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A closed-form time- and position-dependent model for coverage, based on the adsorption
of environmental contaminants and their removal through the pin contact, is developed
for reciprocating contacts. The model employs an adsorption fraction and removal ratio
to formulate a series expression for the entering coverage at any cycle and location on the
wear track. A closed-form solution to the series expression is presented and compared to

other coverage models developed for steady-state coverage for pin-on-disk contacts, re-
ciprocating contacts, or the time-dependent center-point model for reciprocating contacts.
The friction coefficient is based on the average coverage under the pin contact. The model
is compared to position- and time-dependent data collected on near-frictionless carbon
self-mated contacts on a reciprocating tribometer in a nitrogen atmosphere. There are
many similarities between the model curves and the data, both in magnitude and trends.
No new curve fitting was performed in this paper, with all needed parameters coming from
previous models of average friction coefficient behaibOI: 10.1115/1.182971]9

A. Erdemir
Argonne National Laboratory,
Energy Technology Division,
Argonne, IL 60439

Introduction

Diamondlike carboriDLC) films are of tribological interest due
to their low friction, low wear rate, high hardness, and chemic§l
inertness[1,2]. A class of diamondlike carbon coatings terme
near-frictionless carbofiNFC), developed at Argonne National
Laboratory, has been shown to sustain superlow coefficients
friction (©<0.003) and wear rateK« 3~ mm*/Nm) in self-

wear in boundary lubrication. Gas-surface interactions were re-
ported in 1957 by Bowden and RowW#1] to describe the lubri-

r'ation of molybdenum in hydrogen disulfide gases, but were not
odeled. Blanchet et a[12] included both deposition and re-

moval rates in a model developed to study transitions from ad-
eguate to inadequate lubrication in vapor phase lubrication; this
model was based on balancing the rates of layer formation and

mated contactg3]. Details on the preparation and characteristic?moval_‘ bu_t was not fractlond_nctlon was preo_hcted to be e_|ther
of the films have been addressed in other literafdieThe tribo- ow or high in the adequate or madeguate regime, respeciively
logical behavior of these films is sensitive to the environmerfiMe-dependent coverage model, without removal, was proposed
only realizing their low friction coefficient and wear rate in inertPy Zaidi et al.[13] to describe gas interactions with carbon sur-
dry, or vacuum environmeni8,5—8. The NFC films used in this faces. The interaction _klnetlcs used foIIc_)W_ed the w_or_k of EIovn_ch
study have a high hydrogen content. When gaseous water is adBJeﬂ..Models that predict ste.ady-stat.e friction go§ﬁ|C|ents for pin-
to the environment, the friction coefficient in NFC self-mated corn-disk contacts and combined rolling and sliding conta.&
tacts riseq8], suggesting a gas-surface interaction where watere developed by applying the competitive rate model of
molecules disrupt the low friction of the NFC pair. Velocity-Blanchet et al[12] with fractional surface adsorptiofi0] and
dependent friction coefficients of these films in nitrogen atmdractional remova[16]. This effort was then extended by Dickrell
spheres were measured by Heimberg ef7l. They hypothesized et al.[17] for the pin-on-diskior midpoint of a reciprocating path
that the velocity dependence was due to a gas-surface interaci@se to include the transient effects. The model was developed by
that had longer times to affect the film at slower sliding speedtgcursively applying fractional adsorption and fractional removal
This hypothesis was further supported by experiments that varigdring each contact. The derived closed-form solution predicted
exposure time under constant sliding speeds using periods fr@fctional surface coverage for both transient and steady-state con-
dwell at the reversal locations. These tests showed a clear depditions, matching previously derived steady-state models exactly.
dence on exposure time as opposed to velocity. Table 1 shows modeling nomenclature, and Fig. 1 shows the fit of
Environment-surface interaction models have been created thjs model[17] to the averagedper cyclg frictional data from
many research groups in an attempt to describe friction coefficiangimberg et al[7], which were collected on NFC in a nitrogen
variations in tribological experiments. To the authors’ knowledggias environment using a reciprocating tribometer. As previously
the first modeling of this in tribology is the work of Row8], discussed, the speed-dependent effects were hypothesized to be
who used the Langmuir adsorption modé&D] to describe the related to gas-surface interactions.

