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theory of bending. The model estimates the magnitude and direction of the frictional force, the
pin torque, the probability of asperity contact and the real area of contact distinguishing
between the part due to elastic and plastic asperity contacts respectively. Therefore, the
proposed model is suitable for the prediction of adhesive wear. It can be applied to metal
contacts for conductance characterisation through the plastically deformed asperities which is
of great interest for electrical contact resistance studies.
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1. Introduction

The pin-on-disc configuration is a common test for the study of sliding wear. The pin on disc tester measures the friction and
sliding wear properties of dry or lubricated surfaces of a variety of bulk materials and coatings [1]. For polymer testing, special pin
on disc machines is used to report the wear rates produced using different pin-on-disc configurations [2]. Two basic pin-on-disc
configurations are typically found depending of the loading of the pin along its major axis, which can be either in a direction
normal (horizontal configuration) or parallel (vertical configuration) with the axis of rotation of the disc[2]. If the rotation of the
pin is controlled by an actuator two new categories appear “horizontal configuration with imposed pin rotation” and a “vertical
configuration with imposed pin rotation” respectively [3]. The interest of the former machines is that kinematically they are
generalisation versions of the usual pin-on-disc machine where the pin is fixed. The kinematic study of this machine was reported
in Ref. [4] and it is the fundamental pillar to devise the probabilistic friction and adhesive wear prediction models for the pin-on-
disc apparatus.

In sliding contacts, adhesive wear mechanisms always occur [5]. Friction causes the asperities on one surface to become cold
welded to the other surface. The volume of material transferred for adhesive wear is proportional to the real area of contact and the
sliding distance. Several probabilistic models based on the Archard Adhesive Wear Law [6] for dry and lubricated contacts are
found in the literature [7]. A complete review of the probabilistic approach for wear prediction in lubricated sliding contacts can be
found in Ref. [8].

An initial study to model the friction is shown in Ref. [4]. Several improvements with respect to the former model are achieved
by a frictional model based on the following assumptions:

* The pin is an elastic deformable body.
* The real area of contact changes with the ratio between the angular velocity of the pin and the angular velocity of the disc.
* The real area of contact depends on the compression and bending stresses acting on the pin.

* Corresponding author. Tel.: +44 1202 965560; fax: 444 1202 965314.
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 The interfacial shear strength, 7, is independent of the local velocity [4].
* The interfacial shear strength is not a function of the magnitude of the local relative displacement [4].

A sequential methodology is followed which discusses the steps to be taken in order to develop the proposed model.
2. Kinematic analysis of the pin-on-disc configuration with imposed rotation of the pin

The kinematic analysis of the pin-on-disc setup with imposed rotation of the pin was developed in Ref. [4]. As a result, the pin-
on-disc configuration with imposed rotation of the pin is kinematically equivalent to the pin-on-plate configuration assuming a
pin sliding along a straight line with velocity V = wqr and simultaneously rotating about its centre, O, with angular velocity ®,. The
same conclusions can be drawn analysing the kinematics of the velocity vectors T, S in one instant of time according to the
system of reference X'Y’ of Fig. 1.

The system of reference X'Y’ is fixed to the disc. The velocity field is analysed in the instant of time when the centre of the pin is
aligned to the axis Y’. XY is a local system of reference centred at (X',Y’) = (O,R) for convenience. The disc rotates with an angular
velocity w4 and the pin rotates with an angular velocity o, according to Fig. 1.

From Fig. 1, the field of velocities represented by the components T, S~ of a point P within the pin for the instant of time when
the centre of the pin is in (X’,Y’) = (O,R) are shown in Eq. (1).

u= 4R + (u)d—(op>y )

s = (—md + u)p)x

Eq. (1) can be expressed in polar coordinates as shown in Eq. (2):

X = rcos(0)
y = rsin(0)
u= 4R + (wd—wp>rsin(9) )

s = (—wd + wp)rcos(e)

Where
R Distance from the centre of the pin O, to the centre of the disc Ogq (m)
r Distance of a point P on the pin from its centre O, (m)
[N Angular velocity of the disc about its centre, Oq4 (rad/s).
oy Angular velocity of the pin about its centre, Oy, (rad/s).

