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Abstract

It is known that the frictional properties of surfaces covered with
soft metal film differ from those between surfaces without films. The
aim of the present study is to clarify the effect of surface films on
the frictional properties. First, the frictional properties in contact
between a single hard protuberance and a surface electroplated with a
film of soft metal are investigated experimentally and theoretically.
As a result, a simple empirical expression of friction which represents
the effect of the surface film and the load dependency is presented.
And the plane strain deformation model of the soft metal film is offered
in the analysis. Next, the interference effect of the film deformation
between protuberances on the frictional properties is discussed in the
contact of an indentor having two spherical protuberances located
closely, to obtain a basic knowledge for the investigation of real
engineering surfaces.
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1. Introduction

In many cases, direct contact of metals is usually prevented by a soft thin
surface film that is different from bulk materials.

It has been shown that the frictional properties of surfaces covered with soft
metal film differ from those between surfaces without films. Although it is
known that the frictional coefficient is almost constant regardless of the vertical
load in ordinary contact of surfaces without films, a load dependency of friction
has been found in the friction of surfaces covered with soft surface films1~5.
Figure 1 shows experimental examples of the coefficient of friction obtained by
Tsuya and Takagi?’, which were obtained in an experiment on two cylindrical
specimens having annular sliding surfaces with a lead-coated upper specimen and an
electro-polished lower one. The substrate metal was copper. In the figure, the
coefficient of friction decreases with the increase of load when the surface is
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covered with a soft thin film. Bowers 5

and Zisman®’ and Finkin4’ obtained the Unkibricated Film thickness

coefficient of friction of surfaces covered e ° ‘f,fj e

by soft thin films as a function of applied & o o 8 /:m

load, using the elastic deformation theory. g

Rabinowicz® showed that the coefficient kS

of friction is affected by the surface film  §

thickness and obtained the coefficient of té

friction as a function of film thickness o Pb-coated Copper - Electropolished Copper

theoretically, However, the mechanism

and properties of the friction characte- o %5 5 s o

ristics have not yet been sufficiently Applied pressure  MPa

clarified. . . . .
The aim of the present study is to | o viows Tead film

clarify the effect of surface films on the thickness [Tsuya and Takagi]

frictional properties. In Chapter 2 of this

research project, the frictional properties

in contact between a single hard protuberance and a surface electroplated with a
film of soft metal are investigated experimentally. The protuberance used in the
experiment is a hard steel ball, because the shape of micro asperities on many real
engineering surfaces may be regarded as spherical in analyzing a contact problem$,
and a spherical model experiment is convenient in the estimation of friction
properties between real engineering surfaces with thin surface film. A simple
empirical expression of friction which represents the effect of the surface film
properties is then presented.

In Chapter 3, an analytical investigation of friction is undertaken theoretically.
The coefficient of friction is calculated on the basis of the proposed plane strain
plasticity model of the deformation of the surface film under the leading face of a
spherical protuberance, in order to clarify the effects of the surface film on the
friction characteristic, and to ascertain the mechanism of the load dependency of
friction observed in Chapter 2.

A real engineering surface is composed of many accumulated micro asperities.
The investigation of friction properties between such an engineering surface covered
with soft metal film is an important practical problem. The interference effect
may be induced by a plastic flow of soft metal film put between two adjacent
micro asperities. The friction properties of such a case are considered to be
greatly influenced by this interference.

In Chapter 4, the interference effect on the frictional properties is discussed,
in the case of contact of an indentor having two model spherical protuberances
located closely and a soft metal film, to obtain a basic knowledge for the investiga-
tion of real engineering surfaces.
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2. Experiment of Friction between Single Spherical Protuberabce
and Surface Covered with Soft Thin Film?"

2. 1. Experiment of friction

2. 1. 1. Experimental apparatus and method

In the experiment, a steel ball is used as a single protuberance, which is pressed
against the electroplated surface of a rotating disc to measure the frictional force
as shown in Fig. 2. The apparatus used is shown in Fig. 3.

H
Ar Lane ok F: MODEL PROTUBERARCE
B: SUPPORTING PLATE G: STRAIN GAUGE
C: ELECTROPLATED DISC H: Weier
D: DrwreETeR T: StaBILIZER
E: Lever
Fig. 2. Sketch of single protuberance Fig. 3. Experimental apparatus.

slider on flat soft metal film.

An electroplated disc C is attached to the chuck of a lathe and rotated at a
constant speed. The steel ball fixed in a holder F is pressed against the electro-
plated surface of the rotating disc, and two components of the force acting on the
ball are measured. The measuring device is an annular dynamometer D, which is
connected to the lever E, and load is applied by the weight H. In this case, the
loading apparatus is installed so that the line of frictional force just passes through
the fulcrum of the lever E, causing the force exerted by the lever to act vertically
on the disc surface. The annular dynamometer D has been widely employed as a
cutting force dynamometer®> in measuring the two components of cutting force. It
can measure simultaneously the vertical and tangential components of force acting
on the steel ball by the two sets of strain gauges G.

It is found from the calibration of the dynamometer that the relations between
the two components of force and the gauge strains showed a good linearity, and
the amount of mutual interference is within 2 %.

The disc material is S35C (0. 35 % carbon steel). Two kinds of surface film
are used to clarify the effect of surface film property. The surface of the disc is
ground (surface roughness is 0.5~0.8 um Rmax) and then electroplated by Pb or
Pb-Sn-Cu as shown in Table 1. A boronfluoride bath alloy plating method is used
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Table 1 Soft metal surface film

Metal electroplated (%) Vickers hardness MPa
Pb(100) 100
Pb(87.8)-Sn(10.1)-Cu(2.1)* 200
% Pb-alloy

in plating. The film thickness are estimated from the difference of the height
between plated and non-plated surfaces, which are measured by a roughness meter.
Micro-Vickers hardness of the electroplated film is measured under very light load
and shown in the same table. Since hardness is influenced by substrate, the listed
values may not represent the exact hardness of the film, but are useful indications
as to the hardness. The diameters of the steel balls are 1.00, 1.98, 3.18 and 3.97
mm, and rubbing speed is 2 cm/sec. The steel ball surface is always cleaned with
trichloroethylene prior to sliding test, and all experiments are carried out at room
temperature. An example of recorded oscillogram of the applied load W and fric-
tional force F is shown in Fig. 4.

Fig. 4. Experimental record of applied load
W and friction force F.

2. 1. 2. Experimental vesults
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The general relation between applied
load W and coefficient of friction g ST
obtained experimentally is shown in Fig. 5 e
for Pb-electroplated metal film. Coeffi-
cient of friction p# decreases considerably
with the increase of applied load W in the
small load range. Moreover, at a critical 4
load, the electroplated surface film is R S VISP P S
ruptured, and the direct contact of sphe- , ‘
rical protuberance and substrate metal ° 10 200 300 400 500 600
begins. Thereafter, coefficient of friction ) toad WooN )
4 increases slowly with the applied load Fig. 5. Relatlon between coefficient of fric-
W. In the later part of this research, the ?Oﬁ # and load W (Pb-electroplated

, o ; ilm, sphere radius 1.98 mm).
effect of surface film on the friction is
discussed in the small load (W<W.:
critical load) where the surface film does not rupture.

Figures 6, 7 show the variation of coefficient of friction for Pb- and Pb-Sn-
Cu-electroplated metals, in the small load range. The lines in these figures
represent the values for the coefficient of friction as calculated by the empirical
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Fig. 6. Relation between coefficient of fric-
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Fig. 7. Relation between coefficient of friction z and load W
(Pb-Sn-Cu-electroplated film, parameter is film thickness #g).

expression indicated by equation (8). From these experimental results, it can be
recognized that the coefficient of friction does not obey Coulomb’s law, but depends
on the load. That is, the coefficient of friction decreases considerably with the
increase in load. In general, the less the film thickness £, is, the smaller the
coefficient of friction g is. Also, it can be recognized that the decreasing
characteristics are influenced seriously by the film materials, its thickness ¢, and
the protuberance radius R.
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2. 2. Simple empirical formula of coefficient of friction

It will be convenient in the practical problem of the contact between surfaces
with many protuberances, that is, micro-asperities, if we have an empirical formula
of coefficient of friction which represents the influences of various properties of
the film and load dependency of the friction.