- Modeling gas-surface interactions in reciprocating contacts
!Corresponding Author: W. Gregory Sawyer, Department of Mechanical angoses significant challenges at locations other than the midpoint.
égeg_’gggg?f;’(‘:(g?ig%egggl1%9'1”9;'%ffw'ggg‘?v?é%mﬁzgﬂe' FL 32611, ph@%®  Tpjg was recently addressed in a model by Sawyer and Dickrell
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conducted by: M. Fillon. sliding directions as a function of position along the track, sliding
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Table 1 Parameters used in model derivation Modeling

Parameter Definition In reciprocating tribometry, every location on the wear track
comes in and out of contact with the pin moving either forward

gubscriptf ggzg{ggqgofrr\zgtrgpdirection (subscriptf ) or reverse(subscriptr); it makes no difference

A removal ratio @,/ 6in) whether the pin or the counterface is moving for the purposes of
Mo friction coefficient of nascent surface modeling, which uses a counterface-attached coordinate system
! friction coefficient of covered surface for the derivation. The amount of time a particular location is

n cycle number . - - . .

v deposition constant exposed to the environment is a function of its location, the over-
P partial pressure all path length, and sliding speed of the pin, which is assumed to
1-6 nascent surface area fraction be constant along the track length. The increase in coverage at a
subscriptr denotes “reverse’ direction particular location is a function of the surface area fractiavhen

T cycle time for a single cycléforward and reverse . .

t time between contact for a specific wear track locatiotN® Pin last exposed the counterface at that position and the
\% velocity amount of timet; ,y that the location was exposed to the environ-

ment before the pin returned. In this modeling, the surface area
fraction @ is always between @completely nascent surfacand 1
(completely interacted/covered surfac®ne item to note is the
distinction between the forward and reverse, exposure times.
speed, and dwell times. The model coupled fractional adsorpti&ar any given position along the wear track there exists unique
with fractional removal to predict steady-state coverage at diffevalues fort; andt,; only at the midpoint does=t,. The total
ent track locations. cycle timeT is defined as the sum of the forward and reverse
This current modeling activity aims to combine the approachgertions of the cycle motioriT =t;+t, . Speed dependence of the
of the previous time-dependent coverage mod&] with the spa- friction coefficient is attributed to a change in exposure time be-
tially dependent steady-state model of reciprocating confa&is tween contacts, the faster the sliding speed, the less time between
to develop a closed-form time and position-dependent coveragje contacts[lower values oft; ,]. Tables 1 and 2 and Fig. 2
model in a reciprocating contact. Friction coefficients computeshow the nomenclature, equations, and schematic used for this
from the model will then be compared to position-dependent friposition and time-dependent modeling.
tion coefficients from NFC coatings tested at various speeds in dryThe modeling initiates with each position along the track hav-
N,. The friction data were collected by Heimberg et[dl], but ing #=0 coverage for the first forward pass. On the first reverse
only the averaged data were presentefl7in Here, the position- pass, the pin has traveled to the end of the wear track and back to

dependent data are reported and analyzed. the position of interest. During this time the reverse adsorption
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Fig. 1 Recursive relations used in the derivation of the midpoint model. A closed-form ex-
pression for entering coverage for any cycle n (0%) is expressed as a function of initial
coverage 6,, removal ratio A, and adsorption coefficient . 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 vP is an adsorption rate and t. is the cycle time
between the pin passes at the midpoint of the track. The values of vP and A from this figure
are used in the application of the positional and time-dependent model.

Journal of Tribology JANUARY 2005, Vol. 127 / 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.

in eflin =0 - 0
f
1 out 9flout =2 (efun ) - 0
in erlm eflout (1 - eflout ) d ar
r
out grlout = ﬂ’ (erlin ) - }“ar
in | 6 =0+, (1-6,,,) - Aa, +a,(1-Aa,)
£ ;
out | Oprp  =A(6,2) - AMAa, +a,(1-1a,))
l(ﬂar +a,(1 —/la,))+
[ 6., =0 1-6 ‘
2 in r2in f2out + ar ( f20ut) - ar (l _ l (ﬂar + af (1 _ /lar )))
r
AlA 1-4 +
out 9r20ut = }’ (9r2in ) - A ( ar ' af ( ar ))
a, (1 - /l(la, +a,(l —la,)))

fraction «, acts on the nascent portion of the surface from thional removal of films proposed by Blanchet and Saw{&i and
previous pass (% ﬁfom), giving an entering coveragé; of the is of the form 0.0 =M1, where\ is a removal ratio be-
form 6 1), =61, T[1=Oxn, e This process contin- tween\=0 (complete removaland\ =1 (no removal.

