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Abstract

Global application of bulk wear models, originally developed for monolithic bodies, to pre-deposited thin films and coatings can lead
to the paradoxical prediction of wear removal rates exceeding the rate of film introduction into the tribological contact. A thin-film wear
model is developed which resolves this paradox through differential wear model application, coupled with the fractional nature of such
thin films which may exist as they are worn through and the corresponding fractional normal load that film supports. The model predicts
the state of the wearing film as a function of position within the contact. A corresponding description of friction coefficient of contacts
of such wearing fractional thin films is also developed, for purely sliding as well as combined rolling/sliding contacts. Furthermore, it is
demonstrated that prediction of film state through the contact, from inlet to exit, enables subsequent prediction of the evolving global wear
and friction behavior with time. The model is compared to examples of experimental friction data for thin films taken from the literature.
The manuscript closes with a discussion of extension of the model to cases where such thin films are continuously replenished, such as in
vapor phase lubrication. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction adsorbed films on silicon nitride, Ishigaki et al. [2] found
friction coefficient to asymptotically approagh= 0.8 from
Wear behavior of a material is commonly characterized an initial value ofu = 0.25 over a period of several tens
with quantities, such as dimensional wear coefficignt  of cycles of repeated sliding. Describing similar adsorbed
(m3/Nm), deriving from an Archard model where wear vol- thin films Zaidi et al. [3] hypothesized the gradual varia-
ume increases linearly with product of normal lo&g)(and tion of friction coefficient over a range of values to result
sliding distance. Wear coefficients are typically determined from films only covering substrates fractionally, with upper
from tests, and subsequently utilized in applications, using or lower bounds of this range representing friction from bare
bulk materials. However, extension of such wear models substrate or continuous film. Consideration of this fractional
to thin solid films can prove paradoxical. For example, in nature of coverage, and therefore, the amount of the total
a pin-on-coated disc contact with coating thicknbsand normal load borne, by surface film will be important in tribo-
wear track widthw sliding at speed/, coating volume is logical model development here. However, this aspect alone
being introduced into the contact at ratéu(). Global ap- will not resolve the previously stated paradox, as the rate of
plication of the wear model to the contact, however, would film introduction into the contact and the potentially greater
predict a rate of coating volume removH,V) that at rate of film removal as predicted by global application of a
high normal loads may exceed the rate of coating volume wear model would both be reduced by the same fraction.
introduction, especially for thin films. This paradox is resolved through applying wear models
As a thin film wears, friction of the contact is often ob- to the thin film differentially through the contact instead of
served to go through a gradual transition. For example, in globally. By this approach, an expression for film fractional
room temperature tests of thin(2n) silver coatings on alu-  coverage as a function of position within the contact and
mina disks Erdemir et al. [1] reported an increase in coeffi- inlet fractional coverage will be developed, from which a
cient of friction from an initial value ofx = 0.17 towards rule-of-mixtures approach is derived to predict global fric-
an upper bound oft = 0.6 over a period of several hun- tion coefficient. Considering that exit fractional coverage
dred sliding cycles. Likewise, in the study of much thinner becomes inlet fractional coverage for the subsequent sliding
cycle, evolution of friction, fractional coverage and, there-
* Corresponding author. Tek:1-518-276-8697; faxi1-518-276-2623. fore, wear with time are also described for thin tribological
E-mail address: blanct@rpi.edu (T.A. Blanchet). films.
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Fig. 1. One-dimensional surface model within a contact region of widtand lengthL, with surface film of fractional coverag¥(s) decreasing with
increasing distance through the contact due to wear, fra at the inlet toXe at the exit.

2. Model development normal load borne by the film. Eq. (3) may be rearranged
as an explicit description of film fractional coverage.
2.1. Instantaneous pure sliding contact s
K
X(s) = X; exp{——/ p(s/)wds/} (4)
A model of that portion of a wear track, fractionally cov- wJo
ered by a film of thickness and moving at speed, instan-  \yhere x; = X (0) is the inlet fractional coverage. Since the
taneously within a one-dimensional contact region against integral of p(s')w ds’ through the entire contact to the exit
an uncoated stationary countersurface is illustrated in Fig. 1. (s = L¢) is by definition the total normal loaieh, despite the

The wear track has widtir and the contact region has length - ¢nctionality of p(s), the exit fractional coverage is always
L¢, with film fractional coveragé&(s) decreasing as a func-

tion of positions through the contact fronX; at its inlet to Xe= X(Lo) = Xi e Fa (5)

Xe at its exit due to film wear. Application of a wear model

to a differential element of contact region of lengtiscen- ~ whereFyy = Fnx/w is a representation of non-dimensional
tered at positiors would predict a volume rate of film wear normal load.