From the experimental results of Figs. 6 and 7, the relation between p and W
can be expressed as follows:

p=pro+ (p1—its) e~/ @®

In this equation, #, is the minimum
coefficient of friction where the critical
load is applied and the surface film is just
ruptured, when the penetration depth of
the protuberance is equal to the film
thickness #,. And pg; is the coefficient
of friction extrapolated to the case in
which W=0. The example expression of
equation (1) is Fig. 8.

The function f(W) represents the load
dependency of the coefficient of friction
and must satisfy the following conditions,
to be in conformity with the fact that Load W
g=p, when W=0 and p=pg, when W Fig. 8. Arrangement of experimental u—W
becomes sufficiently large: relation.

(A) f(W)=0 when W=0, and

(B) f(W)=oc0 when W approaches infinity.

First, the expression of g, is examined. The coefficient of friction at the
critical load is influenced by the shearing and the ploughing of the surface film.
Tsukizoe and Hisakado® analyzed the contact problem of spherical protuberance and
soft metal surface and obtained the following expression of coefficient of friction.

N W — LI graph

Coefficient of friction [

4
“§7L_‘§D+/Lo
poe P @
1—. 372, o

where ¢ is the angle shown in Fig. 9,
which represents the penetration depth,
and p, is the shearing coefficient of fric-
tion. When the penetration depth £, is
small as compared with the radius of
protuberance, angle ¢ is considered to be
very small and equation (2) is approxi-
mated as follows:

Fig. 9. Contact angle.
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This equation indicates that coefficient of friction ¢ is the function of the shearing
coefficient of friction x, and the angle ¢,

that is, +/7,/R.

Considering this result, the coefficient e ob o
of friction g, obtained from the experi- 0.4 ° R—:—Lga . 5 —R_ J;?,”;i
mental results of Figs. 6, 7 and so on are RIS AR=198mm
plotted against +/7,/R, that is, contact =5 03T
angle 6 (=+f,/2R) in Fig. 9. The angle o2} o @p B -
6 is the measure of the film deformation /_W
in contact. The result is shown in Fig. 10, B
for Pb- and Pb-Sn-Cu-electroplated films. e
The plotted points of y, lie on a smooth ° 004 008 0lz ol o020
curve determined for each surface film. Vto/R
The yield pressure of Pb-Sn-Cu-film is pig. 10. Relation between minimum coeffi-
larger than that of Pb-film, and the cient of friction s, and +/7,/R.

ploughing effect may be remarkable in

Pb-Sn-Cu-film. Thus, the value of g, is

larger for Pb-Sn-Cu-film than for Pb-film. The functional relation between Uy and
vt,/R may be assumed as follows :

ﬂzzﬂzo{l"r.[g(\/%)n} ©)

where coefficient § and index number # represent the ploughing effect of surface
film and determined by the properties of the surface film. When the surface is
covered with a film of infinitely small thickness and this is just ruptured, the
coefficinet of friction is p,,. In this case, the pressure generated in the film may
be approximately equal to the yield pressure of the substrate metal, but the shearing
strength is that of the film. Hence, u#,, can be written as follows:

fao= ’;j @

where k& is the shearing strength of the film and p, is the yield pressure of the
substrate metal.

Values of y, calculated by equation (3) are shown in Fig. 10, using parameter
values shown in Table 2 for each film material. The experimental values of y,
agree well with the calculated ones.

Next, p¢; is the coefficient of friction at the extreme condition in which W=0.
This coefficient of friction may be determined by the film propeties which can be
affected by the substrate metal. As the precise measurement of y,; at the extremely
small load is impossible, the experimental value of z, is estimated by the technique
herewith described.
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Table 2 Characteristic values included in empirical expression
of coefficient of friction

Metals electroplated 1o oo a B m n b¥ 5
Pb 0.0289 0.0289 31.4 15.6 0.205 0.498 2.35 1.07
Pb-Sn-Cu 0.0514 0.0514 12.1 6.3 0.165 0.398 1.32 1.07
=1/ /R
1.0
5 10 o o8y
_‘é R=397mm 06t o ® /sz,//
£ A s — = /@/0/6;7"_5__,2 —————— o
. 2;}* ? s ?—o:a§§ to=40um 04t /,’,—"‘8‘ -
E ' LY: § 7‘5’1-? + !O’% fos lSum / e} R_=‘F9,b8 mm ;_é fbl—oc(;l:’\yfn
§°2 e l ozr 6R:-3i8mm  RR:198mm
“%7 S for Sum e R = 397 mm
© e SrYYEE PR
oi = 0 I;O o] 0.04 0.08 o.12 0.16 020
Load W N Vte/R
Fig. 11. Relation between coefficient of Fig. 12. Relation between coefficient of
friction z and load W (semi-log friction p; when W=0and +/#,/R.
plotting).

The experimental relation between g and W is again plotted on a semi-log
paper as shown in Fig. 11. A linear relationship between x and W is recognized
in the small load region. The thicker the surface film £, is, the wider the linear
portion becomes, and #; is obtained as an interescting point of p-axis and the
extrapolated linear relationship. The coefficient of friction x; obtained for various
film thickness #, and protuberance radii R is plotted against «/#,/R, as in the
former case of the minimum coefficient of friction g, of Fig. 10. The result is
shown in Fig. 12. The plotted points of x; exist on a smooth curve determined
for each surface film. Thus, the coefficient of friction y; is uniquely determined
by the value of /¥, /R for each film material. Accordingly, the film properties,
which may be affected by the substrate metal, is approximately estimated by the
value of +/f,/F, for each film material. It is recognized in Fig. 12 that the
coefficient of friction x; for Pb-Sn-Cu-film, which is the harder one, is smaller
than that for Pb-film, which is the softer one. The reason for this may be as
follows: The relative properties of surface film which are determined in the
combination of the film and the substrate, that is, the effects of the substrate
metal on film properties are different from each other owing to the film hardness.
The functional relation between y; and /f,/F may be assumed, as in the case of
115, as follows:

RN ®

where coefficient « and index number m represent the degree of effect of substrate
metal on film properties. When the surface is covered with a film of infinitely
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small thickness and the applied load W is infinitely small, the coefficient of friction
becomes w1y. In this case, the pressure generated and the shearing strength are
the same as those of y,,. The value of ¢y, can be obtained from the following
relation.

_ ks
Mo 2. (6>
Hence, both #¢,, and u,, are considered to be equal. Calculated values of #; by
equation (5) are shown in Fig. 12, using parameter values shown in Table 2 for
each film material. The experimental values of y; agree well with the calculated
ones.

Lastly, the function f(W) representing the load dependency of the coefficient
of friction is examined. The function f(W) must be nondimensional, because it is
a power of the exponential function. Furthermore, considering the above-mentioned
conditions (A) and (B), f(WW) is assumed as follows:

Wy=r(—pr——)' @)
SN =1~
where the denominator wRt,p, represents the load carrying capacity of surface
film itself (p; is the yield pressure of surface film), when the penetration depth
of spherical protuberance is equal to the film thickness f,. Coefficient 7 and
index number ¢ represent the degree of load dependency of the coefficient of
friction, and can be obtained from the experimental results of Figs. 6, 7 and so on.
From the above discussion, the empirical formula for the coefficient of friction
(1) may be arranged as follows:

it R E R B

The values of 7 and § are determined so as to make equation (8) accord with
the experimental results as shown in Figs. 6 and 7. The results are plotted against
Vt,/R for two kinds of surface films, that is, Pb- and Pb-Sn-Cu-electroplated
films in Figs. 13 and 14. The value of 7 increases linearly with the increase of
Vt,/R; r becomes zero, and the load dependency of the friction disappears when
v%,/R reaches zero, as seen in Fig. 13. In other words, the load dependency of
the coefficient of friction may become remarkable in the case of large film thickness
to and small protuberance radius R. Furthermore, it is recognized in Fig. 13 that
the value of 7 is large and the load dependency of the coefficient of friction g is
remarkable, when the soft surface film of Pb, which has a smaller yield pressure
ps than Pb-Sn-Cu-electroplated film, is used, and the penetration of the protube-
rance is likely to become deep. The slope b of y-+/f,/R line is also shown in
Table 2. This b indicates the extent of the load dependency of g for each film
material.