ues, forward-reverse-forward-reverse. , asillustrated in Fig. 2. For consecutive forward and reverse passes, the difference in
The change in coverage that occurs when the pin rides oveemtering coverage is given in Table 3 for the first 4 cycles. The
particular locatiorf 0(f,r)m70(f,r)um] follows a model for the frac- change in entering coverage is definede&y= 0y.1— 0y for

forward reverse
a - : tl'
! V, —— <ttty
R SN S S I___»vf Tre Frw o S fme e Powe g
1]||||||1||||||||||||1||||1|“ * —_—
eaf(in)1 =0 position along track ear(in)1 =0 +o,(1 -eaf(out)l)
o=1- e('VPtr)
sites of gas/surface
tf interaction
2]
B2 =02 0w T B2y g yy) O 10202 oty 0 (1-Bagg )
o= 1- e('VPtf)
V, ——
—>V;
NJ N - N7 - .
0, .. =0 +0(1-0 -
BFMN™  2r(out)(N-1) ol ar(out)(N-1)) 8 rimN eaf N N (T ea‘f(out)N)
Fig. 2 Model schematic for position  a The times between contact when moving forward or reverse are trand t,,
respectively. The adsorption fractions for the forward and reverse contacts are a; and a,, respectively. Recur-

sive equations are given for any cycle  N.
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Table 3 Differences of the entering coverage
equations leading to a closed-form expression for the change in coverage for any cycle

(forward or reverse ) A6y between cycle N+1 and N. A pattern emerges from the

N.

forward

Ieverse

A8, =(a,A+a, —aa,i)

A6, =2 (1-a,)(1-a,)Ab),
A6, =2'(1-a,) (1~a,) A8,
A6, =2*(1-a,) (1-a,) A6,

AG,=A(1-a,)Ab,,
Af, =2 (1-a,)(1-a,) A6,
A6, =2 (1-a,) (1-a,) A6,

A6, =1"(1-a,) (1-a,) A6,

Ay =2 (1-a, )" (1-a,)" " a0,

A6, =A% (1-a, )" " (1-a,)" 26,,

any cycleN, where the subscrigfl is understood to meaN;,, . The adsorption fractions are a function of the deposition con-
The patterns for the differences in entering coverage for forwastianty, the partial pressure of the gBs and the exposure time in
and reverse passes in terms of cycle number, removalxatad the forward or reverse directioris,t, . The only difference be-
the forward and reverse adsorption fractiansand «, are given tween the forward and reverse adsorption coefficients concerns
in Egs.(1) and(2), respectively, the exposure time in the direction of trawglandt, . Each posi-
_ _ _ tion along the track has a unique value fprandt, ; only at the
—\2N—=271 _ N—=171 _ N-1 _ r
A= T (1=a)™ (1-a) ™ (ah+ar—arark) 1) Midpoint of the track doe=t, . The coefficientss and P are
@ constants for each experiment and are taken from the time-
A=A 1—a)V Y (1- o )M N+ a;—ara ) (2) dependent curve fits reported in REE7]. Following the work of
The coverage entering the pin contact for forward or rever

Langmuir, these deposition constants are not spatially or time-
. . ' Iependent for a gaseous environment that is compositionally and
travel for any cycle ) is the coverage entering the first cycle iNthermally steady. Equatior(®) and (9) give the closed-form ex-
that direction plus the sum of the differences in coverage up [pessions in a form similar to the position-dependent steady-state
that cycle ), as given by Eq(3). equations for reciprocating motion published [it8], where T
n :tf+tr .

Oct.yn= Ot t Nzl At )N (3

[1_()\2e7VPT)nfl]
[1—)\28_ VPT]

Oin=[1—(1—N)e *Pli—re "PT] (8)
Fortunately, there are closed-form solutions to the summations
in Eqg. (3), and the entering coverage for any cycle with the pin

— _ _ —vPt, _ —vPT
moving either forward or reverse is given in Edd) and (5), On=[1-(1-Me e ]

respectively. [Ae "Phr—e "PT(1—\+\2e Pt ][N2e "PT]" 1
emzc(l_g(nfl)) @ [1-2\% 7]
1-g 9)
b—cdg' ! The first check for the validity of Eq€8) and (9), which are
rn:? ®) spatially dependerithrought; andt, values and time dependent

) ] . (through the cycle numbaer), was to evaluate the limit of these
The variables ¢, g, b, andd) are given in Table 4. The adsorp-fynctions as1—= and compare this to the previously developed
tion fractions can be expressed in a more traditional Langmuifeady-state expressions, which were created by balancing the
form similar to previous models as given by E¢S) and (7) for  geposition and removal rates at steady state. As expected(gEgs.
the forward and reverse cases, respectively. and(9) are identical to the steady-state equations published earlier

a;=1—e "PU (6) [18]. The second check was to verify that this model matched the
time-dependent model developed for the midpditif] when t;
a,=1—e "Pk (7) =t,. The final verification step was to take the limit of the model

Table 4 Expressions for the variables

(c, g, b, and d) used in Egs. (4) and (5). All variables are expressed in terms of the forward
or reverse adsorption coefficient

a;,a, and the removal ratio .

