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ABSTRACT

A survey is made of the main developments in
the study, by electrical methods, of lubricated contacts
with particular emﬁhasis on the asperity contact effect.
Preliminary experiments with a hydrostatic disc machine
demonstrate some bf the difficulties of interpreting electrical

resistance measurements.

A mathematical model is evolved relating the mean
duration of electrical contacts to the statistics of surface.
topography and shows reasonable agreement with published

data.

A method of studying the duration and separation
of electrical resistance changes on a statistical scale is
~applied to a simplified line contact, Over the range examined
no dominant frequencies are apparent. Subsequently a basis
for the interpretation of the electrical resistance signal
is proposed, assuming that contacts occur at random. This
theory is applied to a wide range of published results. In
many caseé a derived variable shows a simple power law
dependence on contact load, speed or oil film thickness.

The reinterpretation of results obtained with different

electrical circuitry yields «¢3sentially parallel curves,
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NOMENCLATURE

| Infregquently used terms are defined in the
text; Common usage has resulted in the duplication of some
symbols and these have been included under chapter headings
where appropriate. Subscripts 1 and 2 normally refer to

the two surfaces in contact.

General.
W appliéd load
Ao nominal area of contact
r real area of contact
Poisson's ratio
E modulus of elasticity
E' reduced modulus of elasticity
b Hertzian half width
L 0oil viscosity |
U,u mean surface speed inside contact zone
contact - time fraction
™ limit no-contact time fraction
t sampling time |
Cm number of observable electrical contacts
occurring in time t
C& %? i.e, count raue
C number of independent electrical contacts
occurring in time t
C* contact capacitance
‘m average number of simultaneous electrical

contact points
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separation between onset of electrical contacts
duration of independent electiical contact

a particular value oflt

mean value of 1T

separation between ideally smooth lubricated
surfaces

separation between mean planes of height
distributions

h and h, where no distinction is drawn between
these two values

separation between mean plénes of distributions
of asperity summits

combined root mean square roughness for two
surfaces in contact (with subscript this refers
to one surface only)

combined standard deviation of peak height
distributions of two contacting surfaces (with
subscript this refers to one surface only)
centre~line average rougnness for profile
standard aeviation of roughness filtered at
contact width

radii of curvature of asperity peaks for
contacting surfaces (assumed constant)

£(B,+B,)

autocorrelation length

resistances in potential divider circuit, R2 in

parailel with lubricated contact
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Chapter 4.

I
y(x)
A

W

Chapter 7.

1 2Ry, R!

ulauz

R,R

Chapter 8.

L
R

Chapter 9.
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Ry/Ry

contact resistance in low resistance state
contact resistance in high resistance state
series resistor

potential applied to divider circuit
potential difference across contact

maximum value of V

discriminating voltage

value of series resistor in equivalent circuit

length of profile

equation of profile

factor relating smooth and rough surface
pressure distributions

overlap or compression of two opposing asperities

intensity of incident beam
coefficients of reflection

refractive indices

length of tapered roller

mean radius of roller

0oil film thickness divided by the sum of the
c.l.a., roughness values for the two surfaces

in contact
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contact resistance
Hertzian radius in point contact
"average resistance" of dynamic contact

average potential difference across contact
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Chapter 1. General introduction.

Flectrical measurements in the field of
lubrication have a somewhat chequered history. VWhilst
appearing to detect small changes in experimental
conditions these types of measurement have been
notoriously difficult to interpret. It is a sad fact
that no serious examination of the electrical parameters
and processes has been undeftaken by any of the researchers
interested in applying these measurements. Iqually well,
the dynamic lubricated contact is hardly the ideal
experimental arrangement from the electrical engineer's
point of view. Important characteristics, such as the
dependence of current on temperature or applied potential,
cannot be measured directly and, at best, must be obtained
by inference. This:is further complicated by the fact that
some of these parameters may change significantly during

the course of an experiment.

The aim of this programme is to take a fresh
look at the use of electrical measurements in studying
lubricated contacts, from all relevant disciplines, with
a view to a more direct interpretation of electrical
behaviour. -The work is concentrated oﬁ the partial
elastohydrodynamic regime and on the "asperity contact"

phenomenum,

In view of the many faceted nature of this work

v

..it was felt necessary to give a short guide to its layout

and content,
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The idea of a pure rolling contact is perhaps
analagous to that of a completely smooth surface in that
both are ideal. There is probably always some sliding
present in a rolling contact, particularly when distortion
of the surfaces is evident. For instance, if two separately
driven one inch discs differ in diameter by 0.001 of an
inch then there is .1l per cent sliding present. Thus,
although the experimental work is nominally under rolling
conditions, the effects of sliding are aiso considered.
Theoretical work indicates that further information,
concerning surface tovography, may be obtainable when a

known amount of sliding is present.

A representative survey of electrical measurements
applied to tribology is made in chapter two. The lack of
a theoretical basis for interpreting asperity contact

effects limits the use of such observations.

The electrical circuitry employed by various
workers is discussed in chapter three and the equivalence
- of the two types of circuits used is demonstrated. The
series resistor is only necessary when current through the
contact is monitored. The possible conduction hechanisms
are discussed and the weight of evidence points to an
electronic conduction process., This is important as it
gives credence to the correlation of electrical contacts

with surface features. .

Some important developments in surface
topographical analysis and modelling are described in

chapter four. A model is then developed to examine the
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duration of electrical contacts when sliding is the
dominant behaviour. Good agreement is obtained with what
little experimental data are available and the possible

applications of this approach are considered.

In chapter five a series of experiments on a
new design of disc machine is described. The results are
generally in agreement with those found in the literature,

and a chemical effect was detected.

A method of observing contacts on a statistical
basis 1s evolved in chapter six and the electrical cifcuitry
built to perform this function is also described. The
problem of reproducing and maintaining experimental
conditions led the author to attempt a new experiment with
a simplified contact. This involved much work with surface
coatings deposited by the relatively recent technique of
radio frequency sputtering. This work is detailed in chapter
seven. Chapter eight contains the results of the
experiments perforﬁed with the above equipment, These
results suggested a new theoretical approach to analysing
the electrical resistance signal. This idea is developed
in chapter nine. “hen applied to published resuits,
derived parameters show a simple power law dependence on
contact variables. The vractical and theoretical
signifibance of these findings is discussed in chapter ten,

and areas for future research are identified,

A consistent system of notation has been utilised
throughout this work. The contact time fraction is denoted

by vy, so that the "per cent metallic contact" is 100vy.
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C
The rate of contact interruptions is written as Cﬁ or 7?,
representing Cm distinguishable contact events occurring
in a time interva; t. The guantity "m" that appears in
chapter nine is the expected number of simultaneous.micro-

contact points.
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Chapter 2. A review 0of electrical measurements in lubrication.

2.1 Introduction.

When the oil film is sufficiently thin the
eléctrical resistance of a lubricated mechanical contact,
in motion, appears to fluctuate rapidly between a high and
a low value, with few intermediate values occurring. The
frequency of this switching effect is commonly taken as a
guide to the state of lubrication between components under
examination, usually by displaying the electrical output -

on an oscilloscope.

Attempts to quantify this electrical information
are complicated since it is a function of the actual
circuits employed as well as the physical conditions inside
the contact. One problem is that any electronic measuring
equipment must have a wide frequency response in order not
to obscure the very fasf resistance fluctuations. An
intrinsic limitation is caused by the finite capacitance
of the contact. These and other electrical efrfects are

discussed in chapter three.

Several electrical techniques have been applied
to lubrication studies and some of the more important
metiods are described in this chapter. Theoretical
developments, assuming electrical contacts correspond to
actual contact between the two surfaces, have not been

entirely successful.

Next, the "voltage discharge" method has declined

in interest following the difficulty of obtaining general
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calibraiion constants.

Contact capacitance measurement, although
having certain difficulties of operation, has produced

useful results.

An outline of the development and present state
of knowledge of ‘these electrical measuring techniques is

given next.

2.2 Farly work.

Needs (1) designed viscometers to investigate
thin films and noticed that there was a measurable
resistance between the dropping disc and the fixed disc at

a separation of 2.5um. and a low resistance at 1.5pm.

Beeck, Givens and Smith (2) used resistance
measurements to indicate the transition between hydrodynamic
and boundary regimes in a four ball machine which was
brought up to speed and then allowed to run down under its
own friction, Froh this a critical velocity was found and

compared with that corresponding to a friction maximum,

Courtney-Pratt and Tudor (3) took measurements
between the cylinder liner and piston ring in an internal
combustion engine; They fouad low resistance regions
close to Top and Bottom Dead Centres, where the piston
speed was low, and high resistances corresponding to higher
piston speeds. They were also able to make qualitative
judgements on the effects of engine speed and lubricanf
viscosity. They noted a negative resistance region as

the current through the contact was increased. Tudor (4)
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observed the running-in of a journal bearing, and noted
that the incidence of electfical contacts decreased with

time,

In a letter to The BEngineer, Lewicki (5) noted
that the simple interpretation of resistance measurements
based on bulk o0il conductivity led to discrepancies in

film thickness of three orders of magnitude or more,

2.3 The "voltage discharge" technique.

Brix (6) reported that when a sufficiently high
current was applied across a thrust bearing, a potential
drop appeared across the bearing, which was a constant
amount greater than the voltage drop in the rest of the
circuit. Yoreover, this potential drop ("film volts™)

seemed to be dependent only on film thickness.

