating. After the surface element leaves con-
with the surface of the diamond-like carbon, such as the adsorget, it is exposed to the gaseous environment, and adsorption
tion of water, and the removal of these species under the contagturs on the surface during the time it takes for the surface
of the pin. Much like vapor-phase lubricatiphO—16, such pro- element to return to contact. The subsequent entering fractional
cesses have a strong dependence on the gas pressures of thecoweraged;, varies from cycle to cycle until the system reaches
taminants, available areas for adsorption, time exposed to the equilibrium.
vironment, and temperature. This paper outlines the developmenthis model follows the works of Langmujtl7] and Blanchet
of a closed-form, time-dependent model for such competitive prand Sawyer{18] for the adsorption and removal of fractional
cesses using, principally, the works of Langmyi7] and films, respectively. Following Langmuir, the adsorption of a gas
Blanchet and otherl0—16,18. Such a model may be useful forspecies occurs on the fraction of the surface that is not covered,
gaining fundamental understanding of the frictional behavior ¢l —6,.), in the time from when the surface exits the pin contact
these and other surfaces that show a strong dependence ont@h@hen it enters the pin contact on the next revolution. The ad-
environment. sorption ratio,«, is the fraction of the uncovered surface coming
In a model presented by Heimberg et[] the Elovitch model out of the pin contact that becomes covered by an adsorbed spe-

was used with a linear rule-of-mixtures in friction coefficient tesies between cycles. If the time between contacts, temperature,
and gaseous environment remain constant, the adsorptionaratio
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Table 1 Analytical expressions for the entering fractional coverage for the first few cycles
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contact to that at the entrance. This fractional removal of the aBlrom this, the change in fractional coverage for any cycle is given
sorbed species occurs differentially through the pin contact andbg Eg. (6), wheret, is the time the element is exposed to the
ensured to be between 0 and 1. An expression for the averagwironment between exiting the contact and reentry.
fractional coverage under the pin is used to make friction coeffi-
cient predictions. On,in=1— (1= 01 0ue" " ""% (6)
This model is recursive, and application of the equations gives,
a fractional coverage sequence for the first few cycles, as shown
in Table 1. No pattern quickly emerges from this sequence. How- a=1—el~7"Pl) 7
ever, the pattern is obvious if one looks at the difference between
the entering fractional coverage for each cycle and that of tiibstituting this expression far into Eg. (3) and simplifying
previous cycle. In Table 2, N is the cycle number, and the diffegives Eq.(8), which is a cycle-dependent solution for the entering
ence in fractional coverage is defined®8y= Oy~ (-1 - fractional coverage.
Thus, the equation for the coverage going into the pin contact at
any cyclen is the initial coverage plus the sum of the differences
up to cyclen, as shown in Eq(1).

n

us, the adsorption fraction is given by E@).

1— )\n(efnthC)

1—N(e "Pl) ) ®

Oin=0o(\"(e~"""')) +(1— e”"‘C)(
_ _ The exposure time for one cyclé) can be expressed as a track
Onin= 00+ | 2 NN (=)™ (Mgt a=Nabo=00)  length (1) divided by the sliding speedV), t=L/V, and the
1) number of cycles can be expressed as the product of the sliding
) ) ) . ) ~ speed V) and the cumulative run timéT) divided by the track
Quite fortuitously this series has a closed-form expression, giVRthgth (L), n=VT/L. The fractional coverage of the surface en-
in Eq. (2). tering the contact as a function of run time is given by .

n
A1 gyu-p 1T AET @) O1n= 0o (AT (e (VTLIPHV))) o (1 @™ (PLIV)
N=1

1-Ntal (2)
The cycle-dependent entering fractional coverage at any eycle
can then be compactly written as given in E8).
l_)\n(l_a)n) The relationship between the entering fractional coveragg (

m (3) and the average fractional coveragé) (under the pin can be
derived from the fractional removal equations developed by

The steady-state solution for the entering fractional coverage ddlanchet and Sawydn8], as shown in Eq(10).

be determined by taking the limit of this function as the number of

1— }\(VT/L)(e—(VT/L)(VPL/V))

9)

l—)\(e_(VPL/V))

Oin= Oo(N (1= ))"+

cycles approaches infinity, given by E@). ya (1)) (10)
o "—In(\)
t955"‘:17(17 a)\ “) The average fractional coverage under the pin contact at any cu-

This expression agrees with steady-state expressions devela‘;ljrgl%J l tgl\ilse égﬂ;lme{zﬁ(floll;_nd by substituting E() into Eq. (10),

previously by Sawyer and BlanchgtQ]. The adsorption ratiar

can be found from the Langmuir solution for vapor adsorption, (1))
which states that the rate of adsorption is a product of the adsorp- = ———| A VD~ (VIILIPLV) 4 (] — = (*PLIV))
tion coefficient(»), the gas pressur@), and the nascent surface —In(d)

area fraction(1—6).