KX(s)p(s)wAsV, wherep(s) is contact pressure and, thus, With regards to friction modeling, while the film supports

p(s)wAs is the normal load upon the differential element normal loadX (s) p(s)wAs within the differential element,
such thatX (s) p(s)wAs is the portion borne by the film. As  regions of bare substrate supp@tt— X (s)) p(s)wAs. Re-
shown in Eq. (1), this wear rate must balance the difference gions of bare substrate are characterized by friction coeffi-

between the volume rates of introductiomVX(s — As/2) cient us, while i characterizes regions where a lubricous
and departurevhVX(s 4+ As/2) of adherent film at either  film (or layer) is adherent. It is assumed that detached film
end of the differential element. debris are ejected from the contact and do not provide lubri-
cation to regions of bare substrate as entrapped third bodies
As As tersurface transfer films. Th licability of this as-
whVX [s— =2 ) — whvX (s + =2 ) = KX(s) p(s)wASV or countersurface transfe s. The applicability of this as
2 2 sumption will depend upon the specific tribosystem under
Q) study.

) ) o o The friction force resulting from the differential element
Note that such differential application removes the thin-film s the sum of contributions made by regions of lubricous film

wear paradox, since the rate of film wear will necessarily and bare substrate, each being their product of characteristic
be less than the rate of film introduction into the differential riction coefficient and normal load supported.

element asAs approaches zero. ASX = X (s + As/2) —
X (s — As/2) is the change of fractional coverage over the AF; = | X(s)p(s)wAs + us(1 — X (5)) p(s)wAs (6)

element, Eqg. (1) may be rearranged as a differential equation.
Global friction force will be the integral of this quantity over

dx K @) the entire contact, and global friction coefficient is produced

=—— ds
X (s) whp(s)w ' upon division by total applied normal load.
Integration results in B [dF L w Lc( ( X)) d
C / =R —Fnol/-s Hs — pL)A(S))pls) ds
InX(s)—InX(O)z—E/ p(sHwds 3) w [Le
0 = s — (us — ML)F/O X (s)p(s) ds @)
n

wheres' is a dummy variable in this integration from the

inlet (s" = 0) to the position of interess), andk = K/h Though other one-dimensional pressure distributipfs},
(units of nf/Nm) is a modified wear coefficient representing such as the semi-elliptical Hertzian profile may also be
area of thin film removed per product of sliding distance and considered, the simplest case of uniform contact pressure
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104~ *:uzl_xi—* (10)
2 . Ms — KL Fy
% 02 E with lower limit u* = O representative of continuous thin
E 3 film coverage and upper limit* = 1 representative of
2 ] completely bare substrate.
00 Fn*=100 Interestingly, friction coefficient is described as a function
“or 8% ok oE @& g of normal load, in addition to inlet film fractional coverage,
s* as also depicted in Fig. 3. The approachudftowards its
(b) maximum value of 1 as normal load becomes large can be

seen upon simple inspection of Eq. (10), and understood to
Fig. 2. Film fractional coverag¥ as a function of non-dimensional posi-  result from nearly complete removal of the film within short
tion 5™ = s/Lc within purely sliding contacts: (aX(s") for various inlet — distances beyond the inlet as seen in Fig. 2b. The approach of
flg‘r’rir:lgliﬁ d;tf?f n = 0.5 and (D)X(s")/X; for various non-dimensional .« yo\yards (1— X;) as normal load becomes diminishingly
n small can be seen upon application of I'Hopital’s rule to
Eq. (10), and can be understood %) nearly remaining
uniform atX; throughout the contact (as also seen in Fig. 2b)
p is used here as an example. In such a case, Ed. (4)que to negligible film wear. As a resylt* should approach