The same effect was observed by Cameron (7) in
line contact and the term "discharge voltage" was identified
with Brix'! film volts. Considerable work was done by
Cameron et al. (8,9,10 and 11) in making accurate
calibration measurements of this effect, and in applying
it to the line contact and point contact. Similar
calibration constants were found by Bathgate and Yates (12)

who applied the method to meshing gears.

An independent investigation was carried out by
Dyson (13 and 14) who found that the discharge voltage was
very dependent on the slide-roll ratio, and had a non~linear
.dependence on film thickness. An explanation of these

differences is suggested by Twisleton-Wykeham-Fiennes (15)
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and Wiennes and Anderson (16), who considered the electrical
properties of the system, in particular the effect of

cleaning the lubricating oil.

This technique is no longer in common use,
although Brix (17) reports that some Russian workers are

using it with reasonable accuracy.

2.4 Average resistance.

Another attempt to quantify electrical results
'was made by Furey (18). He used a simple averaging circuit
in parallel with a point contact rig undergoing pure
sliding. The averége resistance measured is, strictly
speaking, an average of the tiﬁe during which fhe contact
was in a low resistance state. The term "percent metallic
contact" was also used by Furey. This is also misleading,
since what is measured is the fraction of time dufing which
.one or many»electrical short circuits exist somewhere in
the contact. Notwithstanding, the values obtained seemed

to be reproducible.

The effect of increasing applied voltage on
metallic contact was found to be negligible until sparking

occurred and a constant low resistance observed, (Fig. 2.1).

The effect of varying load, speed and viscosity

are shown in Pig. 2.2.

Furey also examined the effect of rough surfaces
on metallic contact (19). These results were very
interesting as they showed an increase in contact with

roughness, up to a point, and then a marked decrease. These
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results are shown in Fig. 2.3 and it can be seen that there

is a maximum in the region of .25-.5um. (10-20pins,) c.l.a.

Furey and Appeldoorn (20) also examined the
effect of lubricant viscosity on metallic contact., An
interesting observation in this paper was that a plot of
metallic contact against load on Gaussian probability paper
gave a very good straight line, although no explanation for

this was proposed.

Christensen (21) looked at metallic contact and

- friction during the running-in process. The two discs on

a disc machine were run for a period of several hours at

a fixed load and the load was increased in steps., Metallic
contact rose sharply as the load was increased then gradually
dropped to a near constant value after about twenty minutes,
This led him to suggest that the running-in time for discs
could be considerably reduced as most changes in the
surfacés of the discs occurred in a fairly short time. He
then went on to fatigue tests and found that, in some cases,
the discs scuffed as soon as 100% metallic contact occurred,
and in others the discs ran on quite happily at 100%

contact without giving any indication of failure. Clearly
this is a possible shorit-coming of this method. Once 100%
contact is reached no further information is available to

indicate changes in the discs by this method.

An interesting observation was made by Millns (22).
A particular industrial oil (Shell Tellus 27) built up a
partially insulating film when a potential difference was
applied betweesn test discs. The potential difference was

removed for a length of time and on re-application a
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higher degree»of contact was observed. This behaviour is
shown in Fig; 2.4. The time taken to regain a steady

value was about two hours.

These experiments were under steady conditvions
and were performed on run-in discs. During running-in

normal behaviour was observed.

Millns attributes these results to a potential
assisted adsorbtion process. He suggests that polar fatty
acid molecules migrate to the anodic surface, where

adsorbtion is enhanced by the potential present.

Clearly this effect is a hazard to estimating
C film thickneés from electrical measurements. It does
suggest, however, a practical way of reducing contact in

a bearing. lMore work in this area would bpe of interest.

The average resistance across the races of a
roller bearing is described by Garnell and Higginson (23)
‘and Garnell (24). :The electrical situation is very complex,.
To register a contact there must be simultaneous electrical
contact between the outer race and a roller, and the inner
race and a roller, Nany parallel current paths are
avallable through the estimated five rollers (from the
twelve in the bearing) in simultaneous contact.  No doubt
roller-cage contacts also occur. Despite these complications
there appeared to be reliable correlation 5etween.average
resistance and film‘thickness for a range of lcads. This

is illustrated in Fig. 2.5 which is taken from (24).

A load correction was made to the resistance
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values in obtaihing the best fitting curves, the measured

values being multiplied by'WJLOAgOég lb. ‘The electrical

circuit used was not published but the applied potential
was 50mV and the large resistance in a potential divider

had a value of 200k¢.

It is interesting to note that when the applied
voltage was increased to 200mV, substantially lower
resisﬁances were recorded. This was ascribed to arcing in
the contact. There was also evidence to show that the
resistance values were reduced when the 200k resistor was

reduced to 20k,

The technique was similarly applied to a tapered
roller thrust bearing by Higginson and Leaver (25) and
Leaver et al. (26)., A region of unstable running was
observed at all loéds. This is shown as the hatched area

in Pig. 2.6 below on a speed-torque plot.

The variation of metallic contact with speed is
shown in Fig. 2.7 beiow. The broken line purports to show
" the region of unsteady running. However, reference to
FPig. 2.6 shows that this line should run approximately
perpendicular to its present course. The conclusion in
this paper (26) thai "the boundary of steady running is
difficult to define ... and occurs over a band of fractional
no-contact of 0.3 ... to 0.6 ..." should have the values

of 0.3 and 0.6 amended to about 0.4 and 0.5 respectively.

The curves for the two lowest loads were not

published in Fig. 2.7 but it is mentioned that they would.
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not lie in order above the other curves, which are fairly
well behaved with load variation. Yo explanation is giveh
for this but it seems that at the lowest loads there is

an unexpected rise in metallic contact. A similar effect
occurred in the disc machine experiments detailed in

chapter five.

Similar experiments were performed by Poon and
Haines (27) on a point contact disc machine. Typical
behaviour of f£ilm thickness with contact time is illustrated
.in Fig. 2.8 below. This data was then plotted as a Weibull
distribution (28) to give Fig. 2.9 below. This shows the
data to fall on two straight lines of different gradients.
This is then matchéd with a discontinuity in the traction

coefficient.

The Weibull approach involves rewriting a
~cumulative distribution F(x). ¥F(x) represents the
probability that the random variable is less than x.

Weibull rewrote this function as

il

F(x) = 1- explo(x)]-

The advantage of this is apparent where the
failure of one element is sufficient to cause breakdown
of @ whole system. If, for instance, F(x) is the probability
that a metal link should break at or below a particular
léad, then the probability that a chain of n links should

not break is (1-F)? or exp(no).

2.5 Capacitance.

Brix (6) réported that capacitance was used to
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estimate the oil film thickness in a bearing as long ago

as 1926. Since then the technique has Eeen refined, The
idea was reintroduced by Lewicki (S) in 1955 and then *taken
up by Crook (29), who made measurements between test discs
and very lightly loaded pads outside thevcontact region in
order to remove the errors due to estimating the actual
contact geometry. Archard and XKirk (30) applied the method
to point contact on a crossed rollers rig, and found it
necessary to introduce a frequency selective amplifier to

reduce the effect of spurious contacts.

Crook (31 and 32) was able to make measurements
of the film profile by exchanging oné of the steel discs
for a glass one with a chromium electrode on its surface,
and showed the constriction in the exit region by this
method, Orcutt (33) ﬁsed a similar technique and generally
confirmed Crook's results. Dyson, Naylor and Wilson (34)
performed a large number of tests on a disc machine and
obtained excellent agreement with the theory of Dowson and
Higginson (35). They found it advantageous to use a higher
frequency (19kHz) than other workers, as well as tunable

filters.

Hamilton and Moore (36) used temperature and
pressure sensing materials in conjunction with a capacitance

pad and were able to display these variables simultaneously.

Vichard and Godet (37) applied the technique to
cams and tappets and Astridge and Longfield (38) pointed
out the deficienbies of the assumptions generally made about

the geometry of the contact, when applied to high conformity
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situations.

An independent assessment of capacitance
measurements was performed by Snidle (39) who compared
capacitance with interferometric measurements directly on
a crossed cylinders rig. Wyﬁer (40) extended these
measurements to line contact. Snidle found quite good
agreement between the two methods, except at high speeds.
Wymer used frequencies of up to 50kHz and also interposed
a dielectric layer between the two surfaces which reduced
‘the effect of surface irregularities and constriction
regions on the capacitance readings. He found excellent

agreement between the optical and capacitance methods.

When measuring very thin films, the roughness of
the surface makes anAimportant contribution towards the
capacitance compared with the equivalent smooth surface
situation. A modified calibration curve was produced by
Napel and Bosma (41) to take some account of this effect.

The correction was calculated using a superimposed sinusoidal
surface roughness and experimental work confirmed that

better agreement to theory was obtained.

2.6 Asperity counting and contact resistance.

The average resistance technique described in
section 2.4 was extended by Tallian et al. (42) who examined
the electrical contact interruptions in greater detail. 1In
this paper two new terms were introduced, no—contactvﬁime
fraction, which is self explanatory, and limit no~contact
time fraction (T'). This quantity is the no-contact time
fraction if the contact were to have no capacitance. A

model was set up and a correction function derived which



~3Qm

can be applied to the measured values to obtain the ideal
values. In the notation of this thesis the correction is
given by

p12 |
1- Y = @;Fﬁgarﬁfr 2.1

where Cé is the measured rate of contact interruptions and
.x.
RC-is the time constant of :the electrical circuit-contact

combination.

