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A Gas-Surface Interaction Model
for Spatial and Time-Dependent
Friction Coefficient in
Reciprocating Contacts:
Applications to Near-Frictionless
Carbon
A closed-form time- and position-dependent model for coverage, based on the adso
of environmental contaminants and their removal through the pin contact, is devel
for reciprocating contacts. The model employs an adsorption fraction and removal
to formulate a series expression for the entering coverage at any cycle and location o
wear track. A closed-form solution to the series expression is presented and compa
other coverage models developed for steady-state coverage for pin-on-disk contac
ciprocating contacts, or the time-dependent center-point model for reciprocating cont
The friction coefficient is based on the average coverage under the pin contact. The
is compared to position- and time-dependent data collected on near-frictionless ca
self-mated contacts on a reciprocating tribometer in a nitrogen atmosphere. There
many similarities between the model curves and the data, both in magnitude and t
No new curve fitting was performed in this paper, with all needed parameters coming
previous models of average friction coefficient behavior.@DOI: 10.1115/1.1829719#
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Introduction
Diamondlike carbon~DLC! films are of tribological interest due

to their low friction, low wear rate, high hardness, and chemi
inertness@1,2#. A class of diamondlike carbon coatings term
near-frictionless carbon~NFC!, developed at Argonne Nationa
Laboratory, has been shown to sustain superlow coefficient
friction (m,0.003) and wear rates (K,3210 mm3/Nm) in self-
mated contacts@3#. Details on the preparation and characterist
of the films have been addressed in other literature@4#. The tribo-
logical behavior of these films is sensitive to the environme
only realizing their low friction coefficient and wear rate in ine
dry, or vacuum environments@3,5–8#. The NFC films used in this
study have a high hydrogen content. When gaseous water is a
to the environment, the friction coefficient in NFC self-mated co
tacts rises@8#, suggesting a gas-surface interaction where wa
molecules disrupt the low friction of the NFC pair. Velocity
dependent friction coefficients of these films in nitrogen atm
spheres were measured by Heimberg et al.@7#. They hypothesized
that the velocity dependence was due to a gas-surface intera
that had longer times to affect the film at slower sliding spee
This hypothesis was further supported by experiments that va
exposure time under constant sliding speeds using period
dwell at the reversal locations. These tests showed a clear de
dence on exposure time as opposed to velocity.

Environment-surface interaction models have been create
many research groups in an attempt to describe friction coeffic
variations in tribological experiments. To the authors’ knowled
the first modeling of this in tribology is the work of Rowe@9#,
who used the Langmuir adsorption model@10# to describe the
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wear in boundary lubrication. Gas-surface interactions were
ported in 1957 by Bowden and Rowe@11# to describe the lubri-
cation of molybdenum in hydrogen disulfide gases, but were
modeled. Blanchet et al.@12# included both deposition and re
moval rates in a model developed to study transitions from
equate to inadequate lubrication in vapor phase lubrication;
model was based on balancing the rates of layer formation
removal, but was not fractional~friction was predicted to be eithe
low or high in the adequate or inadequate regime, respectively!. A
time-dependent coverage model, without removal, was propo
by Zaidi et al.@13# to describe gas interactions with carbon su
faces. The interaction kinetics used followed the work of Elovit
@14#. Models that predict steady-state friction coefficients for p
on-disk contacts and combined rolling and sliding contacts@15#
were developed by applying the competitive rate model
Blanchet et al.@12# with fractional surface adsorption@10# and
fractional removal@16#. This effort was then extended by Dickre
et al.@17# for the pin-on-disk~or midpoint of a reciprocating path!
case to include the transient effects. The model was develope
recursively applying fractional adsorption and fractional remo
during each contact. The derived closed-form solution predic
fractional surface coverage for both transient and steady-state
ditions, matching previously derived steady-state models exa
Table 1 shows modeling nomenclature, and Fig. 1 shows the fi
this model @17# to the average~per cycle! frictional data from
Heimberg et al.@7#, which were collected on NFC in a nitroge
gas environment using a reciprocating tribometer. As previou
discussed, the speed-dependent effects were hypothesized
related to gas-surface interactions.

Modeling gas-surface interactions in reciprocating conta
poses significant challenges at locations other than the midp
This was recently addressed in a model by Sawyer and Dick
@18#, which looked at the exposure time for forward and reve
sliding directions as a function of position along the track, slidi
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speed, and dwell times. The model coupled fractional adsorp
with fractional removal to predict steady-state coverage at dif
ent track locations.