X (112)

1— }\(VTIL)(e(VT/L)(uPL/V))) )

%_Vp(l—ﬁ) (5) 1-N(e”"PHV))

dt
Two nondimensional groups can be defined: normalized fithe
=VT/L, and normalized depositioD* =vPL/V. Substituting

Table 2 Analytical expressions for the difference between the these two nondimensional groups into EHl) gives a dimension-

entering fractional coverage for the first few cycles I((:aLsg form of average fractional coverage under the contact in Eq.
AO1=NOy+a—Naby— 6, (1-)) (1-))
AbG,=N(1—a)(NOg+a—Naby— ;) — - % _Tkp% - _p*
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Fig. 2 Fraction of adsorbed species removed as a function of
Fig. 1 Heimberg et al. experimental friction data and best fit sliding speed. Derived from the model fit shown in Fig. 1.
as a function of time. The model fit obtained by holding the
product »P=0.00059s~! constant but allowing the removal

fracti f i f slidi . . . .
raction to vary as a function of sliding speed between successive passes of the pin beivieg and 162 s using

the previously described protocpf]. The fit of Eq.(11) to this

collected datdFig. 3) gives a deposition termP=0.00067 §%, a
Using a linear rule-of-mixtures the friction coefficieptcan be nascent surface friction coefficient,=0.0057, and a covered
estimated by Eq(13), whereu, is the friction coefficient of the surface friction coefficienj;=0.136. Surprisingly, the removal
nascent surface, and, is the friction coefficient of the surface fraction, 1-\, systematically increased with decreasing dwell

with the adsorbed contaminants. times (Fig. 4).
et B 13 The fit of this model to the experimental data is excellent; how-
w=pot O(pa= o) (13) ever, it does raise some interesting questions. Namely, why would

R I d Di . the removal fraction change with sliding speed and dwell time?
esults an ISCussion There is no suitable hypothesis for increasing removal fraction

Heimberg et al. investigated the superlow friction behavior of with increasing sliding speed and decreasing dwell times. Al-
DLC coating in reciprocating sliding contact at speeds from 0.Gthough, in both cases the removal fraction is increasing with de-
to 5 mm/s in dry nitrogen with a constant normal Idad. The creasing exposure time, which suggests that the exposure time
experimental details are described thoroughly in their publicatiatependence of the removal fraction may be compensating for
and are briefly summarized here. something missing in the deposition model.

The time-dependent data were collected over a series of experiA couple of hypotheses can be offered. One hypothesis is that
ments that varied the sliding speed systematically from high tesorption of the contaminant species is occurring under the pin
low or the exposure time from short to long. At sliding speeds afontact. As derived by Langmuirl7], the desorption rate in-
1-5 mm/s, this coating had a friction coefficient @=0.007, creases monotonically with increasing surface temperature, and to
which is assumed to correspond to the friction coefficient of thie first order the dependence is to the square root of temperature.
nearly clean or nascent surfagg. At sliding speeds of 1um/s, The low Peclet number suggests that stationary heat transfer
this coating had a friction coefficient near=0.12, which was analysis is appropriate, and, therefore, the temperature rise under
assumed to correspond to the friction coefficient of a nearly satilre contact at any contaminated sites will be proportional to the
rated or covered surface,. The wear track length for this ex- sliding speed to the first power. However, fits to the constant
periment was 5 mm, and the normal load was 9.8 N. The coatisgeed tests showed systematic variations that do not support this
was applied to both the hemispherically tipped pins, which were
either 6.35 mm diameter sapphire or 12.7 mm diameter steel, and
the counterface, which was H13 steel. The test environment was
dry nitrogen that had a relative humidity and oxygen concentra- 0.1 ootr 1A
tion of less than 1 percent. The published friction data from these L 16=00057 - .
tests was the average friction coefficient on each pass, which is ;“0‘1360
assumed to be a reasonable approximation for the midpoint that
was modeled here.

This model contains four parameters that were allowed to vary
during the optimization routine that was employed. These param-
eters are a deposition termP, a removal ration, and friction A
coefficients for the nascent and covered surfaggsand w4 re- A 1n
spectively. It was assumed tha®, uo, andu, are constant for 001 i 4 A 13
each data set. The removal raliavas allowed to vary as a func- -
tion of speed.