The value of § is a constant which is slightly greater than unity, regardless of
the surface film materials, within the wide range of +/7;/R as seen in Fig. 14.

Calculated results of g by equation (8) are shown in Figs. 6 and 7 and are
compared with the experimental results for various film thickness ¢,, protuberance
radii R and film materials. Both the experimental and calculated results accord
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Fig. 13. Relation between coefficient 7 Fig. 14. Relation between index number
and +/%,/R- s and +/#,/R.

with each other within a wide range of applied load W, wherein the surface film
does not rupture.

From the above discussion on empirical formulas, it is ascertained that the
coefficient of friction ¢ can be precisely evaluated by equation (8), which is a
function of the surface film, its thickness, protuberance radius and applied load, if
the parameter values as shown in Table 2 are already obtained for a combination
of the electroplated surface film and the substrate metal.

2. 3. Concluding remarks on experiment of friction between a single
protuberance and surface

In the present study, various experiments are carried out using a steel ball as
a protuberance in order to elucidate the properties of the friction of the surface
covered by soft thin film. The load dependency of the coefficient of friction and
effects of thickness and hardness of the film on the friction are clarified. The
results obtained can be summarized as follows:

(1) In an experiment, the frictional properties of a surface covered with a
soft thin metal film are clarified. It is recognized that the soft thin metam film is
effective as a friction reducing agent in a light load condition.

(2) An empirical expression representing a load dependency of the coefficient
of friction is introduced from experimental results as a function of various variables
such as radius of a spherical protuberance, thickness and deformation resistance
of soft metal films and so on.

(3) The load dependency of friction can be arranged uniquely by the value of
VE,/R for a given film material. The greater the value of /f,/R is, the more
remarkable the load dependency is.
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3. Analysis of Friction between a Single Protuberance and Surface!®

3. 1. Calculation of coefficient of friction based on a contact model
between single spherical protuberance and suvface

3. 1. 1. Deformation model of soft metal film

To clarify the mechanism of load dependency and the properties of friction, the
coefficient of friction is analyzed theoretically in this chapter, by the herewith
described deformation model of surface film.

Section x:

clion %

/" Section x:

(a) General view. (b) Front view.
Fig. 15. Contact model of spherical protuberance and surface.

The force generated when the spherical protuberance penetrates the surface
covered with soft film and is moved horizontally is calculated. Figure 15 shows the
contact model of the spherical protuberance and surface. When the protuberance
moves in the arrow direction, the surface film under the leading face of the
spherical protuberance will be compressed between the leading face of the sphere
and the underlying metal, and forced to flow out to both sides. Taking the center
of the sphere as the origin, x-axis is determined in the direction of sphere movement,
and z-axis is perpendicular to the contacting surface. Then, y-axis is determined
in the direction of side flow of the surface film, an orientation that is perpendicular
to both x- and z-axes. At the cross-section x; perpendicular to the protuberance
movement, a small volume S; dx of surface film A;B,C;D,, which is surrounded
by the sphere and underlying metal, and whose cross-sectional area is S, compressed
so as to flow out to both sides by the protuberance movement. Accordingly, the
cross-section of the same volume S; dx is considered to be A;B,C,D,, whose
cross-sectional area is S, at the cross-section x,. The plastic flow line of surface
film described on the sphere is the curve LL which passes through the points B,
and B,. A tangent of this flow line indicates the moving direction of surface
film on the protuberance sphere. The equation for the plastic flow line can be
obtained as follows, when the penetration of the sphere is ¢, ({,<t,; to, is the
film thickness) :

From the condition of volume conservation,

Sldx: Szdx
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Thus, the cross-sectional area S; is constant at each perpendicular cross-section
and equal to S. Putting the coordinate of the point By as (%1, 1, 21),

P
S=y,(R+t,—1) ~:~go zdy
‘ 1 — .

Then, the equation of flow line LL is given as follows:

— N .—,1, BT TE 7L (R?— 2 ain L Y | o
f y(R i to te) 2 {y’\/Rz_*xz“’yz i (R x )Sln \/wj S O (9)

g:xz_:_yz_%_zz_RZ:O

The directional cosines of the tangent at a given point (¥, y, z) on the plastic
flow line are given as follows:

pk:____ff_a._____\
N dE - 454 4
. A
e Ay
R/ R R 10
4
b P S
SV L oy
where
of  of
o0y 0z
dy= =22(R+ty—t,— VR?—x—y?)
o0g og
oy 0z
of af
0z  0x .y
Aj,: ag ag :“‘2sz1!}. m (11>
0z ox
of  of
0x oy ) y —
4,= N :2xy51n‘1mvkz_x2—2x(1€+t0—te—VRZ—xz—yz)
0x oy

Considering that the shearing deformation stress &, of the film acts along the
plastic flow line, the x, v and z components of the shearing stress are represented
by the following equations, respectively.

k,=l*k;, k,=m*k; k,=n%k;, (12)
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InﬁFig. 15, the length of segment 12 equals +/9Rf,—7,2—«x2, and the average
value &, of the y component of the shearing stress k, is represented by

[
> W2Ri,—t:—x?

SvZRtg-tg—xz

. m*dy (13)

3. 1. 2. Yielding condition of soft metal film and contact pressre

distribution
When the films are compressed under
plane strain between upper and lower rigid 7
surfaces as shown in Fig. 16, the pressure Section x
distribution p on the surface of the anvil 0 N y
can be obtained using the equations of ,
equilibrium and yield condition!1’. Where ‘%
the frictional shearing stress ¢ is acting
on the surface, the equation of equilibrium
in the y direction is
Y Y= VFr R
Yy gy
S . S
U
Fig. 16. Compression under plane strain. oyt =] [ oyi+doyh
730 4

pdy

oyt +2rdy=0,t+d(o,t)
And rearranging this equation,

do, 2 o, dt

R (14)
where { represents the effective film thickness and is written as follows:
t=R+4ty—t,~+/R?—x2—y* (15)
The yield condition is
o,+p=2k; (16)
From the equations (14) and (16), it follows that

Assuming that p=p, at the point of y*=+/2Rf,—7,2—x2, where p; corresponds
to the deformation resistance (hardness) of the surface film, the pressure p is
obtained by equation (17) as follows:
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p=2r (VERG=FE =27 — ) + 2k, (t— o) + bsto) =

In this equation, we let r=Fk, (a very rough assumption, but justified in practice
if friction from calculation approximates the experimental value), and p does not
exceed the deformation resistance p, of the underlying metal; then, the pressure
distribution can be obtained as follows:

=128, (VARG =T =57 — ) +2k(t—1) + st}

. 19
in p<ps 9
b=ps in p=ps
3. 1. 3. Calculation of coefficient 2
of friction . xeox x I o
Now, in Fig. 17 showing the spherical | ™ _ 3RX a7 J
protuberance, the area dA of spherical "";7“?)@% f"[

surface element 1234 is written as follows:

Fig. 17. Stress distribution on spherical
protuberance. ! 7

Pressure p acts perpendicularly to this surface element, and shearing deformation
stress of the film %, acts along the flow line. The force components dF, dW in
x and z directions acting on the small surface element 1234 are written as follows:

dF = (p+1%k,)dA
AW= (p-+-n*k,)dA

@2y

where the directional cosines of the normal of the sphere are given by equation
22).

—____x_ _::_).}._ ’::E_
X—R’ M Rv v R (22}

The frictional foce F and vertical force W can be represented as
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V2Rt —12 V2Rt—12—x2 (v I*EDR
F=2 e Lt IFkpR 4 23
SO SO «/szxz—yz Y ( )
szg*/ZRz‘e-—tgd g\/ZRl‘e—tg—xz (Dp+n*kf>Rd (24>
o 0 X 0 \/R2~x2~y2 24
Therefore, the coefficient of friction ¢ can be obtained by
=t (25)

The calculation procedure of the coefficient of friction is as follows:

If the penetration depth #,(<f,) is assumed, the directional cosines of the
plastic flow line can be obtained by equations (10) and (11). Then, the pressure
distribution on the protuberance is calculated by equations (13) and (19). In the
next step, frictional force F and vertical force W are obtained by equations (23)
and (24), as the directional cosines of the normal of the sphere surface are given
in equation (22). After these calculations, the coefficient of friction is obtained
by equation (25). As a result, the relation between coefficient of friction x# and
vertical load W is clarified analytically.