This current modeling activity aims to combine the approac
of the previous time-dependent coverage model@17# with the spa-
tially dependent steady-state model of reciprocating contacts@18#
to develop a closed-form time and position-dependent cove
model in a reciprocating contact. Friction coefficients compu
from the model will then be compared to position-dependent f
tion coefficients from NFC coatings tested at various speeds in
N2 . The friction data were collected by Heimberg et al.@7#, but
only the averaged data were presented in@7#. Here, the position-
dependent data are reported and analyzed.

Table 1 Parameters used in model derivation

Parameter Definition

a adsorption fraction
subscriptf denotes ‘‘forward’’ direction
l removal ratio (uout /u in)
m0 friction coefficient of nascent surface
m1 friction coefficient of covered surface
n cycle number
n deposition constant
P partial pressure
12u nascent surface area fraction
subscriptr denotes ‘‘reverse’’ direction
T cycle time for a single cycle~forward and reverse!
t time between contact for a specific wear track locati
V velocity
Journal of Tribology
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Modeling
In reciprocating tribometry, every location on the wear tra

comes in and out of contact with the pin moving either forwa
~subscript f ! or reverse~subscript r ); it makes no difference
whether the pin or the counterface is moving for the purpose
modeling, which uses a counterface-attached coordinate sy
for the derivation. The amount of time a particular location
exposed to the environment is a function of its location, the ov
all path length, and sliding speed of the pin, which is assume
be constant along the track length. The increase in coverage
particular location is a function of the surface area fractionu when
the pin last exposed the counterface at that position and
amount of timet ( f ,r ) that the location was exposed to the enviro
ment before the pin returned. In this modeling, the surface a
fractionu is always between 0~completely nascent surface! and 1
~completely interacted/covered surface!. One item to note is the
distinction between the forwardt f and reverset r exposure times.
For any given position along the wear track there exists uni
values fort f and t r ; only at the midpoint doest f5t r . The total
cycle time T is defined as the sum of the forward and reve
portions of the cycle motion,T5t f1t r . Speed dependence of th
friction coefficient is attributed to a change in exposure time
tween contacts, the faster the sliding speed, the less time betw
pin contacts@lower values oft ( f ,r )]. Tables 1 and 2 and Fig. 2
show the nomenclature, equations, and schematic used for
position and time-dependent modeling.

The modeling initiates with each position along the track ha
ing u50 coverage for the first forward pass. On the first reve
pass, the pin has traveled to the end of the wear track and ba
the position of interest. During this time the reverse adsorpt

n

Fig. 1 Recursive relations used in the derivation of the midpoint model. A closed-form ex-
pression for entering coverage for any cycle n „un in

… is expressed as a function of initial
coverage u0 , removal ratio l, and adsorption coefficient a. Model line fits †17‡ are shown
against averaged friction data collected by Heimberg et al. †7‡. The adsorption fraction was
found using Langmuir adsorption, where nP is an adsorption rate and t c is the cycle time
between the pin passes at the midpoint of the track. The values of nP and l from this figure
are used in the application of the positional and time-dependent model.
JANUARY 2005, Vol. 127 Õ 83



Table 2 Model expressions of coverage for the first two complete cycles of sliding. Equations are expressed for the inlet
„subscript in … and outlet „subscript out … of the pin contact for each forward „subscript f … or reverse „subscript r … motion of
sliding during a cycle.
t

e
e in
he
fraction a r acts on the nascent portion of the surface from
previous pass (12u f out

), giving an entering coverageu r in
of the

form u (r , f ) in
5u ( f ,r )out

1@12u ( f ,r )out
#a (r , f ) . This process contin-

ues, forward-reverse-forward-reverse, . . . , asillustrated in Fig. 2.
The change in coverage that occurs when the pin rides ov
particular location@u ( f ,r ) in

2u ( f ,r )out
# follows a model for the frac-
84 Õ Vol. 127, JANUARY 2005
he
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tional removal of films proposed by Blanchet and Sawyer@16# and
is of the formu ( f ,r )out