The fit of Eq.(11) to the collected datéFig. 1) gives a depo-
sition term»P=0.00059 57, a nascent surface friction coefficient 0.003
no=0.0075, and a covered surface friction coefficieny
=0.126. The fraction removed,-\, systematically increases
with increasing sliding speeig. 2), which suggests that increas-gig. 3 Heimberg et al. experimental friction data and best fit
ing power may increase removal efficiency. as a function of time. The model fit obtained by holding the

Heimberg et al. also investigated the superlow friction behavigfoduct »P=0.00067 s™! constant but allowing the removal
holding the sliding speed constant at 1 mm/s but varying the tinfraction to vary as a function of dwell time.

It
ime

hds)

friction coefficient
:

10 100 1,000 10,000
time (seconds)
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10 Elovitch. The Elovitch equation is an empirical model for

adsorption rate that has a unique dependence on the surface frac-
tional coverage:
07
3 de ,
5 os = _
3 at vexp —ab)
o
§ This model has no saturation point, and fractional coverage is
§ 03 . allowed to proceed past unity. The first few terms of the inlet
'8 fractional coverage {, values, letting B=avt and vy
02}t . =expla\b), are:
[ ]
0 ! I
=|—]In(B+
L (B+y)
0] 1 1 il L
| 5 12 45 95 162 1,000 1
dwell time (seconds) 0,= (—) IN(B+(B+y)")
o

Fig. 4 Fraction of adsorbed species removed as a function of
dwell time. Derived from the model fit shown in Fig. 3.

1
asz(g)ln(m(m(ﬁw)*)w

hypothesis. Another hypothesis is that the surface topographyTidis repetition inside the natural log term can be compactly de-
changing during these experiments and this change is altering &¢éibed as:
removal rate. In both data sets the later experiments were less Uy=B+ (U, )
efficient at removing the contaminants than the earlier ones. This n n-1
change in surface topography might also be enhancing the depo- Upeq=B+ (U
sition rates, however, fits holding the removal ratio constant and " "
allowing the deposition terms to vary did not fit the data wellUnfortunately, there is no closed-form solution for this recur-
Finally, since the later tests were also higher friction it may be thaive relationship; however, the equation can be easily used
the removal fraction has a dependence on friction coefficient. computationally.

The parameters that were fit all gave remarkably reasonabl , , .
results.pThe friction coefficientg.q an%l Wy were closg to what q—k?nryls Law. Henry's Ia‘l"'[lg] says that the time change of
were predicted prior to fitting and were similar for the two test:!dr"’wt'on"jl coverage Is equal to an adsorption ratand is not
The removal fraction, 4\, varied from nearly zero to 50 percent, d€PEndent on the fractional coverage on the surface and, like the
which is also quite reasonable. It is somewhat curios that the tirﬁéOV'tCh model, has no saturation point:

constant for the adsorption rate found by fitting Efj1) to the do
data is between 1600 and 1800 s. This seems high for an adsorp- T
tion process although dry nitrogen can have very little water and it t

may not be an adsorption process causing the increase in frictiqe first few terms for the fractional coverage are:
rather, some other gas surface interacfib®.

) Ooin= 069
Conclusions
The following conclusions were reached from this work: foou=A\ bo
1. A closed-form equation has been derived for the time- O1in=vict Mo
dependent fractional coverage of a surface film that follows O10u= (vt ) )
Langmuir’s deposition model coupled with a differential re- Lout ¢ 0

moval of fractional films.

Oin=vtc+ 0
2. The model fits the time-dependent speed excursions data of 2in~ Ve Ulout

Heimberg et al[7] for superlow friction DLC with a con- 60u= N Oain

stant deposition rate if the removal fraction increases with . )

increasing speed and decreasing dwell. This results in a difference pattern of:

AOy=AN"D (vt 4\ by— 6o)
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fhis project. The closed-form solution for coverage based on cycle number
Appendix then becomes:

The approach used and detailed in this paper to develop a
closed-form analytical solution for the fractional coverage of an On= 0o+
adsorbed surface film in tribological contact is followed here for
two other common adsorption models, the Elovitch equation afd@king the number of cycles to infinity gives a steady-state
Henry's law. The approach is identical to what was previouslgolution:
described, including use of the fractional removal texmThe
model development offered here is minimally described and writ- _ v

- Oss=

ten as compactly as possible. 1-x

1-\"
1-X

(Vtc+)\00_ 00)

618 / Vol. 126, JULY 2004 Transactions of the ASME



References bined Rolling and Sliding Contacts: Modeling and Experimentation,” J. Tri-
bol., 123 pp. 572-581.