In the calculation, the values of the deformation resistances of film and the
substrate metal are determined by reference to the hardness test of Table 1 as
follows :

ps of the substrate metal = 2000 MPa

pr of Pb-film 100 MPa

pr of Pb-Sn-Cu-film 200 MPa

i

li

3. 2. Results of calculation and discussion

The coefficient of friction is obtained theoretically, and various investigations
are made to ascertain the mechanism of film lubrication and the effects of the
radius of spherical protuberance R, the thickness of the film #, and the deformation
resistance py of the surface film, by obtaining a plastic flow line, pressure distri-
bution under the leading face of the spherical protuberance and then calculating the
load dependency of the coefficient of friction.

3. 2. 1. Plastic flow line and pressure distribution

The plastic flow lines and pressure distributions on the leading surface in the
rubbing direction are shown in Fig. 18 for the case in which the point of protube-
rance does not yet penetrate through the surface film. 1In this figure, the origin
O of the coordinate is shifted downwards to the point on sphere surface from the
center of the sphere as shown in Fig. 15, to facilitate the understanding of the
figure. Figs. (a)~(c) show the plastic flow lines on the sphere in each x-y, x-z,
and y-z projection, where x-axis is parallel to the rubbing direction and z-axis is
perpendicular to the surface. The plastic flow lines (e. g, line AB in the figures)
near the x-axis run downwards (-z direction) along the spherical surface as seen
in Fig. (b), fanning out somewhat in the width direction (y direction) as seen in
Fig. (c). The plastic flow lines (e. g., line CD in the figures) more remote from
x-axis run downwards at first and then curve upwards as seen in Fig. (b). There
is a remarkable fanning out of the flow lines in y direction as seen in Fig. (c).
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(c) y—=z projection of plastic flow lines. (d) Pressure distribution.

Fig. 18. Plastic flow lines and pressure distribution (#.<(#¢).

In view of these results, the density of the plastic flow lines on the spherical
surface is greater in the x-y projection as the distance from the x-axis is greater.

Fig. (d) shows the pressure distribution. The distribution is symmetric about
x-axis, and the distribution below x-axis is omitted in the figure. In the left side
of y-axis, the contact between protuberance and surface film does ont occur and
pressure is not generated. The pressure generated in the film is extremely high in
comparison with the usual deformation resistance, i. e., hardness of the film. The
pressure becomes maximum near the point x=0.1mm on the x-axis. The pressure
distribution corresponds well to the plastic flow lines. First, by comparing Figs.
(a)~(d), and considering the pressure distribution along a given flow line (CD in
the figure) that is distant from x-axis, the pressure rises along the plastic flow
line as the flow line descends (C-2), and drops when it ascends (2-D). Next, in
the case of plastic flow line AB in the figure, near x-axis, the pressure rises (A-1)
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and then proceeds to drop (1-B) along a given plastic flow line; however, the
plastic flow line runs consistently downwards near x-axis. This may due to the
fact that the space between each plastic flow line is very large near y-axis. From
these calculational results, it may be considered that the characteristic of pressure
distribution near x-axis is mainly determined by the density of plastic flow lines in
x-y (horizontal) plane and that of pressure distribution apart from x-axis is related
to the density of plastic flow lines in x-z (vertical) plane.

Figure 19 shows the plastic flow lines and pressure distribution for the case in
which the point of the protuberance just contacts the underlying metal. The fund-
amental properties of the plastic flow lines and pressure distribution are the same
as those of Fig. 18. However, the next points are clear in Figs. (a)~(c), in which
the fanning out of the plastic flow lines in y direction becomes remarkable and

y
€
€
0.4 Plastic flow lines
R= 20
D to= 40 m z
te= 40 m
D’f 100 MPao Plastic flow lines
034 Ps= 2000 Mea R+ 20mm E
tox 40 m
tex 40 um o
pf= 100 mpo
B pPs® 2000 Mpo
0.2
A C
\_—/’__’___D
0.1 2
K
X . , . 8
\ o 03 02 o.1 o
T T T T X
o 0.1
02 03 0.4 mm
(a) x—y projection of plastic flow lines. (b) =x—z projection of plastic flow lines.
y
€
€
04| 100 MPa Pressure distribution
R = 20 mm
Db . to= 40 um
7 200 te= 40 um
. . < pf= 100 mpo
€ Plastic flow lines o~ Ps= 2000 Mp
E R+ 20mm 037 400 b ‘
to= 40 pm
0.14 tex 40 um 600
pf=  {OO mPa
Ps* 2000 Mpo B 800
600
02775
=
¥ RNy
A c 2000

fo.te
!
o
o

(c) y—=z projection of plastic flofw lines. (d) Pressure distribution.

Fig. 19. Plastic low lines and pressure distribution (¢,=+¢).
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the running direction of the plastic flow lines changes gradually from downwards

to upwards, even in the plastic flow lines (e. g.,, AB in the figure) near x-axis. In
Fig. (d), showing the pressure distribution, the pressure generated in the film
reaches the deformation resistance of the underlying metal p, over a fairly wide
region, in terms of the increase in the protuberance penetration f,.

3. 2. 2. Effects of suvface film on coefficient of friction

As the coefficient of friction is considered to be influenced by the radius of
the protuberance, the film thickness, deformation resistance and so on, the effects
of these variables on the coefficient of friction are investigated. In the following
calculation, p,=2000MPa and k.=p,/+/ 3 are adopted, which correspond to the
deformation resistance of S$35C (0.35%C carbon steel for machine structure).

(a) Effects of radius of spherical protuberance

Figure 20 shows the relation between
the load and the coefficient of friction
when the radius of spherical protuberance
R is varied and the film thickness £, is 08 R-25.35.450m
kept constant. It is clear in the figure pi= 100 wro
that the radius of protuberance R has a
little effect on the coefficient of friction,
and the coefficient of friction is slightly
large in a large protuberance radius R.
The reason for this may be considered as
follows: In the large protuberance radius
R, the penetration depth is shallow, and
the restriction on film deformation exerted
by the underlying metal is weak; hence,
the pressure generated in the films is
relatively low.

The coefficients of friction are com-
paratively high under light load. This
indicates that the protuberance contacts
only the film and the deformation of the film is not affected by the underlying
metal. When the load is increased, the deformation of the film is restricted by
the underlying metal and high pressure is generated in the film, as seen in Figs.
18(d) and 19(d). As a result, the coefficient of friction rapidly decrease. In the
load in which a low coefficient of friction is maintained, the surface film acts as a
friction reducing agent between the underlying metal and the protuberance.

(b) Effects of surface film thickness 7,

Figure 21 shows the relation between the load and the coefficient of friction
when the film thickness f, is varied and radius R is kept constant. From the
results shown in the figure, it is clear that the thicker the film is, the larger the
frictional load is and the more gradual the decrease of the coefficient of friction
is. This fact may be explained by the restriction of the underlying metal and the
ploughing effect of the surface film. Thus, in the case of a large film thickness,
the restriction exerted by underlying metal and the pressure generated in the film
are both relatively low, which makes the penetration depth great and the ploughing
effect slightly large. As a result, the changing characteristic of coefficient of
friction ¢ owing to load W in Fig. 21 may be obtained.

Qo7

H

05 -

R = 45 mm

o4

03 F

Coefficient of friction

o2 r

Ol

o 5‘0 !C;O IéO 260 250 300
load W N

Fig. 20. Effect of radius of spherical pro-

tuberance R on coefficient of fric-

tion z (pr=100 MPa, kr=pr/+/3).
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Fig. 21. Effect of film thickness #( on
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(e) pr=200 MPa, R=2mm.