R

»
»
d X

Fig. 1. Velocity vectors at point P within the pin with imposed rotation ®, in the pin-on-disc configuration. The system of reference (X’,Y’) is fixed to the disc.
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3. A probabilistic friction force model for pin-on-disc configuration

The first step to devise the final model is to assume the following: the real contact area (A;) is proportional to the contact area
(A), the real area of contact (A;) does not change with «, and it is uniformly distributed within the contact area (A). Under such
conditions, the probability of asperity contact can be defined with a new parameter p=A,/A. The real contact area and the
probability of asperity contact are proportional to the local contact pressure. This is a result of the combination of Coulomb friction
model and adhesive models as shown in Eq. (3).

Fo = UN;Fy = A, T—%TA:p—A/A “_A“I;\\] =0, 3)

Where ‘p’ is the local relation between the real contact area and the contact area. This ‘p’ is a parameter that can be
experimentally obtained.

According to the adhesion model of friction, each differential of the contact area (dA) contributes to the force acting on the pin
by the contribution of the differential real contact area (p-dA) and the interfacial shear stress, (7). The sense of the friction force is
opposite to the resultant force acting on the pin, where W is the angle of the resultant force acting on the pin [4]. The friction forces
are shown in Eq. (4).

Fp, = —{p"r cos ( = —[¢ [3"p T cos(y)rdodr @
FRy = — J.p"r sin(ys = —_[O ,[0 p T sin(y)rdodr
sin({) :A s _ ((DP wd)r cos(9)
J2 + ) \/ {ngz + 2Rroyg (g —, ) sin(6) + ((Dd—u)p)zrz}
cos(§) = u _ oqR + (md—mp)r sin(®)

2 2
\/(u +5%) \/{wﬁRz + 2Rroyg ((od—(op>sin(9) + (cod—o)p)zrz}
The previous expressions can be written in more elegant form using the parameter o = ®p/®g, Eq. (5).

pT drdd

0 \/ [R? + 2Rr(1—a)sin(6) + (1—a)?r?]

Fo = _Jfl’ 2 R + (1—a)r sin(0)]r
0

pan (o—1)r’cos(6)

00 \/[RZ + 2Rr(1—a)sin(6) + (1—)?r?]

drdo

The differential friction force which contributes to the differential friction torque is shown in Eq. (6):
dFy = dFg, & + dFy,J (6)
The differential torque is shown in Eq. (7).

dT, = Px dFy

N ) ~ (7
dT; = r(—dFRXsm(S) + dFg, cos(e))z
The friction torque is shown in Eq. (8).
o 2m R + (1—o)r sin(0)]r’sin(®
T, = [{pr Rt Q-cirsin@lFsin® "

00 \/[RZ + 2Rr(1—)sin(6) + (1—a)2r?]
_f‘vz“p.T (@—1)r’cos’(0) drdo
00 \/[RZ + 2Rr(1—q)sin() + (1—a)2r2]

Assuming a uniform distribution of the real contact area, the y-component of the frictional force is 0. This conclusion can be
drawn visualising that the sum of all velocities along ‘y’ direction is 0. This is because the field of velocities along ‘y’ is an odd
function in respect to the ‘x’ component which fulfils Eq. (9).

S(X,y) = —=s(=xy) 9

As a result, the ‘y’ component of the force acting on the pin is 0 according to this model.
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4. Normalised results of the preliminary probabilistic friction model

The integrals of Egs. (4) and (8) are graphically determined for a wide range of input conditions using a suitable normalisation
criterion. This normalisation criterion consists on dividing the Eqs. (4) and (8) by the pin area multiplied by the probability of
asperity contact (p) and by the interfacial shear stress (). Results are shown in Figs. 2-5 for a distance R from the centre of the disc
to the centre of the pin of 25 mm and positive values of o Results for negative values of o are shown in Figs. 6-9.

When « is positive, the disc and the pin angular velocities have the same sense otherwise when « is negative, the angular
velocities of the disc have opposite senses.

When a>0:

* Fy is proportional to the contact area of the pin
* Fy tends to be maximum when o<1 or |wg[>>|wp|
F, tends to be 0 when |w,[>>|wq]

When a>0:

The frictional torque is 0 for « =1 (The pin does not rotate in the pin on plate equivalent model)
* Frictional torque is negative for ac<1

* Frictional torque is positive for a>1

* The frictional torque T is proportional to the pin radius.

When a<0:

* Fyx is proportional to the contact area of the pin
* F, tends to be maximum when |®q[>>]®p|
* Fx tends to be 0 when |wp[>>|wq|

When a<0:

» The sense of the frictional torque Tr does not change for all values of c.
* The frictional torque is maximum if |wp|>>|wg|
* The frictional torque T is proportional to the pin radius.