¢ | Aa,(1-a,)+a, (1= )e ™ +(1_e_vp,f)
g |(1-a,)(1-a,)2’ VP P 2

b | Aa,(1-a,)+e, /l(l—e—m’ )e‘"”’ +{1-e™")
d |A(l-q,) Ao~
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coefficient of friction vs. position
(sliding speed 30 um/s)
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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.

asn—o whent;=t, and compare this to the steady-state pin-ortion coefficient rises in proportion to the coverage. Figure 1 shows
disk model[15], which was again developed by balancing théits to the data irf 7] using the model discussed in detail[iti7].
deposition and removal rates at steady state. In all of these case3he present model of spatially resolved friction behavior, how-
the model was able to be expressed in an equivalent form to tineer, provides a far more detailed picture of the competitive rates
previously developed models. Fig. 3 shows the progression of tbie Langmuir adsorption and fractional removal, which can be
time- and position-dependent results of the model derived hdested against NFC versus NFC data. During the experiments re-
and compared the average friction coefficient of the model to tiperted in[7], friction coefficient versus pin position data were
time-dependent predictions of the midpoint reportefilii] using taken. Figures 4 and 5 present the position- and cycle-dependent
the same parameters. friction data and the presently derived model. The model curves in
To predict friction coefficients at specific pin locations, the avFigs. 4 and 5 use the parameterd( \, uo, andu,) determined
erage coverage within the contagis calculated according to Ref. from the time-averaged modelifig7], and no further curve fitting
[16]. The friction coefficientu is then calculated using the linearwas performed.
rule-of-mixtures[Eq. (10)] with wy and i, being the friction co-
efficients for the nascent surface and coverage, respectively

Y, - cycle 19 _
m= ot O(pm1— po) (10) 0.08 y — foward
Experimental values for, and u, are obtained in the case of 007}
NFC films by using the lowesty and highesiju, friction coeffi-
cients realized in the self-mated series of tests in dry nitr¢gen _ 006 30 um/s
The values foru, and u; were also left as free parameters in g
model fits performed ifi17], but the fit values did not vary sub- & 005}
stantially from the experimentally obtained values, so the exper§
mental values are used. § 004F L/ soum/s
k5] -
E 003}
Results and Discussion 002k 100 um/s
The results of Heimberg et dl7] on NFC sliding couples dem- RN NN _ RN
onstrated that achieving superlow friction coefficienis<{0.01) 001 g I e e 513 MY
required that the NFC versus NFC interface be “wiped” fre- 0.00
quently in a relatively moisture-free atmosphédey N,). In this 0 0 1 5 3 2 5

friction regime, as shown in both low-speed sliding tests and time
delayed high-speed sliding tests, the friction coefficient rose after
each cycle of sliding, as predicted by the Elovitch mdd@land  Fig. 4 Model comparisons to friction coefficient data for cycle
the Langmuir mode[17]. The latter model shows that when the19/20 at multiple sliding speeds. All model parameters are
“wiping” rate is lower than the gas-surface interactions, the fricgiven in Fig. 1.

track position (mm)
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0.08 - 30 um/s sliding speed ated here, the expressionBt; andA are always between 0 and 1. |
The first few terms of the series expansion of an exponential is
0.07 given in Eq.(11).
- 0.06- cycle 19 - N 2 g3 N 11
= =1- a7t ...
g 005 € S TRRET (11)
b : :
S 004l For the case of a fractional value sf the higher-order terms of
5 the expression are alternating in sign and small in comparison to
S g3l the first-order terms. Substituting the first-order terms from the
= exponential into the expression forand simplifying yields,
002
—WPT 2vP
0o1f — foward c=[AM1-e " D]+ (1-N—~|a (12)
- RVErse
0.00 5 1 3 3 p : The terms in the square brackets of Ftp) are constants for any
track position (mm) given test. While the analytical expressions were used in the
model fittings, the above order-of-magnitude analysis describes
Fig. 5 Model comparisons to friction coefficient data from the linear appearance of the model curves.
multiple cycles at a 30 um/s sliding speed. All model param- The monotonic rise in experimental curves in the loy (

eters are given in Fig. 1. <0.05) friction regime may be due to surface chemical or physi-

cal effects, in addition to coverage. These effects may include
defect formation, defect annealing, and film formation, some of
] ~which have been identified in atomic-scale friction studies
Figure 4 shows the model curves and data along the reciproqatg 2(j.