The effect of changing several electrical factors
was explored in this work. These are briefly mentioned
here and are discussed in more detail in chapter three.
Fig., 2.10 shows the effect on no-contact time of changing
the series resistor. The broken curve is a T' curve
presumably derived from one of the solid curves. It is
very significant that the 48kQ cufve is above the broken
one. Inspection of equation 2.1 shows that in all cases
T' should be greater than 1-y. It must be concluded from
this that the change of series resistor has also changed
the number of contacts detected. As the 48k§l curve was
closest to the T' curve, this value of series resistor was

used in subsequent experiments,

Fig. 2.11 shows the difference caused by
changing the applied potential., The 100mV potential
appears to détect more contacts than the lower applied
voltage. This is in direct contrast to Furey's findings (18)
displayed in Fig. 2.1, and these differeces have yet to be

resolved.
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_ The change in count rate with film thickness
for two loadé is demonstrated in Figs. 2.12 and 2.13, The
broken curve is the experimental count rate, and the solid
curve is that predicted from the theory described shortly.
The third curve is the T' curve fitted to the experimental
values marked. The experimental and theoretical curves show
the same general behaviour although the fit is not exact.
The theoretical approach is not described fully in (42) but
the main lines of development are as follows. Both surfaces
are assumed to have Gaussian distributions of heights.

These may be combined to give a singlé Gaussian distribution
with a variance equal to the sum of the variances of the
two surface height distributions. Tallian then goes on

to consider "level crossings”. These are the number of
either way crossings of a datum through the profile,
parallel to the mean line, Using results from Bendat (43%),
it is shown that the number of level crossings 1is normally
distributed with height. Finally the intervals between
level crossings are examined and a distribution is derived
for these. If a profile is examined through a "window" of
length d corresponding to the appropriate Hertzian width,
then for a contact interruption to occur the interval
between level crossings must be greater than 4. Thus, with
a knowledge of the distributions obtained above, the
expected values of_no—contacf time and count rate may be

derived,

This process was extended for a two-dimensional
isotropic surface and a circular window corresponding to

the Hertzian area. Only the results of this analysis are
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presented in (42).

It is noted here that the main physical
assumptions of the model are that the duration of an
isolated contact is equal to the Hertgzian traﬁsit time
and that the asperities bear no load., The relevant
statistical quantities were derived from a profilometric

study of the test balls.,

Subsequently certain errors in this theory were
pointed out by Sidik (44) who developed a general theory
for predicting electrical contact behaviour. This
unfortunately depended on two-dimensional statistical
variables, the behaviour of which is not generally known.
It was then necessary to make various assumptions to

simplify the mathematics.

In both models the duration of a contact was
taken to be the Hertzian transit time., Sidik also found it
‘necessary to ignore multiple contacts. Clearly the good
agreement found by Tallian is somewhat suspect if the

assumed value for the duration of a contact is wrong.

Tallizn, McCool and Sibley (45) extended the
technique to examine lubricants and showed that the ratio
of film thickness to composite root-mean-square surface
rouzhness was an important factor in determining wear and

fatigue life.,

In an effort to expand the time scale and examine
electrical contacts in more detail, Tallian and McCool (46)

used very viscous oils in a slow moving point contact. The
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test balls were observed in some instances to slide and

spin as well as roll and no correction was applied for this.

Some contacts were noted that were considerably
longer than the Hertzian transit time although most were
much shorter. These long contacts occurred too frequently
to be explained by multiple contacts. Generally, contacts
were arranged to be unlikely events so that double or

multiple contacts should have been extremely rare.

In the simplé model of a parallel bircular

- Hertzian ZOne, asperity contacts can be infinitesimally
short by occurring very close to the gide of the zone. A
statistical analysis of the experimental results would have
been necessary to determine whether they were in keeping

with the theory and this was not the authors' intention.

They were able to make actual resistance.
‘measurements by comparing simultaneous voltage and current
records. Generally resistances were much higher than would
be expected from constriction resistances, and of the order
of thousands of ohms. This value is much too low to be
explained by bulk electrical properties of the oil. These
fesistances were reduced.by about an order of magnitude
when the series resistor was reduced by two orders of
magnitude. The authors sugzested that the most likely
mechanism for conduction under their experimental conditions

was electronic tunnelling,

A closer examination of individual contact

occurrences reveals interesting behaviour close to the no-
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contact level, Frequently the contact does not occur
instantaneously but has a definite rise time both .at the
leading and lagging edges of fhe pulse., This is idealised
in FPig. 2.14, It is possible, though unlikely, that the
decay at the lagging edge is a capacitance effect, It is
not possible to explain the "switch on" curve in this
manner. It seems very probable that this curve actually
represents the approach of two asperities. This switch on

time is of the order of tenths of seconds.

The good correlatidn between the occurrence of
electrical contact and the predictions based on surface
profiles led Tallian (47) to believe that the small scale
surface featufes are essentially unchanged as they pass

through an elastohydrodynamic contact.

Christensen (48) examined the duration and
frequency of electrical contacts on a statistical scale,
Fig., 2.15 is a histogram of contact duration in pure
rolling. The Hertzian transit time for the conditibns in
this Fig. is 2 milliseconds. The same experiment was
performed with a disc speed ratio of 1.5:1 and these contact

durations are very much shorter, as shown in Fig, 2.16.

Christensen also studied the variation of rate
of contact interruptions Cé with load, speed and viscosity.
He derived the following empirical formula for this
variation:

0y = kyute28(qu )=3.5 2.2
A where kl is.some unknown constant, and W, 7 and u have

their usual meanings.
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A similar equation is proposed for the variation

with film thickness, thus:

2l

cr;1=;-l35-- 2.3
However the range of y for which these
experiments were performed was restricted and Christensen
warns that an extrapolation of these equations outside the
region investigated is highly questionable. Clearly these

equations would not be expected to hold for larger values

of v, when multiple contacts predominate.

Fig. 2.17 shows vy, the contact duration T and
the count rate Cﬁ plotted against viscosity. It immediately
strikes the eye that C%'and Tt fall into two distinct groups
on eilther side of a viscosity of about 25cPoise. It would
be interesting to know if there was any difference in
experimental procedure to account for this. The product
of C& and T waé plotted against vy and showed a general
correlation with y about twice as large as tC% for rolling
and about ten times greater for rolling with sliding. These
results must question the accuracy with which the quantities
C% and t were measured as it seems difficult to explain

the big discrepancy by statistical variation alone.

All the preceding workers have split the
electrical gignal fairly arbitrarily into two regimes;
contact and no-contact. Czichos (49) has done some work

'in which three regimes are defined;
metallic contact (resistances less than 10Q)

guasi-metallic contact (resistances less than
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50k but greater than 10Q)

no-contact (resistances greater than 50kQ).

The percentage of time spent in each of these
three regions for various speeds is shown below (Fig. 2.18).
The so0lid line represents a roughness of ,4%um. (~20 pinches)
and the broken line of about .34um.(~13 pinches). The
experimental arrangement was a cylinder rotating on a fixed
plate. Similar results were obtained using a plate sliding
on three pegs. These plots are compared with the speed-
traction characteristics. The minimum value of traction

occurs shortly after the peak of quasi~metallic contact time.

In a recent paper Céichos et al. (50) have
extended the technique to examine the "time rate" and the
fluctuation rate (C&) within every decade of contact
resistance from 0.1 to 100k, This was applied to four
Jdubricants, pure hexadecane, hexadecane plus one of
dibenzyldisulphide (DBDS), zinc dioctyldithiophosphate
(ZDDP) and oleic acid. The results for 2 minutes, 20
minutes and 1 hour running time are shown in Figs. 2.19,
2.20 and 2.21. It must be assumed in Fig. 2.19 that one
of the points on the DBDS graph has been misplotted as .the
sum of the ordinates is 110%!t The effects illustrated
were apparently quite reproducible. The only conclusion
drawn from this wofk is that despite having very similar
wear and friction characteristics "...the interfacial
physico-chemical mechanisms of the ZDDP system and the
oleic acid system are entirely different."  The oleic acid

results indicate a steady increase in the electrical
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resistance of contacts with time. Possibly this indicates
~soap formation. In view of the Millns ecffect (22), it
would be interesting to know whether or not the applied

potential was removed after the 2 and 20 minute readings,

The electrical circuitry had a high frequency
response and used modern digital technlques. Count rates
in excess of 5x105 per second were occasionally observed,
In an attempt to locate any spurious electrical activity,
such as local electromotive forces or semiconducting
Junctions, the applied potential was removed and no voltage
above 10UV wag detectable. Reversal of the polarity of
the applied potential or reduction from 20mV to sz did
not alter any‘of Czichos' findings. Rise times for the
contacts were typically of the ordér of tenths of micro-

seconds,

Electrical resistance monitoring cf piston and
cylinder lubrication was recently reintroduced by Dowd and
Barwell (51). Measurement of no-contact time fraction
indlcated that surfaces of moderate roughness, about 0,13um,
(5.3pin.) c.l.a. gave rise to thicker oil films than very
smooth surfaces, Thils was ascribed to micro-asperity
' hydrodynamic 1lift, The results also showed the existence
of a range of contact resistance values under any given

conditions,

2.7 Summarvy.

The most useful electrical methods of observing
- the lubricated contact appear +to be capacltance measurement

and electrical contact analysis where transitions between
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high and low resiétance states are regarded as events, To
some extentvthése two techniques are complementary.
Capacitance values are most reliable when the oil film is
thick compared with the surface roughness, and.the exit
constric tion may be disregarded. Under these conditions
asperity contact is infrequent, so that the information
obtainable from studying such contacts is limited. In more
severe operating conditions capacitance measurement is more
difficult and 1éssﬂreliable, but it will no doubt remain av
useful laboratory tool within the confines of roughness and

conformity.