5lu ( f ,r ) in
, wherel is a removal ratio be-

tweenl50 ~complete removal! andl51 ~no removal!.
For consecutive forward and reverse passes, the differenc

entering coverage is given in Table 3 for the first 4 cycles. T
change in entering coverage is defined asDuN5uN112uN for
Fig. 2 Model schematic for position a The times between contact when moving forward or reverse are t f and t r ,
respectively. The adsorption fractions for the forward and reverse contacts are a f and a r , respectively. Recur-
sive equations are given for any cycle N.
Transactions of the ASME



Table 3 Differences of the entering coverage „forward or reverse … Du
„f ,r …N between cycle N¿1 and N. A pattern emerges from the

equations leading to a closed-form expression for the change in coverage for any cycle N.
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any cycleN, where the subscriptN is understood to meanNin .
The patterns for the differences in entering coverage for forw
and reverse passes in terms of cycle number, removal ratiol, and
the forward and reverse adsorption fractionsa f anda r are given
in Eqs.~1! and ~2!, respectively,

Du f N5l2N22(12a f)
N21(12a r)

N21(a rl1a f2a fa rl)
(1)

Du rN5l2N21(12a f)
N21(12a r)

N~a rl1a f2a fa rl! (2)

The coverage entering the pin contact for forward or reve
travel for any cycle (n) is the coverage entering the first cycle
that direction plus the sum of the differences in coverage up
that cycle (n), as given by Eq.~3!.

u ( f ,r )n5u ( f ,r )11(
N51

n

Du ( f ,r )N (3)

Fortunately, there are closed-form solutions to the summat
in Eq. ~3!, and the entering coverage for any cycle with the p
moving either forward or reverse is given in Eqs.~4! and ~5!,
respectively.

u f n5
c~12g(n21)!

12g
(4)

u rn5
b2cdgn21

12g
(5)

The variables (c, g, b, andd) are given in Table 4. The adsorp
tion fractions can be expressed in a more traditional Langm
form similar to previous models as given by Eqs.~6! and ~7! for
the forward and reverse cases, respectively.

a f512e2nPtf (6)

a r512e2nPtr (7)
4 Expressions for the variables „c , g , b , and d … used in Eq
erse adsorption coefficient a ,a and the removal ratio l.
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The adsorption fractions are a function of the deposition c
stantn, the partial pressure of the gasP, and the exposure time in
the forward or reverse directionst f ,t r . The only difference be-
tween the forward and reverse adsorption coefficients conc
the exposure time in the direction of travelt f and t r . Each posi-
tion along the track has a unique value fort f and t r ; only at the
midpoint of the track doest f5t r . The coefficientsn and P are
constants for each experiment and are taken from the ti
dependent curve fits reported in Ref.@17#. Following the work of
Langmuir, these deposition constants are not spatially or tim
dependent for a gaseous environment that is compositionally
thermally steady. Equations~8! and ~9! give the closed-form ex-
pressions in a form similar to the position-dependent steady-s
equations for reciprocating motion published in@18#, where T
5t f1t r .

u f n5@12~12l!e2nPtf2le2nPT#
@12~l2e2nPT!n21]

@12l2e2nPT#
(8)

u rn5@12~12l!e2nPtr2le2nPT#

2
@le2nPtr2e2nPT~12l1l2e2nPtr !#@l2e2nPT#n21

[12l2e2nPT]

(9)

The first check for the validity of Eqs.~8! and ~9!, which are
spatially dependent~throught f andt r values! and time dependen
~through the cycle numbern), was to evaluate the limit of thes
functions asn→` and compare this to the previously develop
steady-state expressions, which were created by balancing
deposition and removal rates at steady state. As expected, Eq~8!
and~9! are identical to the steady-state equations published ea
@18#. The second check was to verify that this model matched
time-dependent model developed for the midpoint@17# when t f
5t r . The final verification step was to take the limit of the mod
s. „4… and „5…. All variables are expressed in terms of the forward

f r
JANUARY 2005, Vol. 127 Õ 85



86 Õ V
Fig. 3 Comparison of the midpoint model †17‡ „left … to the positional model „right … for a single sliding speed. The
midpoint value at each forward or reverse pass corresponds well with the mean values because the trend is
nearly perfectly linear in friction coefficient versus position. All model parameters are given in Fig. 1.
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asn→` whent f5t r and compare this to the steady-state pin-o
disk model @15#, which was again developed by balancing t
deposition and removal rates at steady state. In all of these c
the model was able to be expressed in an equivalent form to
previously developed models. Fig. 3 shows the progression o
time- and position-dependent results of the model derived h
and compared the average friction coefficient of the model to
time-dependent predictions of the midpoint reported in@17# using
the same parameters.