ing length for cycle 19/20 under multiple sliding spe€ties con- ~ There are also some differences between the model curves and
dition was assumed to be nearly steady stdtegure 5 shows the data. A striking difference is the trend in the data for the friction
model curves and data for multiple cycles during a single slidinghefficient to be higher at both the beginning and end of a cycle at
speed. The data at the first and last 0.5 mm of track length wefgyher friction levels f>0.05). For these cases the model fails to
discarded due to the reversal zones, as discussgtBInThe X gescribe the spatially resolved friction data. The friction coeffi-
marks in Figs. 4 and 5 correspond to the crossing points in tBRnt near the turnaround points is higher than in the middie of the
model, where the friction coefficient was the same in the forwasghck, independent of direction of travel. Clearly, the friction co-
and reverse motion directions for a specific cycle; at steady staifficient is not proportional to surface coverage, as it was in the
this is at the midpoint. superlow friction regime.

_There are similarities between the model curves and the dataThjs behavior in the high friction>0.05) regime may be due
First, the model tracks the midpoint friction coefficient data welko third bodies. Investigators have reported that transfer films are
Second, the crossing point of the friction coefficient between thgrmed during sliding against DLC coatings in this friction regime
forward and reverse directions of motion for a given cycle occu 91,22 and with NFC coatings against non-NFC-coated counter-
in similar locations along the track in both the model and data. ces run in dry |>| [23] In contrast, transfer films have not been
Fig. 4, the crossing points are located at approximately the migetected with NFC versus NFC coatings in the superlow friction
point of the track, when the model has reached steady state fgfime[3,7]. The generation of transfer films at the higher friction
multiple sliding speeds. As shown in Fig. 5, the crossing point feiefficients indicates that gas-surface interactions promote detach-
a single sliding speed progresses from the extremity of the waaknt of material at the sliding interface. A gas could disrupt the
track toward the midpoint as the friction coefficient progressgsassivating bonds at the nascent surface or produce surface films
toward steady state. that detach intact. The likely gas culprit is,®, known to raise

In the low friction regime {<<0.05), both the model curves the friction coefficient of hydrogenated carbon coatif@4). In
and the data show nearly linear variations in friction coefficiendity tribometry has recently provided direct evidence that sliding
versus track position, with a higher friction coefficient beingygainst DLC coatings in humid air produces thicker transfer films
found at the end of a cycle and lower friction coefficient at thgnd higher friction coefficients than in dry 4#2]. Thus, moisture
beginning. Additionally, friction coefficients at a position on thgjkely promotes particle detachment, which requires extra energy
track after the crossing point during forward motion are highg{nd raises the friction coefficient.
than the values at the same position after the turn around, duringsinally, although the model does not describe the higher friction
reverse motion. This difference in friction coefficient is due to thBehavior, one of the fit parameters in the model Suggests Why the
fact that for a specific track position past the midpoint, the expériction behavior changed. As seen in Fig. 1, the fraction removed
sure time between pin contacts is longer in the forward than in thg each pass (% \) approaches 0 for the slower sliding speeds,
reverse direction of travel, and the removal ratio is less than uniyhen the friction coefficient rises the most. The model cufta$
Longer exposure time to the environment allows more adsorptigid data for both the multiple sliding speeds and dwell experi-
and/or interaction to occur, resulting in a higher coverage amgents[7] leading to higher friction have been reexamined. Instead
friction coefficient. ) o ) of looking at the fraction removed (1)) as a function of sliding

The linear variation of the model curves is surprising given thapeed, the removal ratid as a function of steady-state friction
the surface coverage expressions have exponential dependengigstficient was examined. No additional model fits were per-
The forward-direction-entering coverage expression given in Egymed. Figure 6 shows that as the friction coefficient climbed
(4) is eXamined to illustrate Why the model curves appear ”ne%ward 0.12 (\) approached a value of 1. Thus the model Suggests
Cycle dependence enters through giein Eq. (4). Position de- that as the friction coefficient increases, it becomes harder to con-
pendence occurs in the of the expression. From Table 8, tinuously remove the product of the gas-surface interaction by
=A(1—e "Pr)e P+ (1—e "P%), which can also be written wiping. As continuous removal becomes less likely, removal
asc=1—(1—\)e "Pi—xe "PT. The only term that is track- could become discontinuous, for example, by coating fracture.
position @, following the nomenclature in Fig.)Zependent in However, surface analytical studies will be necessary to determine
the expression i$;, which can be expressed gs=2a/V for a the actual physical changes that accompany the transition from the
constant speed. Note that for the experimental conditions evalusuperlow to the higher frictio0.05 and upregime.
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