Flectrical contact analysis is useful in a
relative way, but the interpretation of these data is, as
yet, only qualitative. The theoretical approach of Tallian
gives a reasonable fit with experimental results but does
not lead directly to 2 practical method, for instance, of
'monitoring bearinz performance. So much Information has
to be supplied to make predictions of electrical contact
behaviour that divergence of experimental results from
theory does not pin-point particular physical changes in
the system. The same general comments must be made of the
model developed by Johnson, Greenwood and Poon (52), which

is aiscussed at length in chapter four.

The findings of Christensen that contact
durations ére, on average, very much shorter than the
Hertzian transit time throws doubt on a main assumption
of the theoretical modela., This may be due to the fact

that extremely small amounts of sliding can dominate
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electrical contact behaviour, and an alternative premise

is developed'in chapter four.

Recent work shows that the electrical resistance
of a dynamic lubricated contact is not necessarily a two
state system of high and low resistance. The fact that v
increases when more current is passed through the contact
indicates the existence of a range of values for contact
resistance. The observation of.essentially high and low
resistances may be a subjective error; This is discussed

further in chapter three.

It is possible that further information is
inherent in the electrical contact signal. The distribution
of contact durations has been examined by Christensen, but
the intervals between the occurrence of contacts may be
worthy of further étudy. Presumably these intervals must
be related in some way to the topography of the contacting
surfaces. If it is possible to isolate statistical
parameters directlj from the electrical contact signal, it
would be interesting to study how such parameters vary with

current through the contact.
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Chapter %, Electrical considerations.

3{1 Registance measurement circuits,

One of the problems confronting the researcher
is to ensure that any measuring systems do not upset the
measured conditions. For instance, when a thermometer is
used tb measure the temperature of a liquid, it takes a
small but finite amount of heat away from ihe system.
Similarly, in the system now considered, the effects of

the measuring circuit must be minimised.

The circuit used by Furey (18) is shown in Fig. 3.1.
The switch S can be set in any one of four positions,
allowing different values of current to flow through the
contact, while keeping the applied potential difference V'
constant between the cylinder and the ball,

1M M 0% S1kQR
Lo
Te.st
10k< 1k 1k rig cro - Pen
1009 fece] 30000F — Recorder
VWA

Fig, 3.1 Blectrical circuit used by Furey,

This system would not be suitable for asperity
éounting as the large capacitor would certainly affect the

very fast switching process in the contact,

A generalised Furey circuit is shown in Fig.'3;2.
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Fig, 3,2 Generalised Furey circunit,

A potential Vo is fed into the potential divider
Rl and RZ’ and r, the resistancé of the contact; is in

parallel with R The potential V across the contact is

2.
monitored.
In % t, v T
n this circui = - )'A
? : r(Rl + R2) + R1R2 o
rd
r(l + d) + szo V]here d = Rz/Rlo

Now d<< 1 and'dV0 = V', the potential across the
contact when r = . |

v o,

VI‘
+ Ry

Then, V =

r R

The variation of V with r is shown in Fig., 3.3.
It will be seen from this graph that the value of R2
determines the excursion from V' that a particular contact
resistance r causes., The smaller the value nf R2, the |
smaller the value of r needed for a particular voltage
excursion on an oscilloscope. Conversely, a fixed contact
resistance r will cause a bigger potentizal drop with a

smaller value of R2.

It has been tacitly assumed this far that the
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mechanisms of conduction between the ball and cylinder are
purely dependent on the applied potential. However, 1t
may well be that these mechanisms are current dependent.
In this case, the increased number of contacts observed on
a more "sensitive" scale, obtained by increasing the
current flow, may not be due solely to more accurate
resistance measurements, but also partly to a different

conduction mechanism becoming more viable,

In order to remove this poésibility it 1is
necessary to keep the applied potential and the maximum

allowable current constant and small.

A series resistor between one side of the contact
and the potential divider can be used to limit the current,
although this can also introduce problems due to the

capacitive effect discussed below.

Tallian used the circuit shown below., {(Fig. 3.4)

il Eed Erd

v d.c. \ / counter &
—/MWA— amplifier _ discriminator

Fig, 3.4 Block diagram of Talllan's circuit,
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This has the series resistor R and introduces
the electronic counter and discriminator. This enables
asperity counts to be recorded. The valve voltﬁeter, which
has a long time constant, allows "per cent metallic contact"

or "no-contact time fraction" to be measured directly.

If contacté are assumed to be ohmic in nature,
the effect of changing the discriminator level can be
reproduced without altering anything except the two
résistors in the potential-divider circuit. The ratio of
these resistors must be kept the same but the actual values
change. To illustrate this, consider a discriminator level
of V' applied to the circuit of Fig, 3.2, Referring to
Fig. 3.3 the discriminator will register a contact if
r < 3R,. If the discriminator level is reduced to AV' a
contact will register when » < Ry The same effect will
be observed withouf change to the original discriminator
setting by replacing Ry and R2 with resistors one third

as large.

If howevér these contacts are non onmic there
would be a discrepancy between changes in discriminator
level and the equivalent resistance alterations. This does
suggest a simple method for studying the variation of
resistance with current on the timescale usuwally employed
in test machines, although some correction owing to time

constant changes may be necessary.

The simple electrical analogue in Fig. 3.5 may
be used to illustrate the switching process that is
observed in the asperity contact phenomenum.
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Pig, 3.5 Equivalent circuit of asperity "contact!.

The series resistance R (ohms) limits the
current to the contact, supplied by the potential difference
VO (volts). The capacitance of the contacting members is
¢* (farads) and r and r' (ohms) represent the‘resistances
of the two states of conduction, where r'>>R and r<<R,

The potential across the contact is V (volts).

In the high resistance state, (position A)

r' .
== = i !
v ﬁ‘:”;TTO Vo since R<<r>r

On switching to the low resistance state,

(position B) V will fall to ﬁwfm;vo which is small as R<<r.
In cddition the capacitor will discharge most of its energy

2

in a time of 5C¥r seconds. This energy is 4C*V°watts,

On reverting to the high resistance state, V
will rise exponentially towards Vo and will be close to it

afterSG*Rseconds.

This analogue illustrates two effects. Firstly,

-
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1fC*¥R 13 comparable to the contact dwell time, instantaneous
switchihg will bc masked by the finite rise time of the
contact voltage. The typical waveforms in Fig. 3.6
illustrate this.

(a) Ideal switching,

(b) Signal modified by capacitance.

Fig, 3.6 The effect of capacitance on switching.

In (b) the second interruption would not be

apparent if the discriminator level was set at v*,

Secondly, since C¥Ris comparable to the dwell
time, C¥ris much shorter than this, Hence all the energy
of C%is dissipated through the contact in a very short time,
This could lead to localised heating and surfaée damage, in

conjunction with the mechanical stresses.

Tallian proposed a correction factor to take
account of the capacitance effect. Based on an exponential
" distribution of contacts, he derived equation 2.1 (on page
39). |
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Clearly, if CéRG*is small enough compared with
T*, then V/Vb is very‘close to T'. The only controlléble
parameter in this equation is R, If R is reduced by a
factor 6f k such that V/V0 is close to T', then it is
necessary to reduce the applied voltage by the same factor,
in order to maintain fhe game small current through the

contact.

This also has the effect of reducing the energy

2. Since'the time in which

stored in C*by a factor of k
this energy is dissipated does not change, there must be

a drop in local heating,

In practise, an upper limit is imposed on k by
the increasing difficulty of distinguishing the signal from
electrical noise and a compromise should be reachsd with

k as large as is précticable.

The equivalent circuit of Fig. 3.5 could be
modified to replace the capacitor C*with two capacitors,
one representing the capacitance between the test elements
and the other being environmental capacitance., Thus C¥is
the parallel combination of a fixed and a variable capacitor.
Environmental capacitance is freguently the larger of the
two. Poon and Haineé (27) suggest in their paper that the
capacitance of their system is 1pF and is thus'negligible.
In a lively discussion of this paper Archard points out
that this value is unrealistic. The authors concurred with
this judgement and subsequently suggested values of between
50pF and 100pF. It is possible to obtain an estimate of
the time constant by examination of the rise time of the

oscillogram in (27). This yields a value of about 2x10™%
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seconds and with a series resistor of 40kQ, C¥is revealed

to be about 5000pF.

