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Abstract

Amodel of fractional coverage in reciprocating sliding contact is developed. The sliding velocity profiles, the contact pressure distribution,
the lengths of the slider or wear-track, and the periods of dwell where the slider is held stationary at the turn around locations are all variables.
The model is evaluated for the condition of a constant fully reversing sliding speed with a uniform contact pressure and dwell. Plots are
presented for surface area fractional coverage as a function of position illustrating the effects of individually varying vapor pressure,
velocity, load, and dwell. The prediction of a steady state friction coefficient dependence on position is discussed, as well as the locations of
maximum and minimum friction coefficient. The model predicts coverage to be enhanced by decreasing loads, decreasing sliding speeds,
increasing gas pressures, and increasing periods of dwell.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction fect sliding friction[34—42] sometimes favorably and other
times adversely.

Some of the early work on boundary lubrication used lin-  Closed form analytical models are developed to predict
ear rule-of-mixtures in friction coefficient to model the pro- the behavior of friction coefficient in steady-unidirectional
cess of fractional lubricant adsorption, Bowden and Tabor sliding and steady combined rolling and sliding cont$203
[1] and Kingsbury[2], with perhaps the earliest empirical (shown inFig. 1). These models were successfully applied to
modeling being done by Isemui3]. Isemura found anearly ~ various vapor phase lubrication systems. The development
linear dependence on friction coefficient with the fractional of these models relies on a stationary location of contact un-
area of a neutral-soap on glass plates. The first known mod-der steady operating conditions. Thus, these models are not
eling of the vapor lubrication (to these authors) is the work easily extended to the case of reciprocating motion. Recip-
by Rowe [4] who modeled wear-rates assuming the sur- rocating pin-on-disk tribometers are an extremely common
face coverage was a function of pressure and temperature (daboratory apparatus, especially in studies of environmen-
Langmuir adsorption mod¢b,6] was used). tal friction dependenc§0,26,27,30,31,36]The analytical

Since this early work, there have appeared a numbermodels developed for pin-on-disk and combined rolling and
of examples where a gaseous environment interacts withsliding contacts cannot be directly applied to these studies
a bearing surface to form solid lubricous films that are except at the mid-stroke location. The position dependent
being replenished as they wear away: using carbonaceouslata, most likely being collected by researchers doing recip-
gaseq7-20), phosphate containing vapdi&l—-27] hydro- rocating pin-on-disk work, is not being published presum-
gen sulfide[28-31] and the vapor delivery of monomers ably because of the difficulty of developing models for this
[32]. When the interaction is favorable, it is often called motion and interpreting the results.

‘vapor-phase [ubrication’, which was cursorily reviewed by
Rao[33]. Similarly, there are a number of studies where a
gaseous environment interacts with a material surface to af-2. Modeling

* Corresponding author. Tek:1-352-392-8488: fax:1-352-392-1071. To bridge the gap between the models developed and
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Combined Rolling/Sliding

Pin-on-Disk

Fig. 1. Two different apparatuses for which steady-state solutions have been developed for fractional vapor-phase lubrication.

ing contacts with the experimental work on reciprocating is defined: the superscripts f and r refer to the arbitrarily de-
tribometers, the model needs to predict friction coefficients fined forward and reverse motion, respectively. A schematic
at each location along the path under steady operatingofthe deposition and removal process for reciprocating con-
conditions. This is done by applying the previous models tacts is shown irFig. 2 Fig. 3illustrates variables unique
differentially through the entire path of the reciprocating to this modeling. The model can be non-dimensionalized
tribometer. The reciprocating motion is assumed to have afollowing the techniques previousl20], but is not done
sliding velocity that fully reverses during each cycle. for this short communication.