(¢) Effects of deformation resistance p; of surface film
Figure 22 shows the calculated result of the coefficient of friction when the



Frictional Properties of a Surface Covered with a Soft Metal Film 21

deformation resistance p; of the film is
varied. As can be seen in the figure, with
the increase of py;, the coefficient of
friction becomes slightly greater and tends
to decrease more slowly. When the
deformation resistance p, is large, the
penetration depth of the protuberance is
shallow and the effect of the underlying
metal on the film deformation is limited.
Accordingly, the pressure generated in the
film is rather low. Furthermore, the
ploughing effect is remarkable in the film
of large deformation resistance. This may
be the reason why the characteristic as
shown in Fig. 22 is obtained.

3. 3. Comparison between calculated
results and experimental results

In this section, the calculated and
experimental results of the coefficient of
friction are comared with each other to
estimate the mathematical model of film
deformation adopted in the analysis. The
results obtained using p,=100 MPa are
compared with the experimental results of
Pb-film. Figure 23 shows the result. As
can be seen in the figure, the experimental
values are higher than the calculated one.
This seems to derive from the piling up
of the film ahead of the protuberance.
The experimental values are considered to
be comparable to the calculated results of
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o6 | Po © 32 mm
R: 318 mm to: 35,60,110 ym
otox Sam  pf: 100 wee
05t @ fer 15 um  ps= 2000 weo
@ to= 40 pm

04 to=t10 um
= 80 um

fo= 35 pm

Coefficient of friction
o
(3

A—

Foo000 50 0 o

200 250 300

W N

i(‘)O 150
Load
(b) Pb-electroplated film, R=3.18 mm.

o7

1

1

05 H

ient of friction
<
£y

Va

R =
to=
of =

pf= 2
D'~
pf=s I

135

2.0 mm

40 ym
€5~ 200
MPa

00 wmre

00
65

Fig. 22.

o7

H

of friction

Coefficient

50

100

150 200

Lood W N

250 300

Effect of deformation resistance
pr of film on coefficient of friction

Experiment
Pb

R =
o tfo
® to

® fo=

1.98 mm
= 5um
= 20 um
40 um

Theory

R= 20 mm
to= 35,60.9C um
pi= 100 wmPa
ps= 2000 mpo

50

100

Lood W N
(a) Pb-electroplated film, R=1.98 mm.

\
150 200

250 ° 300

Experiment

Pb
R =

397 mm

0 10: 5 um
® fo= 15 ym
® tos 40 pm

to= 60 pm
@\@ i// 0= 35 pm

Theory

R= 40 am
to = 35,60,110 ym
pi= 100 wmPe

ps= 2000  wpo

105110 um

100

Load

150 200
W N

(¢) Pb-electroplated film, R=3.97 mm.

Fig. 23. Comparison between experimental and calculated values.



22 8. Kato, E. Marui and K. Tachi

compensated film thickness, for the ef-
fective film thickness is increased by the
height of the piled up film. The height
of the piled up film, i. e., frictional track,
is measured by a surface roughness meter,
and an example is shown in Fig. 24. It is
seen from the figure that the height of
the piled up film is nearly the same order
Fig. 24. Profile of friction track. as the film thickness #,. The piling up
shown in Fig. 24 is on the side of the
protuberance. The piling up in the front
of the protuberance may be higher than that on the side. The degree of agreement
between the calculated and experimental values may be improved by considering
this effect of the piled up film!2. ,
So, it can be considered that the calculation of the friction characteristics is
qualitatively justified from the experimental results.

N S e e

3. 4. Concluding remarks on analysis of friction between a single
protuberance and surface

Analytical investigation of the evaluation of the coefficient of friction is made
in order to clarify the mechanism of the load dependency of friction, and to clarify
the effects of the surface film on the friction characteristics. The pressure dis-
tribution between a protuberance and the subsurface are clarified, and the coefficient
of friction is calculated on the basis of the plane strain model of the deformation
of the metal film. As a result, it is confirmed that the characteristic of the
coefficient of friction arises from the extremely high pressure generated in the
film. The effects of protuberance radius, thickness and deformation resistance of
surface film are clarified. The calculated coefficient of friction agrees fairly well
with the experimental value, if allowance is made for the influence of the piled up
film which is produced in front of the sliding protuberance, in the evaluation of
the film thickness.

4. Interference Effect of Soft Metal Film Deformation between
Two Protuberances

4. 1. Experiments on friction between soft metal film and two protuberance
indentor

4. 1. 1. Experimental apparatus and method

The friction force is measured when indentors having a single protuberance or
two protuberances are pressed against the electroplated surface of a rotating disc
under a calibrated load. The apparatus used is the same as that used in the single
protuberance experiment.

An electroplated disc is attached to the chuck of a lathe and rotated at a slow
speed (20mm/sec). The disc material is 0.35 % carbon steel electroplated by Pb-
alloy (Pb: 95 %, Sn: 5%). The indentor is pressed against the electroplated surface,
and two components of force acting on the indentor are measured by an annular
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dynamometer adhered strain gauges.

To clarify the interference effect
induced by a plastic flow of soft metal
film, the frictional coefficient is measured
not only in the indentor having a single
protuberance but also in the indentor
having two protuberances located closely
to one another. An example oftwo-protu-
berance indentor is shown in Fig. 25. The
protuberances (R=1mm) are made of
bearing steel.

4. 1. 2. Experimental results

Experimental examples of the relation
between applied load W and the coefficient
of friction ¢ are shown in Fig. 26. The
experimental results with a single pro-
tuberance are plotted by duplicating the
normal load W, in order to simplify com-
parison with the two-protuberance in-
dentor result. There is a distance of
4Y =0. 8 mm between the centers of each
protuberance in the two-protuberance in-
dentor in the orthogonal direction to the
sliding. The protuberance height in the
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Fig. 25. Two-protuberance indentor.
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Fig. 26. Relation between coefficient of friction x and normal load W.

film thickness direction is the same (4Z=0mm).

Figure 26(a) gives the results

with the film thickness #,=230um, and Fig. 26(b) with {,=40 pm.
From these experimental results, the following features of interest are obvious.
i) The load dependency in coefficient of friction u is recognized in cases with
sither one or two protuberances, and the coefficient of friction ¢ decreases with
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the increase of the applied load.

ii) The coefficient of friction # of two-protuberance indentor, where the
interference effect of plastic film flow exists, is lower than that of single-protube-
rance indentor.

iii) The difference between single-protuberance indentor and two-protuberance
indentor is more remarkable in the light load.

The influence of the interference induced by the plastic film flow and the
mechanism that yields the above mentioned friction charactersitics are theoretically
investigated in the following section.

4. 2. Calculation of coefficient of friction considering inter ference effect
of plastic film flow
The calculation process for the coefficient of friction and the mechanism yield-
ing the load dependency have already been explained for the single-protuberance
indentor1®. Thus, only the calculation for the case of a two-protuberance indentor
is explained in detail here.

4. 2. 1. General idea of interference effect and plastic flow line

The general idea of the interference
effect in two-protuberance indentor is
clarified by extending the idea of plastic
flow in a single-protuberance indentor. R -
Then, the calculation process of the co- | ":
efficient of friction is given on the basis Y +
of this general idea. N Py
Figure 27, which is the same as Fig. N L
15, shows the contact model of the single NSt *Ls
protuberance and surface. When the pro- CE 2 N
tuberance moves in the arrow direction, o
the surface film under the leading face of T
the protuberance will be compressed bet- Fig. 27. Plastic flow of metal film between
ween the leading face of the sphere and spherical protuberance and under-
the underlying metal, and forced to flow lying metal.

Sphere O Sphere |
~

Sphere O Sphere 1
aY

@ A
i
1

e

AN
x . .Underlying metal

Fig. 28. Arrangement of two-protuberance Fig. 29. Arrangement of two-protuberance

indentor (top view). indentor (front view) and deforma-

tion of soft metal film under in-
terference effect.
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to both sides. Applying the volume conservation low, plastic flow line LL on the
protuberance is obtained in the single-protuberance indentor. This idea is extended
to the two-protuberance indentor.