Normalised friction force: FRX/(nrﬁ) when p-t=1 (N'm?) and R=25-10"3(m)

0.9

0.8

\ - 40.6

Ll
i N“W

FRX/ (Tt rg)
o
4]

il

T

“\\\\\\

102

05
07 06

o ' rp/R

Fig. 2. Normalised x-component of the friction force (3D). a ([10™%,10°],r,/R ¢ [0.009,0.9].
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Normalised friction force: FRx/(nrf)) when p-1=1 (N/m?) and R=25-10"3(m)
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Fig. 3. Normalised x-component of the friction force (2D). & ({10 %,10°],r,/R ¢ [0.009,0.9].
Normalised friction torque required to rotate the pin: TF/(nrs) when p-t=1 (N/m? and R=25-10"3(m) «10°
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Fig. 4. Normalised friction torque (3D). & ¢[10~%10%],r,/R ¢ [0.009,0.9].

Normalised friction torque required to rotate the pin:TF/(ms) when p-t=1 (N/m?) and R=25-10"%(m)
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Fig. 5. Normalised friction torque (2D). & ¢[10~%10°],r,/R ¢ [0.009,0.9].
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Normalised friction force: FRX/(nr

1760

@ ® N~ 9O 1y ¥ O N L)
SO © © © ©o o © oo o <
T . ) >
3~
z 5 &
— g ] g
' .

o - i [=)
[=) Pl (=) =
"v’ 3 —— = £
= o - e < 5
<> [S) o — e o 2
“ " Ww. 3(m\ \\-\ = ”w. &
— S oS¢ 3 S 2 T ;
_— S L &7 : L :
Y i —~
““““ 0 n a | i n €
_— e o o - o B - >
““ o 2 e @ 3
S S SO = 2 © > = - 2 -
e © € . L
—— S < s o ) < a
= - c
S 3 c - - : s 5
S S ~ : Lo - A : s
SXOe S a a B E oy a <=
———— ) 5+ 7 s o S E
— 0 3z Eior A - =
e = g 2t B 5 8 .
SN S B el s S £
“‘ o cm /Wx b e e cm W
S 2 o 7 e k) £
, = R e R 2
= o - A = =
=) ‘S s H—7 ~ ‘S °
v k= S rid £ ]
k3 B . B g
2 £ o 5
S s S ]
a £ a >
£ 5 - £ S
S = 2 8 g
1 ' U o
k] k] b
3 §2z2ER 8B T £
@ S o - S8 or ol | @ 3
= $TITTIITS = 3
= CCCCQCacC & m s
g £
— 1 — =
o (=] o
Z Z =4

< [ ] ) ~

£ - @2 @ N~ © 1 % S 20

B o ©o o ©o o o [

o
2 (S0 My

/R
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Normalised friction torque required to rotate the pin: TF/(an) when p-t=1 (N/m?) and R=25.10"3(m)
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Fig. 9. Normalised friction torque (2D). a e[—10%—10"2],r,/R ¢ [0.009,0.9].

5. Validation of the preliminary model with experimental data

The experimental data is obtained from Ref. [4] and it is curve fitted using different types of regression (Figs. 10-12). Although
¢ is reported in Ref. [4] as inverse proportional to o, the experimental data must be directly proportional to o to match the model
tendencies according to Figs. 2-9. The experimental points and the types of regression used in Matlab are represented in Table 1.

Using the experimental data provided in Ref. [4], the best value of p according to the x component of the frictional can be
obtained optimising the best value in least mean squares sense for the whole range of ¢. The model predictions are shown in
Figs. 13,14 for a pin of 8 mm of diameter and positive values of o and ¢. The probabilities in such cases are shown in Table 2. The
model predictions are shown in Figs. 15,16 for a pin of 8 mm of diameter and negative values of o and ¢. The probabilities in such
cases are shown in Table 3.

The friction torque predictions for positive and negative o are two orders of magnitude larger than the one reported in Ref. [4],
but the scale of predictions is within the expected range according to the values of Fy and a pin radius of 4 mm. The torque
tendencies are not exactly the same as the experimental ones.

The next step is the assumption of a real area of contact uniform distributed within the contact area that can vary with the ratio
of the angular velocity of the pin and the angular velocity of the disc (o). This assumption is reasonable as the coefficient of friction
could change with the relative velocities within the contacting surfaces [11]. Therefore, the probability of asperity contact (p) is
expressed as a function of ().