The model closely parallels a successful model for com-  The model begins with the assumption that the deposition
bined rolling and sliding contacts as well as pin-on-disk products are thin fractional films. Applying Archard’s wear
contactg20]. New nomenclature for the reciprocating case law differentially through the contact Blanchet and Sawyer

Normal
Load

Deposition
occuring within
the wear-track

Fig. 2. A schematic of the reciprocating pin-on-disk contact.
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Fig. 3. A schematic of the nomenclature for the reciprocating pin-on-disk contact.
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[43] developed a model to predict the surface area fractional 3. Results for the case of uniform sliding speed,

coverage exiting the contacXd) as a function of the width
of contact (), the normal loadK,), the dimensional wear
coefficient of the film K), and the entering (or inlet) surface
area fractional coverag&(). Applying this model to a dif-

uniform pressure, and dwell

The case of uniform sliding speed and pressure are dis-
cussed, which mathematically implies infinite acceleration

ferential element that has a different inlet fractional cover- and deceleration of the counterface at the reversal locations.
age depending on the sliding direction (forward or reverse), However, because the model neglects the areas of counter-

givesEgs. (1) and (2)
f f (-
XL = X! g(=K/w)Fn

1)
()

The Langmuir deposition mod§h,6] is invoked to predict
the entering (inlet) fractional coverage on a differential el-
ement[20]. The model is a function of the exiting surface
area fractional coverage§), a deposition constant), the
partial pressure of the gaB)( and the time of exposuré ().

®3)

Xre — Xlr e(=K/w)Fn

f —vP(T"
X =1-@1-x)evl)

X =1-(1—xherra (4)
Egs. (1)—(4)re solved for the inlet fractional coveragg)(
In Egs. (5) and (6}he time of exposure is separated into a
component of time during which the slider is movirif (or

T') and the amount of time that the slider spends stationary ¥ Jo w

at the reversal locations (dwetll).

1+ (e F — 1) e VP(T'+D) _ o—VPT o—F}

f
X 1_ e WPT o2k

(5)

X 14+ (e*FrT —1) e VP(T'+D) _ g~VvPT o—Fy
i~ 1_ e VPT g2F;

(6)

A normalized load variableF; is defined as,F; =
(K/w) Fy. The periodT is defined agd” = 7"+ 7 +2D. The
return timesTf andT" are specific to locations on the wear
track @), and are functions of the velocity profil¥(g)), the
length of the reciprocating wear trackg), and the length
of the slider [s). This is found as usinggs. (7) and (8)

face under the reversal locations this steady sliding speed
analysis assumes that the controllers are able to completely
accelerate or decelerate the counterface during this period.
Under the condition of uniform sliding speedj, Egs. (7)
and (8)are simplified to givéegs. (10) and (11)yespectively.

a—(Ls/2) 1 2 Ls
T (@) =2 Zds=— (a—= 10
@ /0 Vo ’ Vo (a 2 ) (10)
Lr 1 2 L
Tr(a)=2/ —ds:—(LR—a——S> (12)
a+(Ls/2) Vo Vo 2
2
T:Tr+Tf+2D=7(LR—Ls)+2D (12)
o

Under the conditions of a uniform-pressiPg the integral
in Eq. (9)is simplified to:

_ s

P (13)

Starting from an arbitrarily definedstandard condition’
(Table ). Predictions of the average fractional coverage un-
der the slider at specific track locations to variations in the
normal load, sliding speed, dwell time, and vapor pressure
are plotted. Predictions of the inlet fractional coverage, aver-
age fractional coverage, and exiting fractional coverage for
any slider positiond) for forward and reverse directions is
shown inFig. 4 The model shows that the local surface area
fractional coverageX) during the reverse motion is a mirror
of the surface area fractional coverage during the forward
motion, as described iBq. (14)

X"(a) = X' (Lr — a) (14)

‘ a—(Ls/2) 1 The average fractional coverage in the forward direction of
T = 2/ ) ds (7 travel will be presented for the model predictions to changes
0 ] in parameters from thestandard condition'.
_— fLR 1 ds ®) _ In_creasing load decreases fractional coverage, as s_hown
(L2 VI(S) in Fig. 5. As the load approaches zero, the average fractional
The fractional coverage of a differential elemeK) that T
. . . able 1
travels a distancé through the contact is described bY giandard condition
Blanchet and Sawydr3]. The attached coordinateruns K (m/N) 10x 104
the length of the contact arf’ is the local contact pressure. ¢ () 100
X, = Xi, e K/w fg o) d (9) \L/E ((Trf)) 261
Ls (cm) 1
Using Egs. (5)—(9) the fractional coverage on each differ- w (cm) 1
ential element under the slider, and the average fractionalD (s) 1
coverage under the slider, can be found for any location of ;(('g:)as)) 26%%1

the slider.
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Fig. 4. The standard condition for the variation in surface area fractional covetpgeétli central slider location in the forward are reverse travel directions.