[11] Sawyer, W. G., and Blanchet, T. A., 1997, “High Temperature Lubrication of
Combined Rolling/Sliding Contacts via Directed Hydrocarbon Gas Streams,”
Wear, 211, pp. 247-253.

[1] Liu, Y., Erdemir, A., and Meletis, E. I., 1996, “A Study of the Wear Mecha-
nism of Diamond-Like Carbon Films,” Surf. Coat. Techn@2, pp. 48—56.

[2] Lu, L., Jones, M. W., and Wu, R. L., 1993, “Diamond-Like Carbon as Bio-
logical Compatible Material for Cell Culture and Medical Application,”

Biomed. Mater. Eng.3, pp. 223—228. [12] Sawyer, W G., and Blanghet, T. A., 1999, “Lubrication o_f Mo, W, and Their
[3] Liu, Y., Erdemir, A., and Meletis, E. 1., 1997, “Influence of Environmental Alloys With H,S Gas Admixtures to Room Temperature Air,” We225-229,

Parameters on the Frictional Behavior of DLC Coatings,” Surf. Coat. Technol.,  PP. 581-586.

94-95, p. 463. [13] Barnick, N. J., Blanchet, T. A., Sawyer, W. G., and Gardner, J. E., 1998, “High
[4] Erdemir, A., Eryilmaz, O. L., Nilufer, I. B., and Fenske, G. R., 2000, “Syn- Temperature Lubrication of Various Ceramics and Metal Alloys via Directed

thesis of Superlow-Friction Carbon Films From Highly Hydrogenated Meth- Hydrocarbon Feed Gases,” We&14, pp. 131-138.

ane Plasmas,” Surf. Coat. Techndl33-134, pp. 448—-454. [14] Holmes, D. M., Sawyer, W. G., and Blanchet, T. A., 2000, “Comparison on
[5] Liu, Y., Erdemir, A., and Meletis, E. ., 1996, "An Investigation of the Rela- Various GH, for High Temperature Lubrication by In Situ Pyrolysis,” Lubr.

tionship Between Graphitization and Frictional Behavior of DLC Coatings,” Sci., 12, pp. 169-184.

Surf. Coat. Technol.8“6—87, p. 564. o ) ) [15] Sawyer, W. G., Blanchet, T. A., and Calabrese, S. J., 1997, “Lubrication of
[6] Erdemir, A., 2001, “The Role of Hydrogen in Tribological Properties of Silicon Nitride in a Simulated Turbine Exhaust Gas Environment,” Tribol.
Diamond-Like Carbon Films,” Surf. Coat. Technol46-147, pp. 292-297. Trans.,40, pp. 374—380

(7] Heimberg, J. A., Wahl, K. J., Singer, I. L., and Erdemir, A., 2001, *Superlow [16] Blanchet, T. A, Lauer, J. L., Liew, Y. F., Rhee, S. J., and Sawyer, W. G., 1994,

Friction Behavior of Diamond-Like Carbon Coatings: Time and Speed Ef- - S - B R
fects,” Appl. Phys. Lett.78, pp. 2449—2451. Solid Lubrication by Decomposition of Carbon Monoxide and Other Gases,

[8] Yang, S. H., Kong, H., Lee, K. R., Park, S., and Kim, D. E., 2001, “Effect of __ Surf- Coat. Technol68-69, pp. 446-452. _ _
Environment on the Tribological Behavior of Si-Incorporated Diamond-Like [17] Langmuir, 1., 1916, “The Constitution and Fundamental Properties of Solids
Carbon Films,” Wear252, pp. 70-79. and Liquids,” J. Am. Chem. Soc38, pp. 2221-2295.

[9] Zaidi, H., Robert, F., and Paulmier, D., 1995, “Influence of Adsorbed Gases ofi18] Blanchet, T. A., and Sawyer, W. G., 2001, “Differential Application of Wear
the Surface Energy of Graphite: Consequences on the Friction Behavior,” Thin ~ Models to Fractional Thin Films,” Wea251, pp. 1003-1008.

Solid Films,264, pp. 46-51. [19] Hudson, J. B., 19985urface Science: An Introductipdohn Wiley and Sons,
[10] Sawyer, W. G., and Blanchet, T. A., 2001, “Vapor-Phase Lubrication in Com- Inc., New York, NY.

Journal of Tribology JULY 2004, Vol. 126 / 619