Digital techniques have 5een applied to the
measurement of y and C& by Dowson and Whomes (53) and
later by Czichos (49 and 50). The high resolution of such
systems makes them very suitable for these measurements
but it must be recognised that a limitation is placed on
the frequency response by the capacitance of the test
machine and the equivalent resistance of the dividing
network. The effect of a long time constant is to increase

t
v and ?educe Coe

Following the publication of Tallian's work (42)
it became common to add the series resistor S in the

idealised circuit shown in Pig. 3.7. The only advantage

FPig. 3.7 Simple potential divider and series resistor,

of the series resistor is that it allows measurement of the
current through the contact., The network in Fig. 3.7 may

‘be replaced by a voltage source and series resistor %sR
R,V

172
shown in Fig. 3.8, where V' = ﬁ—g:9§~ and S' = S + TR

1 2 1 2
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Fig, 3.8 Equivalent circuit of voltage source and resistor.

The idealised Furey circuit of Fig, 3.2 may also be
, ' sz RlR2
represented by Fig. 3.8 with V' = m—"=== and S' = m~—=p-,
, Rl + R2 Rl + R2

It is easily shown that for any circuit of the type shown
in Fig. 3.7 there is a unique equivalent circuit of the
Furey type.

Attention must be drawn to the "compression®
effect that is observed when using simple circuits to
measure registance., Referring to Fig. 3.3 it can be seen
that about 86% of the volts scale is represenvative of two
decades change in resistance., If the contact resistances
are not essentially constant but evenly spread over, say,
ten decades of resistance centred on the parallel resistance,
R2’ a subjective interpretation of an oscilloscope trace
might diminish the importance of the smaller percentage of
resistance peaks oécurring near the centre iine. Subjectively
the oil film resistance would be high or low with few
intermediate values. This process is idealised in Fig. 3.9
which shows how ten contacts, each successive one having ten
times the resistance of the previous contact, might appear
on an ogscilloscope screen., The parallel resistance is taken

ag 10kQ and the contacts have resistances from 1Q to 1099.
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Fig. 3.9 Tdealised oscillogram of wide range of contact

resistance.

Fig. 3.9 might be subjectively interpreted as a two state

systen.,

3.2 Electrical behaviour of thin films of lubricating oils.

The study of conduction through thin cil films
would no doudt be at a considerably more advanced stage thaﬁ
at present if it were possible to set up a test cell with
completely smooth surfaces and variable o0il film thickness,
The experiments deécribed in the literature are far from
this ideal case and electrical characteristics must be
inferred to a large extent from incidental observations.

The slow speed experiments of Tallian et al. (46) probably
provide the most constructive approach to this problem and

a similar experimental arrangemgnt could be used to study
electrical response in more detail. Seﬁeral aspects of this
work are of interest, The finite rise times observed, of

the order of fenths of seconds, suggest that at the very

slow speeds employed the approach of opposing asperities is
reflected in the resistance variation. The actual resistance

values observed during contadt wereAtypically thousands of
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ohms, However when the series resistor was reduced by two
orders of magnitude (i.e. the current increased by that
amount) the contact resistance dropped by about one order

of magnitude., This is a flimsy piece of evidence on which
to base a theory. However there are nc other data available,

so a relationship between current and résistance of the form
1

I
Rz

is tentatively suggested.

The results of Czichos shown in Pigs, 2.20, 2,21
and 2,22, and those of Dowd and.Barwell.(Sl) generally
support the proposition that contact resistance values vary
widely although the spread of resistances 1s different for
each System. No doubt the distribution of resistances
depends on the electrical properties of both oill and additives
as well as chemical factors. An interpretation of this is
that the surfaces in nominal contact have many points of
close approach and the actusl separation varies from contact
to contact., For a given system contact resistance is
’ dependent in some way on separation, and probably also on
effective conduction area. It 1s extremely dangerous to
generalise in this field, but it is probably safe to state
that electrical resistance is critically dependent on small
changes of separation. This is most obvious in experiments
with extremely smooth surfaces Where a 0.025um,{lpin,)
change in oil f£ilm thickness causes a large change in count
rate and contact time. The effect is masked in rough
surface experiments as there is not such a high proportion

of potential contact points in a small distance.

Qutside the field of lubrication there has been
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some interest in the electrical broperties of organic thin
 films. These films can be deposited by evaporation or by

the Langmuir process described by Nathoo (54), A few
monolayers of, for example, stearic acid can behave in a
similar fashion to inorganic insulators and exhibit electronic
conduction (55 and 56), Although the controlled conditions
required for this type of experiment are very different from
those in a typical lubrication study, the application of
conventional thin film. theory may not be totally unrealistic.

Thin static films of n-heptanol were examined by
Rennell and Anderson (57). A one pm film of very pure fluid
| showed evidence of ionic conductivity. In order to explain
the observed asperity contact resistance values by such a
mechanism, calculation shows that the effective conduction
area must be sevéral square cms, for a film 1002 thick with
an applied potential of 100mV, The actual area of lubricated
'surfaces geparated by 1008 or less is many ofders of

magnitude legs than that calculated by the above method.

Commonly neglected parameters in electrical
resistance measurement as applied to tribology are humidity
and oxygen effects, as discussed by Holm (58). It is indeed
rare to find lubrication experiments pexrformed in a

sufficiently clean and dry atmosphere.

3,3 Mechanisms of conduction.

Conduction through thin oil films at higher powers
than those employed in asperity contact experiments was
studied by Fiennes and Anderson (16 and 59). They suggested

that a charge injection mechanism could account for the

-
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observed effects. At applied potentials of 100mV or less

it is difficﬁlt t0o imagine that significant charge injection
could occur,},Generally an ionic mechanism appears unlikely
for several reasons. First a mechanism for the generation

of ionic species must be established. The asperity contact
effect is observed with pure oils as well as with those
containing additives, The effect is also observed with dry
0il in a nitrogen atmosphere (50). So where do ionic carriers
come from? Further, the mobility of large ionic species will
be considerably reduced by the high viscosity of the o0il in
the high pressure region, and one wouid suspect that this
might 1limit the speed of response to applied potential,
Czichos, for example, observed rise times typically of 200ns,

Also, polarisation of surfaces is not generally observed.

Thus it seems difficult to explain the observed
effects by ionic conduction although it is within the bounds
- of possibility that an extremely mobile ion such as B or

+

0 1is the main carrier.

High electrostatic potentials can be generated, for
instancé, in 0il pumps. These are not thought to play an
important part in practical contact resistance measurements
because of the frequent low resistance states., This
assertion can easily be tested by running an experiment

without connecting the voltage supply to the test elements
(e.g. (50)).

Very little is known about electronic effects in
thin oil films. The work on Langmuir films mentioned in
section 3.2 shows that very thin organic layers can exhibit
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electronic conduction in the same way as inorganic insulators.
However, these adsorbed organic films are highly ordered.

This may not be the case in a dynamic situation and disorder
introduces further complications such as electron trapping

sites inside thé 0il film.

The oxide film on steel surfaces must not be
neglected. It is typically ~40% thick and composed of
various oxides with some free metal. It_is possible to
prepare pure oxides of iron whibh are good insulators but
this would not be typical of a steel surface (60). The
presence of free metal causes oxide mixtures to behave in a
quasi metallic manner and the effect of oxides on electiron

tunnelling barriers may be ignored.

Certainly some electron tunnelling must occur
between the two surfaces prior to actual contact. The
question to be decided is whether or not it is the dominant
mechanism. A definitive answer to the conduction processes
can only be revealed in future work, A possible experimental
arrangement might consist of a lubricated sliding crossed
cylinders arrangement where the curved surfaces are highly

polished glass or curved mica sheets as shown in Fig. 3.10,

Direction of

/”_—?

\

Fig. 3.10 Crossed cylinder type configuration.
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The effect on conduction of different metallic coatings
forming electrodes on the smooth surfaces might be particularly
revealing., Ideally this sort of experiment must be performed

in a dry neutral atmosphere.

3.4 Conclusions,

) The frequency response of measuring circuits is
discussed with relevance to the accurate measurement of
contact time and count rate, and it is shown how the two
common types of circuit used aré equivalent; The observation
-that resistance values are either high or low could be a

subjective error and the effect can be explained by a large

range of resistance values.

Physical interpretation of nominal contacts must
awalt better understanding of the electrical properties of
oils, and presumably will vary from oil to o0il arnd will also
depend on additives and'impurity content, The only property
that all the systems have in common is that the observed
resistance changes are fast and very sensitive to small

changes in distance.

It seems that an electronic conduction mechanism
such as electron tunnelling is the most likely explanation
for the observed contact phenomena, This 1s encouraging
as it suggests that it may be possible to link contact events
with surface topography. There is an exponential variation
of electron tunnelling current with separation of electrodes
under normal circumstances (61, 62 and 65). This implies
that it may be possible to establish a critical separation
which corresponds to the distance between opposing asperities

which is just sufficient to register a contact. The critical
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distance wili depend on the electrical properties of the
0il and any adsorbed boundary films, but for any given system
wiil be constant., It may bé that the range of effective
conduction areas owing to the multiplicity of asperity shapes
and possible alignments reduces the value of the critical

distance idea.

At this stage, the most constructivé approach
appears to be the examination on a statistical scale of
electrical contacts regarded as eventé. It may or may not
be possible to link statistical parameters to the variables
of engineering interest. However, if the dominant conduction
mechanism in this situation is electronic tunnelling, which
is sensitive to sméll changes of separation of the order of
10£ or less, then the contact of dynamic lubricated rough
surfaces can be studied on a scale that is not possible by

" any other method.
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Chanter 4., Rough surfaces.