The values of p can be obtained using the experimental ‘x’ component of the total frictional force. The model predictions for
the 'y’ component are still null, so the experimental values cannot be used to determine p. According to this model, the real area of
contact and the contact pressure change with o. The proposed model has the limitation of a real area of contact totally plastic or

6 I
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T LDPE model fit
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_‘—‘——\e\\ PP model fit
\\\-\\ o Experimental data PMMA
4 N PMMA model fit =
\\\\
=X ™ N
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w \1\\ \
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1 | \\\,\
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Fig. 10. Friction force Fg.
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Table 1
Experimental data obtained from [4].
Experimental conditions PP (polypropylene)
Normal load =10 N, R=25-10"3(m), 7= 13-105(N/m?)
$ 1=0.08 $,=038 $b3=2 $b4=38 Type of regression
Fry (N) 24 12 1 0.75 ‘power2’
Fry (N) 0.02 0.15 0.20 0.23 'pchipinterp’
Tr (Nm) 5-10~° 22:107° 29-10°° 38-107° ‘pchipinterp’
Experimental conditions LDPE (low density polyethylene)
Normal load=10 N, R=25-10"3(m), T=8.1-10%(N/m?)
1=0.15 =15 $b3=25 b 4=7 Type of regression
Frx (N) 4.5 3 2.5 14 ‘exp2’
Fry (N) 0.03 0.14 0.18 0.24 'pchipinterp’
Tr (Nm) 6-10° 47-107° 57-107° 77-107° ‘smoothingspline’
Experimental conditions PMMA (polymethyl metacrylate)
Normal load =10 N, R=25-10"3(m), 7= 1.95-10%(N/m?)
$ 1=0.035 $,=035 dbs3=1 $4=35 Type of regression
Frx (N) 5.4 43 3.1 1.8 ‘exp2’
Fry (N) 0.05 0.24 0.35 0.46 'pchipinterp’
Tr (Nm) 4.107° 27-107° 34.107° 38-107° ‘pchipinterp’
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Fig. 14. Friction torque acting on the pin. Positive c.

Table 2
Best values of p in least mean square sense (LMSE) for ¢ ¢ [10].

Optimisation LMSE PP LDPE PMMA
p 2.5042-1073 9.0846-103 42435-104

elastic depending on the contact pressure. A suitable criterion to classify the type of contact area consists on selecting an elastic
asperity contact if the contact pressure is less than 0.6H, H is the hardness and plastic asperity contact otherwise [9].

The PAC and torque predictions for this model are shown in Figs. 17, 18 for positive o values and Figs. 19,20 for negative o
values respectively. The torque predictions have the same tendencies of the experimental data.

6. Improved probabilistic model for pin-on-disc configuration
If the pin behaves as an elastic deformable body, a simplified analysis of the stresses acting on the pin can be performed using

the elementary elastic bending theory. The contact pressure along the pin is higher in the vicinities of the “leading” edge than in
the “trailing” edge due to a slight bending produced by the friction force, Fig. 21.
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Fig. 16. Friction torque acting on the pin. Negative a.

Anon uniform distribution of contact stress leads to a non uniform distribution of probability of asperity contacts within the contact
area. Therefore, this new distribution can produce a friction force in the direction of y-axis different to 0. The contact pressure is
obtained using the theory of elastic bending [10]. A bar under a bending couple has the stresses shown in Eq. (10).

=0 (10)

where R is the radius of curvature and E is the Young's modulus. The value of 0, is a plane that contains the 'y’ axis.
The moment created by the distribution of o, is given by Eq. (11).

M, = [o,xdA (11)

Table 3
Best values of p in least mean square sense (LMSE) for ¢ ¢ [—10,—1072].

Optimisation LMSE PP LDPE PMMA
p 2.6813-1073 9.0881-103 4.4164-10*
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Fig. 17. Probability of asperity contact (PAC) is a function of c.. Obtained from the experimental x-component of the friction force acting on the pin. Positive o values.

The determination of k" is shown in Eq. (12). Fig. 22 helps to visualise the equivalent force system.