To predict friction coefficients at specific pin locations, the a
erage coverage within the contactū is calculated according to Ref
@16#. The friction coefficientm is then calculated using the linea
rule-of-mixtures@Eq. ~10!# with m0 andm1 being the friction co-
efficients for the nascent surface and coverage, respectively

m5m01 ū~m12m0! (10)

Experimental values form0 andm1 are obtained in the case o
NFC films by using the lowestm0 and highestm1 friction coeffi-
cients realized in the self-mated series of tests in dry nitrogen@7#.
The values form0 and m1 were also left as free parameters
model fits performed in@17#, but the fit values did not vary sub
stantially from the experimentally obtained values, so the exp
mental values are used.

Results and Discussion
The results of Heimberg et al.@7# on NFC sliding couples dem

onstrated that achieving superlow friction coefficients (m,0.01)
required that the NFC versus NFC interface be ‘‘wiped’’ fr
quently in a relatively moisture-free atmosphere~dry N2). In this
friction regime, as shown in both low-speed sliding tests and tim
delayed high-speed sliding tests, the friction coefficient rose a
each cycle of sliding, as predicted by the Elovitch model@7# and
the Langmuir model@17#. The latter model shows that when th
‘‘wiping’’ rate is lower than the gas-surface interactions, the fr
ol. 127, JANUARY 2005
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tion coefficient rises in proportion to the coverage. Figure 1 sho
fits to the data in@7# using the model discussed in detail in@17#.

The present model of spatially resolved friction behavior, ho
ever, provides a far more detailed picture of the competitive ra
of Langmuir adsorption and fractional removal, which can
tested against NFC versus NFC data. During the experiments
ported in @7#, friction coefficient versus pin position data wer
taken. Figures 4 and 5 present the position- and cycle-depen
friction data and the presently derived model. The model curve
Figs. 4 and 5 use the parameters (nP, l, m0 , andm1) determined
from the time-averaged modeling@17#, and no further curve fitting
was performed.

Fig. 4 Model comparisons to friction coefficient data for cycle
19Õ20 at multiple sliding speeds. All model parameters are
given in Fig. 1.
Transactions of the ASME
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Figure 4 shows the model curves and data along the recipro
ing length for cycle 19/20 under multiple sliding speeds~this con-
dition was assumed to be nearly steady state!. Figure 5 shows the
model curves and data for multiple cycles during a single slid
speed. The data at the first and last 0.5 mm of track length w
discarded due to the reversal zones, as discussed in@18#. The X
marks in Figs. 4 and 5 correspond to the crossing points in
model, where the friction coefficient was the same in the forw
and reverse motion directions for a specific cycle; at steady s
this is at the midpoint.

There are similarities between the model curves and the d
First, the model tracks the midpoint friction coefficient data we
Second, the crossing point of the friction coefficient between
forward and reverse directions of motion for a given cycle occ
in similar locations along the track in both the model and data
Fig. 4, the crossing points are located at approximately the m
point of the track, when the model has reached steady state
multiple sliding speeds. As shown in Fig. 5, the crossing point
a single sliding speed progresses from the extremity of the w
track toward the midpoint as the friction coefficient progres
toward steady state.

In the low friction regime (m,0.05), both the model curve
and the data show nearly linear variations in friction coefficie
versus track position, with a higher friction coefficient bein
found at the end of a cycle and lower friction coefficient at t
beginning. Additionally, friction coefficients at a position on th
track after the crossing point during forward motion are high
than the values at the same position after the turn around, du
reverse motion. This difference in friction coefficient is due to t
fact that for a specific track position past the midpoint, the ex
sure time between pin contacts is longer in the forward than in
reverse direction of travel, and the removal ratio is less than un
Longer exposure time to the environment allows more adsorp
and/or interaction to occur, resulting in a higher coverage
friction coefficient.