Figures 28 and 29 show the contact of the two protuberance indentor at the
soft metal film. In the figures, the adjacent two protuberances are located at
intervals of 4Z, 4Y, in the film thickness direction and in the direction orthogonal
to the sliding, respectively. Figure 28 gives a top view and Fig. 29 a front view.
The hatched portion in Fig. 28 is the contacting area of protuberances and surface.
The lower protuberance is termed “Sphere 07 and the upper one “Sphere 17
hereinafter.

Taking the center O, of the spere 0 as the origin, x-axis is determined in the
direction of sliding, and z-axis is perpendicular to the contacting surface. Then,
y-axis is determind in the direction perpendicular to both x- and z-axis.

Now, the film put between two protuberances cannot flow freely in y direction,
because the film deformation in that part is placed under restraint. This pheno-
menon is the so-called interference effect induced by plastic film flow. For ex-
ample, the film pushed to the right by Sphere 0 cannot move freely owing to
Sphere 1. As a result, the contact pressure occurring in the deformed film may
be higher than in the case of a single
protuberance. The same fact may be
observed in the film pushed to the left by Sphere O
Sphere 1.

The bifurcation of film flow where
the film flow divides into two directions
shifts from the line of intersection be-
tween x-z plane and sphere surface, under
the influence of the interference effect.
The contact of film and sphere protube-
rance initiates at the leading front 1 in
Fig. 30. This leading front is also a
bifurcation of film flow. When the de-
formation of film becomes large and the
interference effect becomes remarkable,
the bifurcation on Sphere 0 shifts inside,
so that the bifurcation approaches Sphere
1, and the bifurcation line is the curve 1
~2 in Fig. 30. However, the exact deter-
mination of bifurcation is very difficult
and the calculation of frictional characte-
ristics becomes complex. Hence, the
bifurcations on both spheres are repre-
sented as the intersecting lines between
the protuberance surface and the plane
parallel to x-axis, in the undermentioned g
analysis. The lines indicated by ¢, and |
¢, in Figs. 28, 29 show the approximate / / /V / /
bifurcations. The locations (&4, ;) of Underlying metal
the appoximate bifurcations are determined Fig. 30. Location of bifurcation in film
so that the contact pressure distribution flow direction.
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on both sides of bifurcation is smoothly maitained.

By arranging the bifurcation in this simple manner, the interference effect does
not appear at the outside of the bifurcations of each protuberance and at the inner
part which satisfies the relation x; <x<x, [4:= Viq CR—1,1) —¢42] on Sphere 0.

4. 2. 2. Plastic flow line

The plastic flow line of surface
film is calculated from the condition Sphere O
of volume conservation!®. This con-
dition is simplified to the constant
cross-sectional area condition of defor-
med film, by the assumption of defor- 8
mation under the plane strain state.
As an example, the plastic flow line of

surface film will be obtained at the

inner part of the bifurcation, x; <x << \\ /
%y, as follows. The same method

adopted at the single-protuberance in- /

dentor!®can be applied to this case.

/,
KN

I
> i

J)
y

teo

to

As As
Underlying metal
Fig. 31. Soft metal film deformation on non-
interference effect side.

The cross-sectional area S of the
configuration [A;A;A3;A,7] in Fig. 31
is expressed as follows, by putting the
coordinate of the point A, as (x, y, 2).

S, 3, )= Rity—tu) (y—eo) +{ zdy
=S, (26)

where R, g, f,, indicate the protuberance radius, film thickness and penetration
depth of Sphere 0, respectively. From the above mentioned condition, the area S,
shown by equation (26) is constant when measured along the plastic flow line.

Next, the configuration [A;A;A3;A AsA] in Fig. 29, which is enclosed by two
protuberances and underlying metal, must be noteworthy when the plastic flow line
is obtained at the inner part of two bifurcations, and the interference effect exists.
The cross-sectional area S of the configuration [A;A,A3;A,A;A¢] is obtained as
follows, putting the coordinates of the point Ag and As as (x, ¥, 2) and (&, ¥, 2),
respectively.

S, ¥, 2)=(R+ty—t.) (dY —ey—e)+ (¥:— )2

+Sy z dyq‘—gw%lz dy

g Y2
=5, @N

It is quite natural in the case of the interference effect of film flow that the area
indicated by equation (27) is constant along the plastic flow line on Sphere 0.

The plastic flow line described on Sphere 0 by surface film deformation is
expressed as follows, from equations (26) and (27).
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f1=5(x, y, 2) —S,=0
(28)
g1:x2+y2+22~]€2:0

The plastic flow line on Sphere 1 can be obtained in the same manner.
The directional cosines of the tangent at a given point (x, y, z) on the plastic
flow line [equation (28)7] are given as follows:

I= 7
N
_ y*
TR ke g @
2K

VR R 4R
When the interference effect does not exist, the expressions of x*, y* z* are:

w4 =22 Rty o — VR — 27— 37)

. .o y et £
y¥= ny(sm 1 T sin~1 «/szlxz)
(30)
Z¥=2x (s‘n‘lwy —sin Tl ——S0 )
NS R TR
—2x(R+ty—ty— VRE—x2—y?%)
And when the interference effect exists,
= —2y(y.—Y)
ko Y - Yy el 3
yR=2x(y,—y) 2xy<s1n 1—»—-———\/m sin 1——-——\/'1?7%:\':7
oy AY —y . 3
4 sin S22 —sin 1_.__4-_—__..___“)
VR?—x* VR?—x? (31)

. e
Yy —sin~! 0

VR 5t VRt

4Y —y . €
v e )

z>*<::2xy<sin“1

+ sin~*

Considering that the shearing strength k, of the film acts along the plastic
flow line, the x, y and z components of the shearing stress are represented by the
following respective equations.
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kx: kfl
ky=km (32)
k. ="km

4. 2. 3. Pressure distribution 7

The pressure distributions on the Section x
protuberances are obtained using the ° \ y
equations of equilibrium and yield condi- .
tion of soft metal film. In the compres- N
sion of soft metal film under plane strain
between upper and lower rigid surfaces,
as shown in Fig. 32, the equation of

e . . . . *=VT2o(T — 1)
equilibrium in the 3y direction is as ! v RN
follows, in the coordinate systems located 2\:
on each protuberance sphere. FT " pdy
e
. . . oyt=1 r=0oyt+d(oyh
Fig. 32. Compression deformation under
; 759 %
plane strain. 44
pdy

do, 21 o, di

== B A 33
dy t tdy (33)

where ¢ represents the effective film thickness, and is written as follows:
t=R+tty—t.—/RE-x7—y? (34)

By putting ¢,=tf., (penetration depth of Sphere 0) in equation (34), equation (33)
corresponds to Sphere 0. And by putting {,={.; (penetration depth of Sphere 1),
equation (33) corresponds to Sphere 1.

The yield condition of the infinitely small element in Fig. 32 is

7, + D=2k (3%)

From equation (32), the relation r=mk, is obtained. By taking this relation into
consideration, it follows from equations (33)~(35) that

=2k (»mt+—«—-«———\/ - ;Zﬁ__ywz Jay--cl (36)
The integral constant C in equation (36) is determined so that p=p; (deforma-
tion resistance of surface film) at the point of y=+/2R7, f,2—_x2.
The pressure distribution p does not exceed the deformation resistance p, of
the underlying metal. When the calculated value of p by equation (36) exceeds Dsr
the pressure p is determined as p=p;,.

4. 2. 4. Coefficient of friction
From the previous preparation, the coefficient of friction can be calculated
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7 when the two-protuberance indentor is
pressed against the soft metal surface
under the prescribed normal load W.

In Fig. 33 showing the spherical pro-
tuberance, the area dA of spherical sur-
face element 1234 is written as follows:

Fig. 33. Stress distribution on spherical
protuberance.

dA—_ Bdxdy 37
\/ R? 2 yz

Pressure p acts perpendicularly to this surface element, and shearing deforma-
tion stress of the film k, acts along the plastic flow lines. The force components
dF;, dW, in x and z directions acting on the small surface element 1234 are written
as follows:

dF=(p+1k)dA

(38)
AW, = (p-+nk)dA |

where 7=x/RK and 5=2z/R are direction cosines of the normal of the sphere. In
equation (38), the conditions which represent =0, i=1 correspond to Sphere 0 and
Sphere 1, respectively.