>M=0
h o o 1(] 2 o kl 21 T, 2 o 1(] M 4
+ FR? = IOZXdA = "-EX dA = E_|'0 Io (rcos(0)) rdrde = EZrlD (12)
Although the contact pressure in contact theory is normally expressed as positive, in elasticity a compressive stress is expressed

as negative. In this study the contact pressure is positive.
Using the Principle of Superposition it is possible to divide the stress distribution in two different problems: the compression

and the bending, Fig. 21.
As a result, the contact pressure can be expressed as shown in Eq. (13):

0, =ky + kl/ X (13)
p

and ko, k; expressions are shown in Eq. (14).

_ZiRh (14)
T[l‘p

L
k= — k4 =
0 ,m_lzj 1

Model prediction PP
Model prediction LDPE 7
Model prediction PMMA

Te(Nm)

2
102 10" 10° 10’

¢=2- rp/F(wx

Fig. 18. Friction torque predictions if the PAC varies with . Positive o values.
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Fig. 19. Probability of asperity contact (PAC) is a function of c.. Obtained from the experimental x-component of the friction force acting on the pin. Negative o
values.
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Fig. 20. Friction torque predictions if the PAC varies with o. Negative o values.
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Fig. 21. Elastic model of the pin to obtain contact pressure. Principle of Superposition. L is the applied load.
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Fig. 22. Equivalent force system for the determination of k;.
where L is the load, h is the height of the pin and Fy is the resultant friction force.

It is possible to calculate a limit of height or a limit of friction force to ensure the whole pin surface is making contact with the
disc. This limitation is expressed in Eq. (15).

0<k, + lr(—]x (15)

P

The condition of contacting surfaces separation occurs in the point where x is equal to the pin radius (rp), Eq. (16).

o 2Fgh Lr,
—>
2 >Fgh (16)

L
ko=k; — F
p

This limitation implies a pin can be separated from the disc if its height or the friction force is high enough.
The stress distribution on the counterface of the pin can be generalised for a resultant friction force that it is not parallel to the x-axis.
O is the angle between the x-axis and the resultant of the experimental friction force, hence the contact stress distribution is:

o, =ky + kl/ cos(6—0g) -1 (17)
Tp
The friction forces and friction pin torque for this new model can be expressed as shown in Eq. (18):
2n _ .
f PAC-T R + (1—a)r sin(0)]r
0 \/ R? + 2Rr(1—a)sin(6) + (1—a)?r?]
an (oe—1)rcos(0)

PAC:
{ T\/ [RZ + 2Rr(1—a)sin(6) + (1—a)?r?]

drd0

P

drd6

-
=

Ip 2n . 2 .
T, = ff PAC-T + (1—a)r sin(0)]r"sin(0) drd... (18)
00 \/ R2 + 2Rr(1—a)sin(8) + (1—a)?r?]

~[Trace (@—1)rcos’ ©) drdo
00 \/[R2 + 2Rr(1—o)sin(8) + (1—o)?r?]

Fy
Op = arctg B
X

The probability of asperity contact for this model is shown in Eq. (19).

p (ko + k—1r cos(e—ek)>
Tp

PAC= (19)

0 if(kO + lr(—lr cos(e—eR)> <0
p

r e(o., rp) 0 (0,2m)

The main improvements of this model in respect to the previous one are the predictions of:

* The “y” component of the friction force.
* The contact stress distribution within the pin.
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Fig. 23. Maximum value of the probability of asperity contact (PAC) is a function of . Obtained from the experimental x-component of the friction force acting on
the pin. Positive o values.

* The probability of asperity contact.
 The real contact area due to elastic and plastic asperity contacts according to the mentioned criteria of 0.6H.

7. Possible applications of the improved model

Several studies of adhesive wear in dry and lubricated contacts are reported in the literature [7,8]. The probabilistic models are
based on Archard Wear Law. Amongst them, the most complete in the literature predicts adhesive wear for lubricated contacts [7]
and it is shown in Eq. (20).

V= /(1+ 3u2)BL<keAe + kpAp) (20)
Where

the predicted volume of adhesive wear.

the coefficient of friction.

the fractional film defect.

the sliding distance.

Ke is the wear coefficient for non welded junctions
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Fig. 24. Predictions of the y-component of the frictional force. Positive o values.
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Fig. 25. Friction torque predictions of the proposed model. Positive o values.

kp is the wear coefficient for welded junctions
Ae the area of contact for elastic asperity contacts.
Ap the area of contact for plastic asperity contacts.

Another application of the proposed model is the study of the electrical contact resistance (ECR). This is of special interest for
the assessment of the boundary layer formation under mixed and boundary lubrication regimes. The study can be carried out
assuming only the plastic asperity contacts are the main contributors for the final conductance [9] as shown in Eq. (21).