4,1 Introduction.

In the last ten or fifteen years there has been
much interest in the mathematical modelling and in the
characterisation of rough surfaces. These developments have
accompanied technical innovations in the devices used for
analysing surfaces, and the increased use of modern computers
“to handle the large amounté of data generated by the stylus

profilometer.

The first part of this chapter presents a review
of some of the most important ideas in the history of rough
surface theory. It is not intended to be exhaustive, merely

to show the changing approaches to the problem.

Subsequently a model is developed to examine the
duration of sliding contacts and this shows good agreement

with experimental evidence.

4,2 Specification of surface finish,

A homogeneous, isotropic, rough surface is one
whose character does not change with position or orientation
on the surface. Parameters required to specify such a surface
must be invariant with respect to position or direction and
are clearly statistical quantities, The most common functions
used for this purpose are the root mean square (0) and the
centre~line average'(<%). These are defined below with

reference to Fig. 4.1 which represents a rough surface profile.

L
g = % \/foyzdx
1 L
a, = E‘L [y|dx
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Fig, 4,1 Surface profile,
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Pic, 4,2 Scme profiles having the same c¢.l.a, values
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The 1ength L must be sufficiently large for the sample to be
repregsentative of the surface. The mean line is taken here
as the straight line which divides the profile in such a way
as to cause equal areas to be cut off above and below, and
that these areas are the minimum possible., These averages
depend only on the height distribution of the surface and
can give no information on, for instance, the shape and
density of asperities., Fig, 4.2 shows some curves having

the same c.l.a. value,

If the height distribution is known, ¢ and To
will be simply related. The profiles of 4.2(a) and (b) have
the property that ¢ = Ty These are unrealistic models of

a profile however.: The Gaussian distribution is a good
representation of many surfaces and it is proved in section

4,6 that o= 1.250&, for this case,

The most suifable use of these simple averages
is for comparison of surfaces prepared by the same method,
or the determination of the point at which a particular
finishing process may be discontinued. A limitation of this
application is demonstrated by considering two ground surfaces
of markedly different roughness, Both surfaces will have
the same general features of ridges lying parallel to the
direction of grinding. A change of grit size will affect
not only the'roughhess, but also the spacing between ridges

and material properties modified by local heating.

Fig. 4.3 illustrates how a rough surface profile
may be split into three components of roughness, waviness

and error of form,
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error of

Fig. 4.3 Roughness components of a profile,

This is a somewhat artificial process as the
frequency spectrum of a surface is continuous, A good
illustration of this méy be found in Leaver et a2l. (26)., It
does mean that three values can be attached to a specimen
rather than one and allows rather better quality control.

It can be argued that the roughness component is a function
of the process and_that the other factors depend on the
properties of the particular system in use, Wavinesé
measurement may, for instance, be a method of detecting a

grinding wheel out of true or looseness in bearings.

Other statistics obtainable from a profile are
~the peak density, slope, curvature and the autocorrelation
function (Aef.). All these quantities, and derived ones such

as mean slope/mean curvature are of interest but the Acf. has
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shown particular promise as a useful parameter and is discussed

later.

-The mathematical models that are used to represent
surfaces can be divided generally into two classes, statistical-
and deterministic. The deterministic approach assumes a
particular shape for asperities and where necessary, an
alignment of opposing surface features. Calculated results
are usually dependent on both shape and alignment and hence
limited in application. The statistical approach can be very
complicated and simplifying assumptions are frequently needed.
It can also be very difficult to interpret some physical
effects such aé asperity collisions., The most promising
approach gseems to be a hybrid approach vhere a shape is
assumed for a single asperity and then its dimensions and

position are allowed to vary in a random manner,

4,3 The deterministic approach,

A simple theory of friction such as that proposed
by Bowden and Tabor (64) requires that the real area of
contact Ar is proportional to the applied load W. This is
based on the premise that friction arises due to adhesion or
welding of micro-contact points. If asperities behave
plastically then Ar is proportional to W since the area of
contact increases until all points in contact are just below

their yield stress.

It is necessary to add a certain amount of bulk
elastic behaviour into this simple model %o take account of
the contact load being reduced without any other motion between

the contacting bodies. It is unrealistic to expect all
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surfaces to be flowing plastically at each fresh contact, but
it is more difficult to éxplain Amonton's law in terms of Ar
when purely elastic models are examined., The real area of
contact between smooth elastic spheres was examined by Hertz
(65) who calculated that A« W5. TLincoln (66) studied the
area of contact between a nylon ball and a glass flat using
interferometry and was able to verify this relationship. A
surface consisting of an array of partial spheres of the same
radius shows an AraﬂN% dependence. Other shapes were assumed
for asperities, for example Zhuraslev (67), and in general

the variation of W with Ar depended on'this shape, It was
also found to be dependent on the particular alignment Sf
opposing asperities on the contacting surfaces. Archard (68)
proposed a model whereby asperities of different magnitude
could be combined. This process is illustrated in Fig. 4.4
and it can be seen that as the smaller asperities are included
the exponent of W approaches unity. This idea was an
important step in the understanding of elastic contact between

rough surfaces.

ta) Arccw 415 (b) Apcc w1415
(c) A cc WhATAS

Fig, 4.4 The effect of combining asperities of differing
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Determinigtic models can be very helpful when
examining the effect of surface roughness on contact
properties that are not easy to describe statistically.
Christensen (69) examined the effect of two dimensional
sinusoidal ridges on film thickness by means of such a model.
Generaily the 6il film was thinner than the smooth case when
the ridges were parallel to the direction of motion. The
opposite effect was observed when the ridges were transverse
to the direction of motion. A similar model was used by
Napel and Bosma (41) who were interested in the effect of
roughness on capacitance measurements, Their results showed
that the capacitance could be artificially high vhen the

surfaces were close.

These few examples give an indication of the uses
of the simple surface models. When the dimensions of the
surface features are altered and allowed to have statistical
variation the effect can be profound, as indicated by the

Archard model described above,

4,4 Statistical models.

The first order statistics contain no information
on slope or curvature., Very little can be done with the
height distribution only and some other constraint upon the

system must be introduced in order to make further progress.

4.4.1 Greenwood and Williamson's approach.

In the theory of Greenwood and Williamson (70)
the constraint they use is that the asperities are spherical
caps of constant radius B. The peak heights of these caps

are distributed normally with standard deviation o*. This
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notation is used to distinguish 0% from ¢ which is the

standard deviation of all heights on a profile as opposed to
peak heights, The model initially dealt with one smooth and
one rough surface (71 and 72) but subsequently Greenwood and
Tripp (73) showed that the problem of two rough surfaces in
contact can always be represented accurately by one modified

rough surface and a smooth flat plane.

4.4,2 ILubricated contact.

A model for load shéring betwéen asperities and
the oil film was developed by Thompson and Boechi (74) in
which they combined the Greenwood model with the hydrodynamic
lubrication theory of Dowson and Higginson (35). A simple
theory of asperity contact in EHL was proposed by Johnson,
Greenwood and Poon (52) and this is now briefly outlined.
Whitehouse and Archard‘(75) have shown how the statistics of
peak heights are related to those of all ordinates, The
separation between the mean plane of the surface and the mean
plane of the peak height distribution is approximately 0,80,

and ¢* = 0,7a,

A class of functions is now introduced:
o 2
1 n t
F (u) = f (t - u)” exp ( - 5-)at
o (em)2u e

and the values for some of these are given in (73).

The number of asperities in contact per unit area
at a separation h' between the smooth surface and the mean
plane of the peaks is given by n = NFO(g%) where N is the

density of asperities.
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The reduced elastic modulus E' is defined in
terms of the élastic moduli and Poisson ratio of the two

surfaces in contact by

1...'V12 1_\!
o L

o

1
i}“r‘ =

A single asperity compressed by an amount w exerts

a force of -32—E'rt%w3/.2

The expected total ~pressure exerted by all

agperities in contact is then given by
p, = -—ENB% 423'3( ),

The effect of surface roughness on the oil film
is examined from two view points, They are the way in which
the 0il flow to the entry region is modified by roughness and
the change in bulk deformation, The method used by Christensen
(76) is applied for transverse and longitudinal asperities
and it is shown that the effect of the roughness on the film
h’

formation can be neglected if is large.

The pressure distribution in the contact is
assumed to have the same shape as that for a smooth surface
although the actual values are changed. Thus p(x) = xpf(x)
where Py is the film pressure and p is the pressure for a
completely smooth surface. It is then shown that Dowson and
Higginson's cquation (35) can be modified for rough surfacés
by replacing W by %, E' by El ana h, by h., The h and h, used

A
here refer to the separation of the mean planes of the surfaces
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for the rough and the smooth case respectively, Thence it

is shown that

£ I
As the assumptions made so far limit the
. : . P
‘application of this to h > o it is now proposed that the =%

uged in the first part be identified with g above. This is

a reasonable assumption for values greater than about 1.5.

It is then possible to plot P and P, (asperity
pressure) on the same axis of %(% for pf)for various values
of g? (smooth case). The ratio of p, and p, and the
equilibrium film thickness are then found from the point of
intersection of the relevant asperity pressure curve with the
appropriate %g curve. In all cases where this theory may be

applied the equilibrium film thickness is very close to that

for the smooth surface,

The effect of the constriction regions in a

contact is not included in this theory.