The frictional force F; and the normal force W; can be represented as

(p-+nk)R Iy

i

V2Rt,—1t2 V2Rt,—12—x2
=f, o

0 ~ VIR, —iZ—miV R?—x?—y?

39
F:S«/ZRtE—tgahcgf\/ZRte—t’g—-xz Gp+1k)R J
! —oRE,— =z R*—x?—y?
Therefore, the coefficient of friction g can be obtained by
Fy+F,
- 4

s (40)

The coefficient of friction of single-protuberance indentor can be obtained with
almost the same calculation method by neglecting the interference effect of plastic
film flow and locating the bifurcation of the film flow at the intersecting line
between the protuberance surface and the plane through the protuberance center.
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4. 3. Calculation results and considerations

4. 3. 1. Location of bifurcation and contact pressure distribution

In a single-protuberance indentor, the surface film flow direction divides right
and left at the boundary of the intersecting line between the sphere and the
vertical plane including the sphere center. In the two-protuberance indentor, on
the other hand, the correct determination of the bifurcation location is very
important in the estimation of the interference effect of the plastic film flow on
the frictional characteristics, even if the configuration of the bifurcation is simpl-
ified as stated in section 4. 2. 1. In the present section, the determination process
of the simplified bifurcation is explained. The bifurcation location is determined
by considering the contact pressure distribution. In the calculation, the deformation
pressure p,, pr of underlying metal and the electroplated surface film obtained
from the hardness test are used; p,=1960 MPa and p,=98 MPa. The shearing
strength %, of the surface film is estimated from the measured value of the
coefficient of friction shown in Fig. 26; k,=80 MPa.

Next, calculations are carried out for the two-protuberance indentor with
symmetrical arragement of each protuberance (4x=4z=0) and compared with the
calculation for a single-protuberance indentor.

R=1mm ~ 03
10240 U m 03 c R=1mm 21
AY = 0-8mm £ 10240 um . E 500 MPao
- x . 400. MPa
AZ=0mm L 500 MPa AY =08 mm 300 MPa
€0.05mm ’ 400 MPa AZ=0mm 200 MPa
W=25N 300 MPa 98 MPa
200 MPa €= 006mm
98 MPo W=25N
. . ) A ; , X
05 06 o7 08 09 10 L 05 ‘06 09 10 I8
B Yy mm
(a) e=0.05 mm. (b) €=0.06 mm.

Fig. 34. Relation between bifurcation location and contact pressure distribution.

An example of the calculated contact
pressure distribution for the two-protub-
erance indentor is shown in Fig. 34, vary-
ing the location of the bifurcation. The
indicated distribution is of the protub-
erance sphere 1, and that of the protub-
erance sphere 0 is symmetric with respect
to the center line. As recognized in the

figure, the contact pressure distribution 0.02t R=Imm

is greatly changed by the location ¢ of 2§28fn7n°8mm

the bifurcation measured from the pro-

tuberance center. In the figure, the con- 06620 30 a0 50 €0 70
tact pressure distribution on both sides of teo pm

the bifurcation continues smoothly, when Fig. 35. Location of bifurcation.
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e=0.06 mm.

The right location of the bifurcation is obtained from the smooth continuation
of contact pressure distribution. The bifurcation of the two-protuberance indentor
of symmetrical arrangement is shown in Fig. 35. The location of bifurcation is
changed by the film thickness f,, normal load W (i. e., penetration depth f., of
indentor). The deviation from the protuberance center of the bifurcation is large
when an indentor is pressed against a thick soft metal film by a light load.

4. 3. 2. Effect of interference on frictional characteristics

The interference effect on the frictional characteristic of soft metal surface is
investigated in this section. The coefficients of friction ¢ for the single- and two-
protuberance indentor with symmetrical arrangement are compared with each other
in Fig. 36. The normal load acting on the single-protuberance indentor is doubled
in the figure to compare with the two-
protucerance indentor, as in the experi- 06
ment. The coefficient of friction g of
the two-protuberance indentor is smaller
than that of single-protuberance indentor.
The load dependency of the coefficient of
friction p is remarkable in the two-
protuberance indentor owing to the inter-
ference effect. This tendency is clear in %03
the light load region. The difference in

R = | mm

05t te =20 um

o4y

Single protuberance

the two-protuberance indentor and single- 0.2} Two protuberances
protuberance indentor decreases with the

increase of normal load. These characte- 0L  Av-08mm

ristics recognized in the calculation are AZ=0 mm

qualitatively in agreement with those in o ) . . X , .
the experiments. Hence, it is clarified 0 50 w 100 150

that the interference effect of plastic (a) #o=20 pm.

067 067

R = Imm

Tot40“_m R =1 mm

o 60 um

o4r

Single protuberance
Single protuberance 103}

o2r 0.2y Two protuberances
Two protuberances

AY = 0.8 mm
AY=0.8mm

Ol AZ = Omm O.tr AZ * 0 mm
O35 10 B0 o865 100 150
W N w N
(b) to=40 pm. (c) to=060 pm.

Fig. 36. Relation between coefficient of friction z and normal load W.
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film flow can be well explained by the model shown in Fig. 29.

The coefficient of friction g increases with the increase of film thickness ¢, in
the case of two-protuberance indentor, too, as recognized in Fig. 36. Furthermore,
it is recognized in the same figure that the friction difference between single- and
two-protuberance indentor is large when thicker film thickness is used.

4. 3. 3. Discussion and consideration

The reason for the difference in the frictional characteristic yields owing to
the interference effect is discussed from the viewpoints of contact pressure dist-
ribution and plastic film flow on the protuberance surface. The next discussions
concern only for two applied normal loads. One is the light load case (W =25N)
where the difference of the coefficient of friction is large and the othex is the
large load case (WW=150N) where the difference is small.

Figures 37~39 show the plastic flow line and contact pressure distribution in
W=25 N for both types of indentor. Figures 37 and 38 are top and side views of
the plastic flow line. The contact pressure distribution has already been indicated
in Fig. 34 (b). The plastic flow line in the two-protuberance indentor is shown
only for Sphere 1. On the left side of the bifurcation AB, the interference effect
is induced; thus soft metal film flows to the left and runs against the film flow
by Sphere 0. At the right side of AB, no such interference effect is induced. The
flow line in Fig. 38 (a) corresponds to that at the left side of AB in Fig. 37 (a).
From these figures showing the plastic flow line, the following features are noted.

In the single-protuberance indentor, soft metal film flows almost parallel to
the sliding direction of the indentor in the entire contact area. On the other hand,

03r
R=1mm 0.3
R=1mm
1o=40 um e
£ to= 40 yum £
AY=08mm Al ozp W 25N £
AZ=0mm ozr x
€=0.06mm
W=25N / ol ) o
08 08 o 8 09 -0 H -03 07 -0 0 o1 02 03
B Yy mm Y. mm
(a) Two-protuberance indentor. (b) Single-protuberance indentor.
Fig. 37. Plastic flow lines (top view in case of W=25N).
o ol
R=]| AY=0. 3l
" Y= 08mm R=Imm, fo= 40pum, W=25N g
to=40um AZ=0mm E £
W=25N €-006mm ~| 2
005
] 2
620" 0I5 G0 005 0 020. 0I5 0.0 005 0
X mm X mm
(a) Two-protuberance indentor. (b) Single-protuberance indentor.

Fig. 38. Plastic flow lines (side view in case of W=25N).
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in the two-protuberance indentor, the soft

metal film flow spreads sideways owing ii;;mm >

to the interference effect. This tendency szs: £ 199 Mee

is remarkable at the left side of the ozr > 20 e
bifurcation AB, which is kept between the

two protuberances. Accordingly, the soft o4

metal film in the two-protuberance in- (

dentor flows upwards in the left side of X . . .
bifurcation, in comparison with the flow ©°* %% o0 0. ¢ oz 03
line in the single-protuberance indentor Fig. 39. Contact pressure distribution
[see Fig. 38 (a) and Fig. 38 (b)]. On the (single-protuberance indentor,
right side of the bifurcation, the plastic W =25N).

flow line spreads slightly sideways as seen

in Fig. 37 (b). The soft metal film also

flows upwards slightly there, possibly increasing the force pushing up the indentor
normally.