provides (1 — X;j), the value of nearly uniform area fraction of the
X(s) = Xi o Fis® ®8) bare substrate leading to the higher friction.
where s* = s/L. represents non-dimensional position 2.2. Instantaneous combined rolling/dliding contact

through the contact. Fig. 2a and b depict distributions

of fractional coverage of the wearing film through the A model of a one-dimensional combined rolling/sliding

contact as functions of inlet fractional coverage and contact, with both surfaces possessing fractional thin sur-
normal load described by Eg. (8). WitkX(s) avail- face films, is shown in Fig. 4. The two surfaces are distin-
able, Eq. (7) provides an expression for global friction guished as ‘a’ and ‘b’, with related quantities correspond-
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Surface Velocity Normal Load {Xa(s) + Xp(s) — Xa(s)Xn(s)} is supported on film which
A Fn may exist either on surface a or b, while the remaining frac-
xe%“*—-\\ Xi, tion {1— (Xa(s) + Xp(s) — Xa(s) Xp(s))} is supported where
’ = bare substrate areas on each surface contact one another.

=Wp Thus, the friction force contributed by this incremental

— 4 contact region is
Surface Velocity xea X
v, ia AF; = pL{Xa(s) + Xp(s) — Xa(s)Xn(s)}p(s)wAs

Fig. 4. Schematic view of wear tracks on two bodies (a and b) forming Fis{l = (Xals) + Xb(s) = Xa($) Xp($))}p(s)wAs

a combined rolling/sliding contact, with film fractional coverages at the (14)
contact exitXe being reduced from those at the contact infetdue to
removal by wear. The total friction force would be the integral of this quantity,

with global friction coefficient produced upon division by

: . . . . total normal load
ingly subscripted. As in the analysis of the purely sliding

contact, a differential continuity analysis is performed on [ dF; _ w [Le
an incremental element of the contact region, balancing the” = Fn Ms = (ns = “L)Fn o {Xa(s) + Xb(s)
difference in rates of introduction and departure of adher- — Xa(s)Xp(s)} p(s) ds (15)
ent film with the rate of removal by wear. Such a balance is
performed for each body. For the case of uniform contact pressyxeintegration of
Egs. (12a) and (12b) yields expressions for distributions of
whVaXa (s — %) — whVaXa (S + %) film fractional coverage of each surface.
Vi
= KXa(s) p(s)wAs(Va — Vp) (11a) Xal(s) = Xi, exp{—FrT (1 - vb) s*} (16a)
a
A A V.
whVp Xp (s — 7S> — whVpXp <s + 7S> Xp(s) = Xj, exp{—F,T (Va — 1) S*} (16b)
b
= KXp(s) p(s)wAs(Va — Vb) (11b)

With film fractional coverage distributions in place, an ex-
Note a convention of this model is that the higher speed pression for friction coefficient for this example case of uni-
surface is designated ‘a’, as wear rates are positive. Furtherform contact pressure may be produced by performing the
more, it is presumed that the motion of each surface is alongintegral in Eq. (15)

the same direction, so thét; > Vi > 0. (Xi[a](1—e—"(Fn/’”)((1‘(V[b]/V[a])))

K (Fn/w)(1— (vl vialy)

As performed in the pure sliding case, the continuity anal- w=1—
yses of Egs. (11a) and (11b) are rearranged into differen-
tial equations from which expressions are generated for film

. . o [b] —k (Fy yial ybly_g
fractional coverages as functions of position through the Xi"(1-e U/ (VE/VEI=0)

contact region. + k(Fn/w) (VI vbly — 1)
s b — ke (Fa/w)((vI vl _ylb] / ylal
Xals) = xiaexp{‘£ (1— E) J p<s'>wds’} (12a) _XEXP e VRV VED)
w Va/ Jo Kk (Fp/w)((Val/yblhy_(ybl/yial))
V. s 17
Xp(s) = Xi, exp{—£ <7a — 1)[ p(sHw ds’} (12b) . (1)
WA Vb 0 Note settingXi[ ] andV, both equal zero, all equations for