Ap
Gy =22 (1)
Where

p the electrical resistivity of the material.

8. Validation of the preliminary model with experimental data

The model predictions for a pin diameter of 8 mm, a pin height of 10 mm, a load of 10 N, a distance from the centre of the pin to
the centre of the disc of 25 mm and positive o values are shown in Figs. 23-25. Results for same input parameters and negative o
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Fig. 26. Maximum value of the probability of asperity contact (PAC) is a function of c.. Obtained from the experimental x-component of the friction force acting on
the pin. Negative a values.
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Fig. 27. Predictions of the y-component of the frictional force. Negative o values.

values are shown in Figs. 26-28. The model predicts a y-component different than 0 but there is certain disagreement with the
experimental data.

The PAC values within the pin are shown in Fig. 29 for Polypropylene (PP) and positive o values.

The proposed model results are in better agreement with the experimental data than the predictions of the previous models.
The combination of a variable PAC within the area of contact for different experimental conditions (®g, ®p, I, R, h, ©g) makes this
model a useful tool for the evaluation of adhesive wear models.

9. Conclusions

A new model has been developed using the kinematics of the pin-on-disc apparatus, the use of the probabilistic approach for
wear prediction and elastic bending theory which improves the previous study [4]. This new model predicts the different
components of the resultant force acting on the pin, the pin torque, the stress distribution along the contact area, the probability of
asperity contact and the real area of contact distinguishing between elastic and plastic area of contact. The proposed model is of
interest in electrical contact resistance (ECR) studies because it can predict the conductance using the predicted real contact area
due to plastic asperity contacts.

This model will be used in future work to assess the asperity contact theory and adhesion models since it predicts the pressure
distribution and the plastic and elastic real area distribution within the contact.
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Fig. 28. Friction torque predictions of the proposed model. Negative o values.



A. Torres Pérez et al. / Mechanism and Machine Theory 46 (2011) 1755-1772 1771

-3
x 10

O i e

3 2 1 1 2 3 4
-3 -3
x 10 x 10
05=180.00", 0:=3.125-102, ¢=0.010 05=180.12°, 0=1.028-10"", ¢=0.033
10 x10°
' = 0216 ' 0216
I 1
: 0192 : 0192
: : 0168
. i
i ! 0144
i i
i i 012
I T
! ! 0%
i i
! ! 0072
i i
1 1
i i 0048
. i
1 1 0024
i i
1 1
0 0
05=183.15", 0=1.113, $=0.356
3 -3
x 10 x 10
- 0216 4 ' 0216
I
0192 3 : 0192
0168 . E 0168
0144 i 0144
1 i
012 : 012
0 i
0096 i 0096
. !
0072 1 : 0072
-2 i
0048 i 0048
on2s 3 : 0024
1
P — i ,
4 -3 2 1 0 1 2 3 4
X 1l:i
05=188.80°, 0:=3.663, ¢=1.172 05=193.94°, 0=12.052, ¢=3.857

Fig. 29. PAC predictions for PP for different ¢. Positive o values.
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10. List of symbols

T Interfacial shear stress

\Y Linear velocity of the pin in the pin on plate model
0, Centre of the pin

oy Angular velocity of the pin

s Velocity vectors

[N Angular velocity of the disc

Oq Centre of the disc

R Distance from the centre of the pin O, to the centre of the disc Og
r Distance of a point P on the pin from its centre O,
Ip Pin radius

A Contact Area

dA Differential of the contact area

A: Real Area of Contact

p Simplest definition of the probability of contact, ratio between A; and A
o Ratio between o, and ®q

v Angle of the resultant force acting on the pin

Fr Resultant friction force acting on the pin

dFg Differential friction force

Tk Friction torque

dTE Differential friction torque

) Dimensionless number defined as 2-rp/R-a

PAC Probability of Asperity Contact

H Hardness

o Stress

M Moment created by the distribution of o

ko, kq Constant of the proposed model

L Applied load

h Pin height

Fr Resultant friction force

\Y Predicted volume of adhesive wear

n Coefficient of friction

B Fractional film defect

L Sliding distance

Ke The wear coefficient for non welded junctions

kp The wear coefficient for welded junctions

A The area of contact for elastic asperity contacts

Ap The area of contact for plastic asperity contacts
Gp Conductance assuming plastic asperity contacts

P Electric resistivity of the material
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