Taking these factors into consideration, Fig. 39 and Fig. 34 showing the contact
pressure distribution are compared to each other and examined. Remarkably higher
contact pressure is generated in the two-protuberance indentor by the interference
effect, than in the single-protuberance indentor. The contact area supporting the
normal load (W=25N) is small in the two-protuberance indentor. Hence, the
frictional resistance acting on the protuberances and the coefficient of friction
become smaller in the two-protuberance indentor than in the single-protuberance
indentor,.

The plastic flow lines and contact pressure distribution are shown in Figs. 40~
42, for a large normal load (W=150N), where the interference effect on the frict-
ional characteristic is not clear. The configurations of the plastic flow line des-
cribed by the flowing film on the protuberance have the same tendency as seen in
Figs. 37, 38. However, the depth of indentor penetration is great and the generated
contact pressure is high owing to the large applied load. The area where the con-
tact pressure reaches the deformation pressure p, of the underlying metal is wide
in both indentors. The contact pressure distributions of both indentors are similar.
The difference between the contact area of both indentors decreases in a large
applied load. These are the reasons why the difference of frictional characteristic
in single- and two-protuberance indentor decreases in large applied load conditions.

R =lmm

0.3 . £
to = 40um g R= oo 03r E
AY~ 0.8 mm A to » 40 um x
AZ=0mm W= IS50N
e = 0.05mm o2 r
W = 150N

ot
; .
1.1 L . B
0.5 . ~0.3 -0.2 -0t o O.1 0.2 0.’3
8 y mm ¥y mm
(a) Two-protuberance indentor. (b) Single-protuberance indentor.

Fig. 40. Plastic flow lines (top view in case of W =150 N).
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R=imm AY=0.8 mm 5 0.1
tox 40 um AZ= 0 mm o
W50 N € = 005mm N
0.05
o
2
025 020 0I5 0.0 0.05 o
X mm ‘

(a) Two-protuberance indentor.

ReImm, tox 40 um, W=150 N £
E|l
-
"H0.05
\_ :
025 020 0.15 oio 005 o
X mm

(b) Single-protuberance indentor.

Fig. 41. Plastic flow lines (side view in case of W=150N).

W=150N
. 03r 1960 MPa
R=lmm A £ 1600 MPa
To=40pm £ 1200 MPa
AY=08mm ol 800 MPa
AZ=0mm —02 400 MPa
€:005mm 98 MPa
-
(,o;x
1 \ i 2 "
G5 06 07 08 09 R
8 y mm

(a) Two-protuberance indentor,

0.3

R=1mm € 1960 MPa

10540 pm £ 1600 MPa

W= 150N x 1200 MPa-

800 MPo

02 400 MPa

98 MPo

o1
-03 [ 01 0.2 03
y mm

(b) Single-protuberance indentor.

Fig. 42. Contact pressure distribution (W=150 N).

It may be concluded from the above consideration that the interference effect
of plastic film flow can be estimated from the configuration of the plastic flow
line described by the film flow and the contact pressure distribution generated
between the indentor and the soft metal film.

0.6
\ R =1lmm, AY=0.8mm, AZ=0mm
O.51
0.4}
=3
0.3r
o.2r
O.lr
———~— Single protuberance
Two protuberonces
%6 50 100 50

W N
Fig. 43. Relation between coefficient of
friction z and normal load W
(calculational result when film
thickness #¢ is varied).

The load dependency of the coefficient
of friction is shown in Fig. 43 for various
film thickness, using the same indentors
used in Fig. 36. The coefficient of fric-
tion increases with the film thickness.
The load dependency characteristics reco-
gnized are identical with each other. That
is to say, the coefficient of friction
decreases by the interference effect of
plastic film flow, and the difference of
friction between two-protuberance and
single-protuberance indentor is remarkable
in light load conditions.

Here, the occurring mechanism of such
frictional features are discussed. Figure
44 shows the relations between contact
area, mean contact pressure and normal
load. These parameters are good criteria
for the contact state. The contact area
increases with the film thickness f,. The
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0.25¢1 2000t
R=imm, AY:=0.8mm, AZ=0mm R=imm, AY=08mm, AZ=0mm
fo=60 j1m ——=—=Single protuberance
0.20 Two protuberances
" 1500
0.15 &
“ =
£ _ 1000}
< g
=3
Ol0F a
5007t
0.05¢
—~=== Single protuberance
~——— Two protuberances
S T oo B0 %50 100 150
w N W N
(a) Contact area. (b) Mean contact pressure.

Fig. 44. Contacting state of indentor and soft metal film when film
thickness £, is varied.

mean contact pressure of two-protuberance indentor is higher than that of the
single-protuberance indentor, and the contact area decreases, too. The difference
of these features between two-protuberance and single-protuberance indentor is
remarkable in light load conditions. These tendencies correspond to the frictional
tendency shown in Fig. 43. The considerations for f,=40pm (Figs. 37, 38) are
therefore valid for other film thicknesses.

From the above discussions, it can be ascertained that the interference effect
acts mainly on the contact pressure distribution generated in the contact area of
the indentor and the soft metal film, and the coefficient of friction decreases.
This is a general rule in an arbitrary contacting condition of indentor and film.

4. 4. Concluding remarks on interference effect of soft metal film defor-
mation between two protuberances

The interference effect induced by a plastic flow of soft metal film on the
frictional properties is discussed in the contact of the indentor with two spherical
model protuberances located close to one another and a soft metal film, to obtain
basic knowledge on the contact problem of a surface composed of many micro
asperities. In the theoretical examination, an interference model of plastic film
flow within adjacent protuberances is proposed, and a calculated friction characte-
ristic based on this model is compared with the characteristic of the single-
protuberance indentor.

As a result, the calculated coefficient of friction agrees qualitatively with the
experimental one. Thus, proposed interference model is ascertained to be reasonable.
The coefficient of friction decreases by the interference effect induced in plastic
film flow. This result can be explained through the configuration of plastic flow
line described on the protuberance sphere and the contact pressure distribution.

Some differences between the calculated coefficient of friction and the theo-
retical are noted. This may be due to the fact that the characteristic values of
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soft metal film used in the calculation does not adequately represent the nature of
the film used in the experiment. The nature of the film needs more investigation
in the state in which it is attached to the hard underlying metal.

5. Conclusion

First, the frictional properties in the contact between single hard protuberance
and the metal surface covered by soft thin metal film are examined experimentally.
The protuberance used in the experiment is a hard steel ball which simulates
asperities on many engineering surfaces. The load dependency of the coefficient
of friction and the effects of thickness and hardness of the film on the friction
are clarified. The simple empirical expression of friction which represents the
effect of the film properties is presented, considering the deformation mechanism
of the surface film. Analytical investigation of the evaluation of the coefficient of
friction is made to clarify the mechanism of the load dependency of friction, which
was obtained in the experiment, and also to ascertain the effects of the surface
film on the friction characteristic. The plastic flow of the soft metal film betweeen
a protuberance and the surface is presumed, and the pressure distribution originating
from the side flow is calculated on the basis of the plasticity theory. The effects
on the coefficient of friction of the load, the thickness and hardness of the film,
and the radius of the protuberance, are examined. As a result, it is clarified that
the load dependency of friction arises from the extremely high pressure distribution
generated in the film.

The real engineering surfaces are composed of many micro asperities. So, the
interference effect of plastic film flow may excert some influence on the frictional
characteristics. Then, to obtain some knowledges on the interference effect, the
frictional characteristic is examined, when a two-protuberance-indentor is slid on a
surface covered by electroplated soft metal film. The result is compared with that
of a single-protuberance indentor. The coefficient of friction in a two-protuberance
indentor, where the interference effect exists, is lower than in a single-protuberance
indentor, where the interference effect does not. This fact can well be explained
with the configuration of plastic flow line on protuberances described by deforming
soft metal film, and the corresponding contact pressure distribution between
protuberances and a surface.

The application of this interference model proposed here to the real engineer-
ing surface is now examined experimentally and theoretically, and will be reported

next.
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