4.4.% Contact time,

An interesting argument is used by Johnson et al.
(52) to explain the variation of y with %. This is based on
the argument that under a given set of.conditions there is an
average number of contacts, m, occurring within the nominal
Hertzian contact area. Then the following line of reasoning
is pursued: "Provided that m is a fairly small number, we
might expect that the probability of finding a givén number
of contacts within the contact area to be given by a Poisson

distribution., The probability of finding no contacts 1s then
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p(0)
l-y

exp(-m) i.e, no-contact time fraction

B

exp(=m) "

According to the foregoing theory m = NAOFO(:g)
where Ao is the Hertzian contact area. The experimental
results of Tallian (42) and Poon and Haines (27) are then
compared with a theoretical curve obtained by taking N = 200/mm2.
This is illustrated in Fig. 4.5.

The effect of a load increase with data obtained
from Tallian et al. (42) is to shift the theoretical curve
in the right direction by approximatély the correct amount,
The work by Leaver et al. (26) does not show such good

agreement, although based on the foregoing theory.

4.,4,4 Conclusions from Johnson model.

1, The o0il film is very much "stiffer" than the
elastic bodies in contact so that the oil film thickness can
be calculated as for the smooth case.

2. The number of contacting asperities is propoftional
to FO(%).

3, EHL film thicknesses are virtually independent of
load., The total number of asperities in contact is then
dependent only on the contact area. This is contrasted with
Greenwood and Williamson's model for dry contact whence direct

proportionality between load and number of contacts is obtained.

The results obtained by Thompson and Bocchi (74)
show a stronger dependence of asperity pressure on % than
Johnson et al. This probably stems from the assumption of

a constant nominal contact area and possibly from the

-



-8] =

% and~E
a A O
b experimental data points
x obtained from Tallian (42)
and Poon and Haines (27)
3
2
1
v
—_—
0 | | 1 L 1
0 2 4 i) 8 1

FPig.4.5 Theoretical prediction of no~contact time for

three loads, after Johnson (52), compared with experiment,
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confusion of h with hf and o with o* between which pairs no

distinetion is drawn,.

4.4,.5 The Whitehouse and Archard approach.

Whitehouse and Archard (75) examined profile
traces as though a random signal, Such a signal is completely
described by its height distribution and its autocorrelation
function. The Acf. is defined below, with reference to Fig.
4.1:

L2
c(p) ﬂ“m%/yhhh+BML
L=co ™ 2

Basically the profile is multiplied by a delayed
version of itself. Any periodicity will show up as peéks in
the plot of C(g) against p. Note that C(0) = ¢® (r.m.s. value)
and also that C(g) = C(-p) since the delayed profile may be
taken as the reference without changing the value of C in any

way.

Peklenik (77) employed the Acf. as a means of
characterising real surfaces. In a study of many machining
processes several different shapes for the Acf, were observed.
The most common however was a sharp initial decay followed by
a shallower gradient finishing sometimes with a small amplitude
‘oscillation.

The basis of the Whitehouse and Archard model is
the Gaussgian distribution of all heights and an Acf., with

exponential behaviour,

The value p*, the autocorrelation distance, is
the distance at which the Acf. has fallen to 10% of its
initial value.,
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The practical use of these quantities was admiradbly
demonstrated by Hirst and Hollander (78) in which o and B*

were clearly related to damage in sliding contacts.

Whitehouse and Archard also deVeloped a plasticity
index ¢ which is a measure of the likelihood that the surfaces
deform plastically or elastically under load, This is defined
-ast

q) = Oo69(% g*vo

This compares with a similar expression derived by Greenwood

and Williamson (70). 3
EYN (o
v = (§) @)
A more detailed comparison may be found in Onions

and Archard (79).

Some theoretical objections to the exponential

Acf., were raised by Nayak (80) and these are discussed below.

4.4.6 The Longuet-Higgins approach,

The statistics of a time dependent random surface
were evolved by Longuet-Higgins (81,82.and 83) for oceano-
graphic research. The speclal case of a metal surface was

developed by Nayak (86).

A recurring problem in the area of rough surface
modelling is that of inferring three dimensional behaviour
 from two dimensional cross-sections. In this respect the
work of Nayak hac been most helpful, Generally the profile
suggests lower values for the mean slope, curvature and

heights of the asperities than actually occur. For instance,
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the mean slope on a profile is a factor of (%n)% lower than
that of the corresponding random surface. The density of
summits on a surface and peaks on a profile are related by

D = 1.,2(D

)2
sum peak’ °

It is further shown how the moments of the
distribution are related to extremal and mean line crossings.
on a profile, These moments can be evaluated from the
derivatives of the Acf. of the distribution at the origin,

It is in this context that problems arise from the exponential
Acf. described in section 4.4.5. Since the Acf. is symmetrical
the first derivative at the origin‘has two values depending on
whether the approach is from the positive or negative side.
However, in use these problems do not interfere with the
practical applications of the Whitshouse and Archard model as
the sampled systems by which the Acf. is measured seem to

impose smooth behaviour at the origin.

Tallian (84) has used some of the above ideas in
a partial EHL theory, which draws together many aspects of
interest viz, surface fatigue, wear, smearing and elastic,
plastic and oil film load sharing., Tallian also asserts that
the effect of roughness on film thickness, as studied by ‘
Christensen (69) and Fowles (85), is no more significant than
other commonly neglected effects such as non-Newtonian
behaviour and thermal considerations. This is not true of
traction however. Tallian's experihental evidence (84) shows
that traction can be halved with a.circumferential lay on a
bearing, and doubled or halved with transverse lay., It is

also pointed out that if micro-~EHL is significant and there
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is a pressure gradient over an asperity, then surface roughness

modifications must be introduced into partial EHL models.,

4.5 Real surfaces and practical measurement.

The approadhes to surface characterisation have
been outlined above and a closer look is now taken at real
surfaces and the validity of certain assumptions occurring in

the literature.

' A recurring problem is that of scale and what
resolution is necessary in order to obtain significan£
statistical parameters from the surfacé. The resolution of
the stylus profilometer is limited by the tip radius and the
construction of its support mechanism., Work with a finer
stylus (75) revealed extra surface features and no doubt this
process could be continued to reveal surfaces in ever greater
complexity, until the stylus load and radius exceeded the
plasticity limit. The finite width of the stylus leads to the
recorded profile consisting of the envelope of the highest
points across the width of the track. There is also a tendency
for the stylus tip to be guided along grooves, giving misleading

values of roughness and slope.

For applications where the contact of two metal
surfaces is being considered, it is perhaps possible to make
out a case for ignoring the higher frequencies in the profile
spectrum. The agperities on a surface with significant high
frequency content must have small values for 8, the tip radius
of curvature. Referring to the plasticity index defined

above, a* will then be large, This means that plastic flow

B
is 1likely until either o* is reduced or @ increased, indicating
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that the high frequency is being modulated. This effect would
occur early in the history of the contact and one would expect

the lower frequency components to dominate subsequent behaviour.

The most common assumption made in surface
modelling is that of a Gaussian distribution of heights or
peak heights, In the case of very light contact an exponential
distribution may be used to approximate the upper extremes
of this distribution with subsequent gsimplification of the
mathematics, Not all surfaces afe distributed Gaussianly as
reference to Peklenik (77) will confirm. Fig. 4.6 shows the
height distribution of a bead blasted aluminium specimen,

This is plotted on probability paper which would represent a
cumulative Gaussian distribution as a straight line. Fig. 4.7
shows a steel surface finished by abrasion. The distribution
0of heights seems to be made up of two Gaussian distributions,
the lower one having a larger spread than the upper. This

is consistent with a surface prepared by one process then
finished by another. 1In the contact of surfaces the upper
half of the distribution is the more important. The surface
behaves in contact as though it consisted entirely of the
upper distribution. This upper part is commonly»normal even

for otherwise strongly non-Gaussian surfaces,

In his study of the microcartography of rough
surfaces, Williomson (86) examines the contact of two equally

rough surfaces, the results of which are displayed in Fig. 4.8,

It can be seen that under very light pressure the
surfaces are separated by 2.5 standard deviations and that

even under fairly heavy loads 90% of the contact takes place
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in the upper half of the surfaces. Thus it seems that the

Gaussian assumption for rough surfaces is generally acceptable.

Separation Approximate Percentage of 90% of
between mean load‘on 1 nominal area contact lies
planes (standard square cnm., in contact. above this
deviations). nominal area - percentile,
(Kg.).

2.5 0.2 ' 0.4 87

2.0 0.8 | 2.2 77

1.5 3.0 7.4 60

1.0 8.0 17.0 50

Fig 4.8 Contact between two surfaces with o= 1.25um,

4.6 The relationship between averages for a Gaugsian surface.

The root mean square value of the surface is 0,
the standard deviation of the distribution., The probability
of finding an ordinate of height y is then given by

2

l : [ ]
exp | - .
o Var 202

Direct measurement of surface roughness is

normally given in terms of the centre line average U e A
simpie proof is given below to show how these averages are

related,

Fig. 4.9 shows a profile of unit length with a

Gaussian height distribution, The shaded area represents

c
irregular manner since the equation relating y and x is not

|
o = i)ly]dx. This integral must be evaluated in a slightly
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known. 1Instead of summing small increments in x from the
left hand sidé to the right, the increments are summed with
respect to the ordinate y. Thus all the terms in dx that
correspond to ordinates lying between y and y+dy are added
together and finally integrated for all values of y. The

process is illustrated in the figure,
ylx) N

2

| . 2, i
@4///// 7

Fig 4.9 Profile of unit length showing method of integration.