coverage approaches unity, and as the load approaches ininlet fractional coverage approaches unity and the removal of

finity, the average fractional coverage approaches zero. coverage approaches some constant value; thus, the average
Increasing sliding speed decreases the average fractionafractional coverage approaches some constant value. At very

coverage, as shown Fig. 6. At very low sliding speeds, the  high sliding speeds, the time of sliding becomes negligible
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Fig. 5. Variations in average surface area fractional cove¥agéth position for the forward sliding direction varying normal load from 1 to 1000 N.
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Variations in Sliding Speed Vo (m/s)
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Fig. 6. Variations in average surface area fractional coveXagéh position for the forward sliding direction varying sliding speed from 0.001 to 100 m/s.

compared to the dwell time; thus, inlet fractional coverage the average fractional coverage is equal to zero because there

will approach a constant value determined by the depositionis no deposition.

that occurs during the dwell periods. Increasing dwell time increases the average fractional
Increasing the gas pressure increases fractional coveragecoverage, as shown fig. 8 As the dwell time approaches

as shown irFFig. 7. At very high gas pressures, the inlet frac- infinity, the inlet fractional coverage approaches unity

tional coverage approaches unity and the removal of cover-and the removal of coverage approaches a constant value;

age approaches a constant value; thus, the average fractionahus, the average fractional coverage approaches a constant

coverage approaches a constant value. At zero gas pressur@alue.

Variations in Gas Pressure P (Pa)
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Fig. 7. Variations in average surface area fractional covexagéh position for the forward sliding direction varying the gas pressure from 10 to 5000 Pa.
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Variations in Dwell Time D (s)
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Fig. 8. Variations in average surface area fractional cover¥agéth position for the forward sliding direction varying dwell time from 0 to 100s.

4, Discussion a normalized friction coefficien(*), respectively.
o o , o pw=pLX+ pus(l—X) (15)
The friction coefficient at any slider location is a func- P
tion of the average surface fractional coverag@ @nder w'=-———=1-X (16)
the slider and the friction coefficients of the nascent mate- Hs = KL

rial (us) and the lubricant materialk( ). Egs. (15) and (16)  For the previously describedstandard condition”, predic-
give expressions for the average friction coefficignt énd tions of the friction coefficient history of a reciprocating

FrictionTrace

N\ N N\

/
/
/

\
\
\
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o
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time (s)

Fig. 9. A predicted normalized friction coefficient trace for the standard condition.



WG. Sawyer, PL. Dickrell /Wear 256 (2004) 73-80 79

sliding test is shown ifrig. 9. The model offers insight into  [15] J.L. Lauer, S.R. Dwyer, Tribochemical lubrication of ceramics by
the occurrences of high friction near the reversal locations  carbonaceous vapors, Tribol. Trans. 34 (1991) 521-528.

ot ; e ; 16] J.L. Lauer, B.L. Vicek, B.L. Sargent, Wear reduction by pyrolytic
and the variation in friction along the wear track during a |
9 9 carbon on tribosurfaces, Wear 162 (1993) 498-507.

reciprocated sliding experiment. [17] J.L. Lauer, T.A. Blanchet, Lubrication by components of engine
Similar to models developed before for vapor phase lubri- exhaust—a new concept of solid lubrication, SAE Trans. J.

cation, the use of this model requires values of the lubricant Commercial Vehicles 102 (1993) 431-436.

film depositions coefficient{ and island area wear-rat€)( [18] W.G. Sawyer, T.A. Blanchet, S.J. Calabrese, Lubrication of silicon

o nitride in a simulated turbine exhaust gas environment, Tribol. Trans.
Such parameters may be found through curve-fitting sets of 40 (1997) 374-380.

spatial friction data from reciprocating sliding experiments. [19] W.G. Sawyer, T.A. Blanchet, High temperature lubrication of
combined rolling/sliding contacts via directed hydrocarbon gas
streams, Wear 211 (1997) 247-253.

[20] W.G. Sawyer, T.A. Blanchet, Vapor-phase lubrication in combined
rolling and sliding contacts: modeling and experimentation, ASME
J. Tribol. 123 (2001) 572-581.
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