The linear variation of the model curves is surprising given t
the surface coverage expressions have exponential depende
The forward-direction-entering coverage expression given in
~4! is examined to illustrate why the model curves appear line
Cycle dependence enters through thegn in Eq. ~4!. Position de-
pendence occurs in thec of the expression. From Table 3,c
5l(12e2nPtr)e2nPtf1(12e2nPtf), which can also be written
as c512(12l)e2nPtf2le2nPT. The only term that is track-
position (a, following the nomenclature in Fig. 2! dependent in
the expression ist f , which can be expressed ast f52a/V for a
constant speedV. Note that for the experimental conditions eval

Fig. 5 Model comparisons to friction coefficient data from
multiple cycles at a 30 mmÕs sliding speed. All model param-
eters are given in Fig. 1.
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ated here, the expressionsnPtf andl are always between 0 and 1
The first few terms of the series expansion of an exponentia
given in Eq.~11!.

e2s512s1
s2

2!
2

s3

3!
1 . . . (11)

For the case of a fractional value ofs, the higher-order terms o
the expression are alternating in sign and small in compariso
the first-order terms. Substituting the first-order terms from
exponential into the expression forc and simplifying yields,

c5@l~12e2nPT!#1F ~12l!
2nP

V Ga (12)

The terms in the square brackets of Eq.~12! are constants for any
given test. While the analytical expressions were used in
model fittings, the above order-of-magnitude analysis descr
the linear appearance of the model curves.

The monotonic rise in experimental curves in the low (m
,0.05) friction regime may be due to surface chemical or phy
cal effects, in addition to coverage. These effects may incl
defect formation, defect annealing, and film formation, some
which have been identified in atomic-scale friction stud
@19,20#.

There are also some differences between the model curves
data. A striking difference is the trend in the data for the fricti
coefficient to be higher at both the beginning and end of a cycl
higher friction levels (m.0.05). For these cases the model fails
describe the spatially resolved friction data. The friction coe
cient near the turnaround points is higher than in the middle of
track, independent of direction of travel. Clearly, the friction c
efficient is not proportional to surface coverage, as it was in
superlow friction regime.

This behavior in the high friction (m.0.05) regime may be due
to third bodies. Investigators have reported that transfer films
formed during sliding against DLC coatings in this friction regim
@21,22# and with NFC coatings against non-NFC-coated coun
faces run in dry N2 @23#. In contrast, transfer films have not bee
detected with NFC versus NFC coatings in the superlow frict
regime@3,7#. The generation of transfer films at the higher frictio
coefficients indicates that gas-surface interactions promote det
ment of material at the sliding interface. A gas could disrupt
passivating bonds at the nascent surface or produce surface
that detach intact. The likely gas culprit is H2O, known to raise
the friction coefficient of hydrogenated carbon coatings@8,24#. In
situ tribometry has recently provided direct evidence that slid
against DLC coatings in humid air produces thicker transfer fil
and higher friction coefficients than in dry air@22#. Thus, moisture
likely promotes particle detachment, which requires extra ene
and raises the friction coefficient.

Finally, although the model does not describe the higher frict
behavior, one of the fit parameters in the model suggests why
friction behavior changed. As seen in Fig. 1, the fraction remov
for each pass (12l) approaches 0 for the slower sliding speed
when the friction coefficient rises the most. The model curves@17#
and data for both the multiple sliding speeds and dwell exp
ments@7# leading to higher friction have been reexamined. Inste
of looking at the fraction removed (12l) as a function of sliding
speed, the removal ratiol as a function of steady-state frictio
coefficient was examined. No additional model fits were p
formed. Figure 6 shows that as the friction coefficient climb
toward 0.12 (l) approached a value of 1. Thus the model sugge
that as the friction coefficient increases, it becomes harder to c
tinuously remove the product of the gas-surface interaction
wiping. As continuous removal becomes less likely, remo
could become discontinuous, for example, by coating fractu
However, surface analytical studies will be necessary to determ
the actual physical changes that accompany the transition from
superlow to the higher friction~0.05 and up! regime.
JANUARY 2005, Vol. 127 Õ 87
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Conclusions
A closed-form time- and position-dependent model for the c

erage in a reciprocating pin-on-disk contact based on first-o
gas kinetics has been developed. The model was first shown
consistent with previous steady-state and time-dependent mo
based on the same underlying physics. Friction data, cycle a
aged as well as position- and time-dependent, collected by He
berg et al.@7# was compared to friction curves generated from
model; the latter used parameters from a midpoint model that
fit to the average data as presented in@17#. The position-dependen
curves showed good agreement with data in the low friction ra
(m,0.05), but deviated from the predicted linear behavior
higher friction coefficients, suggesting that the first-order kinet
models are not capturing all of the physics of the gas-surf
interactions.
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