Regardless of the functionality of the contact pressure dis- fractional coverage of surface ‘a’ as well as resultant friction
tribution, integration of Eqgs. (12a) and (12b) to the exit of coefficient from this combined rolling/sliding analysis revert
the Contacti = LC) a|Way5 y|e|ds exit fractional coverage to those from the DFEViOUS analysis of purely S|Id|ng contact.
expressions
y 2.3. Time-dependent analysis
Xe, = Xi, exp{—F,T <1 - —b)} (13a)
Va To predict evolution of fractional coverage of thin films
Va due to wear, as well as resultant evolution of friction, one
Xe, = Xiy, exp{—FrT (7 - 1)} (13b) simply has to consider that exit fractional coverage from
b one cycle becomes inlet fractional coverage for the next. For
With regards to modeling friction, of the normal load the case of purely sliding contact, such evolving fractional
p(s)wAs exerted on the incremental element, the fraction coverage can be illustrated by the contours selected within
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Fig. 2a for an example witl¥;¥ = 0.5. Fractional coverage

which first enters the inlet witlX; = 1 exits with X¢ =

0.6065. When this returns to the contactgs= 0.6065 the
subsequent cycle further reduces it = 0.367. The next
cycle produces(e = 0.222, and so forth. From Eq. (5), the
inlet fractional coverage for any arbitrajth cycle may be
determined from its value during the previous sliding cycle.

XI(]) _ e—FrT
Xi(j -1

(18)
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Fig. 5. (a) Evolution of (a) inlet film fractional coverag&(n); and (b)

35

normalized friction coefficient.*(n), with increasing sliding cyclen for
a purely sliding contact with initially continuous surface filii; (0) = 0)

at various non-dimensional normal loa#§.

Thus the evolution of inlet fractional coverage from its initial
valueX;(0) for the zeroth cycle t&;(n) for thenth cycle can
be developed as

v (KDY (Xi@N X))

Xi(n =1 Xj(n)
(xi=2) (70 o5)

= Xi(0)(e"f")" = X;(0) e "n (19)

Substitution into Eq. (10) produces an expression for the
time-dependent friction coefficient, specific to the case of a
purely sliding contact of uniform contact pressure.
_F*
w*(n) =1-X; (0)1_L e " (20)

Fy
This evolution of fractional coverage and resultant friction
coefficient for sliding contacts with initially continuous
(Xi(0) = 1) thin films is displayed in Fig. 5a and b, respec-
tively, for various normal loads. In each caseapproaches
zero andu™* approaches unity asymptotically with increas-
ing numbers of sliding cycles. Response for initial fractional
coverages less than unity are described by considering only
regions of Fig. 5a and b to the right of tixeaxis location
corresponding to that desired initial fractional coverage.

3. Discussion and closing remarks

Consideration of the potential fractional nature of thin tri-
bological films coupled with differential wear model appli-
cation enables description of removal that is non-paradoxical
(predicted wear rate does not exceed the rate of material in-
troduction into the contact). It also enables description of
friction that gradually transforms from that of the film to that
of the bare substrate, as has been observed experimentally.
For example, the shape of the friction record for silver film
under 10 N load at room temperature presented by Erdemir
et al. [1] is similar to those predicted and presented in Fig.
5b, and would correspond to wear behavior approximated
by Fy = Fnax/w = 0.01. The shape of the friction record
for the adsorbed films measured by Ishigaki et al. [2] under
repeated sliding at 0.25 N load more nearly matches the pre-
dicted behavior foF;; = Fhx/w = 0.1. In comparing these
values, it must be kept in mind that= K /&, and that the
adsorbed films have extremely small thicknbss

Regarding the studies of Ishigaki et al. [2], it should
be considered that surface films are being adsorbed from
the surrounding environment, and that replenishment of ad-
sorbed film may proceed simultaneously with film removal
by wear. Though this replenishment may be negligible in
cases of immediately repeated sliding cycles, as dwell peri-
ods of increased duration were interposed between sliding
cycles, friction increased less rapidly with increasing slid-
ing cycles and settled to lower steady-state values. In light
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of concepts considered here, such steady-state friction coef4riction coefficientsu™ = 1 andu* = 0 will instead simply
ficients intermediate those for continuous thin film and bare represent limits of low and high friction, respectively.
substrate . andus, respectively) may be interpreted to re-

sult from stabilized non-zero inlet fractional coverages that

are restored each sliding cycle before re-entering the con-Acknowledgements
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