2
Thus dx = 1 exp [- —xi]dy
o2t 20

since the distribution of y is known.:

' Wm = [ 1]
Then = y exp |- dy.
7o IG)' l a\Van 2%
eo) 2
2 ¥
o, = ¥ exp| - dy
c a\/2n J [ 202]
o
2
2 Y
= - = exp |-
(o]

Thus o = U\/% = 1.250,.
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4,7 The duration of sliding contacts.

In pure rolling the electrical contact is
normally assumed to persist for a time equivalent to passing
through the Hertzian zone. TFor a point contact this
agsumption results in a distribution of contact durations,
as the two opposing asperities may meet near the edge of the
circular Hertzian area. Tor a line contact, however, all
electrical occurrences should have the same duration. If a
small amount of sliding is introduced some contacts will be
shortened although most will remain unaltered. If the sliding
ig increased sufficiently the duration of conducting
occurrences is no longer governed by the Hertzian transit
time but by the time taken by asperities to slip past each

other,

In order to appreciate the effect of surface
features on contact time a simple mathematical model is
described below. It is important to make realistic assumptions
when setting up such a model. TFor instance, the conical
asperity model is at its most inaccurate where its behaviour
is most critical i.e. at the tip. The Greenwood and
Williamson approach is amenable to this sort of analysis
‘and their assumptions have a sound physical basis. Thus
Gaussian distributions of asperity peaks with standard
deviation o} and ¢} and tip radii of curvature g, and B,
are assumed for the surfaces., The symbols ¥ and Yo represent
thé peak height distributions for the two contacting surfaces
having standard deviations 0¥ and 0% respectively. The mean

of these functions is zero and the planes in which Y= 0 and
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¥, = 0 are the reference planes. An "overlap function" w is

defihed for positive values only as

’

W o=y +t¥, - h
where h is the distance between the reference planes. The
function y, + y, may be replaced by y which is also normally

digstributed with zero mean and has standard deviation o*

where 0*2 = Giz + 0323
(v) —1 _xin
Now ply = exp [— J
g¥~/21 20*2
=)
Thus p(w+h) = —E — exp |- iﬁih%~
g¥* /2T 20°%

Then the distribution of w, given that w>0 is given by:

_s__rﬁ]

L= x|

e @XD

oV 2m 2 e
il

og* /2T o

g(w) =

: ( ¢.22

4.1

- {h
g Lpl'a_-;;

where o¢(x) = jJZXP(—%tZ)dt.
X

This distribution is illustrated in Fig. 4.10

and q{w) is proportional to p{w+h).

The contact between colliding asperities is taken
to be elastic. No particular mechanism ox deformatiom is
suggested; the only condition imposed is that the asperities

regain their initial shape as soon as is geometrically

»
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Yy = w+h

Pig. 4.10 Distribution of overlap function qlw),

FA

Figo, 4.11 Cross-section throngh asperities at initial contact.

J
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possible,

The initial contact of two asperities of radii
Bl and ﬁz is shown in cross section in Fig. 4.11. The
projection of the line joining the centres of the two asperities

onto a reference plane is of length z where

22 = 452 - (28 - w)2
= w(4p ~ w) where B = %(g; + B,)«
In general B>>w so that z = 2-/wP 4.2

This line of length z can furthef be resolved into two
components, y perpendicular to and x parallel to the relative
direction of motion of the two surfaces. The duration of the
contact will be 2x in terms of distance and for any giveﬁ W
y is eqﬁally likely to take any value between O and z. The

mean value of x is now calculated for any value of gz,

The distribution of y is constant, thus

1
ply) = =
. .
since j’p(y)dy = 1
o
The mean value of x or ‘\/z2 - y2 is then given by
- '
[ 327 ]a
o}
= [g%vaZ - y2 + 2 gin™t (X)}

\ Z
Vw@ from equation 4.2,

X

Z

(NS

o

fi
-PJ]’FI

i
V] =]

Therefore the mean duration of contact is given
by
2% = TVwf = K(w) (say) | 4.3

This is the expected value of duration for any

-
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given w, but for a separation h' there is a range of values

of w given by'equation 4.1

s - L_hf.]

2
¥
i.e. aqlw) = ﬁg
*
o* o

Thus the expected value of K(w) for any fixed h is given by

(e 0]

f K(w)q(w)aw,

o]
Thus X n“ %['\/ﬁexp( %(u-&- 7\)2) ap

W h'
where p = oF A o= pro=B
We may write (1) = . 'faif—ex (- A( +-x)2) a 4.4
y = 9 (A) o H eXp H H .

since f is a function of X\ only and then X = wVgo* £(\)

i.e. the mean duration depends only on the surface parameters

and the dimensionless film thickness,

A Q)
0.0 | 0.822
0.5 0.730
1.0 0.656
1.5 0.599
2.0 0.549
2,5 0.509
3.0 0.474
3.5 | 0.435
4.0 0.333

Fig. 4.12 The function f()\) defined in equation 4.4.
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The function f(A) tabulated in Fig. 4.12 is
obtained from a set of integrals published by Gresnwood and
Tripp (73) which are simply related to the functions developed
above. It can be seen that f(\) varies by about 60% from
A= 0 to 2.5 which is the practical working range. This
function is plotted in Fig. 4.13,

Whitehouse and Archard (75) have shown that the
standard deviation, o*, of peak heights on a surface is
related to the standard deviatioh, o, of all heights by
c¥ = 0,70, ‘Thus K = n(O.?cB)%f(A). If the surface speeds

are Ul and U2, then the mean contact dwell time will be

— I? fod 2@6§VO-E. .
'Em = U]_-UZ U]__UZ f(l) . 4.5

The maximum error caused by replacing f(A) with a constant
will be about 19% in the range considered. Thus the mean

duration is approximately described by

1, Vo B '
T = —— " 4‘06

The only direct measurement of contact duration
was made by Christensen (48) and his measured values are
compared with a calculated figure. Christensen's experimental
conditions were as follows:

Ul—U = 0,27 metres/sec.

2

No value for B was published and this is taken
as 40pm, which is reasonable for a mean value although much
larger values can occur,

_ 1.7 -/
Then Tm = 6T§7J['035 X 2 X 40].usecs.‘
= 8,6usecs,



96

FON

P

> ¥

0 N 2 3
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The observed durations shown in Fig. 2.16 show

peak values occurring between 1 and 4usecs.,

A similar model based on conical asperities along
the lines proposed by Hisakado (87,88 and 89) yielded a
result two orders of magnitude in excess of the above

calculated value,

The distribution of dwell time is also of interest
and is dominated by.the overlap function., This function
shown in Fig. 4.10 can be approximated by an exponential
curve when h' is large compared with w. Christensen's results
have again been employed to test this suppositioh and the

results are shown in Fig. 9.12,

This model may be simply extended to asperities
of more complicated shape. TFor elliptical asperities, the
value of B used must be that measured along the surfaces in
the direction of sliding. In the case of the transverse
radius becoming infinite i.e. cylindrical asperities, the
difference in T is less than 22% of that for the spherical

case.

Thus if T, can be measured accurately by electrical
means the basis exists for an on-line measurement of the opB
product « A method for obtaining Tm experimentally is

discussed later.,

4,8 Rolling or sliding dominance.

If T, is much greater than the rolling contact

transit time (say one tenth of the nominal Hertzian transit

time) observed dwell times will be typical of the rolling
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contact although the small amount of sliding present will
increase the scatter, A simple criterion for determining
how much sliding is necessary to chaﬁge the electrical
behaviour from rolling to predominantly sliding would then
appear to be, for line contact,

tm<:i%%1
where b is the Hertzian half width. The value taken for

contact duration under rolling is one tenth of the Hertzian

transit time.

Thus L2 < o
1772 1
U, -U o
or 1 2:>7.5bGB

Uy
Again using Christensen's results where b = 310um,

thig value is about 0.7%

To extend this argument to point contact it
" would be necessary to estimate a typical value for the

duration of rolling contact,

This value derived above is that at which sliding
behaviour dominates. It is not unreasonable to suppose that
the effect of sliding will be marked at somewhat lower values

of sliding.



-99.

Chapter 5. Disc machine experiments.

5,1 Introduction.

Several»experiments were conducted on a new
design of disc machine. The discs were supported on hydro-

static bearings and loaded by oil pressurev(Fig. S5el)e

Both the shafts connected to the discs were
driven by thyristor controlled motors, arranged so that one
motor provided the main drive whereas the other applied'a
controlled braking force. A fuller description of this
machine may be found in (90).

The driven disc was electrically isolated from
the shaft assembly and a thin layer of epoxy cement ensured
that the side of the disc did not contact the carthed case,
The elctrical take off was by means of several silver and
graphite slip rings connected in parallel. The driving disc

was earthed to the body of the machine,

The spigot used to drive the insulated disc in
these electrical tests was somewhat weaker than its conduecting
counterpart and it was necessary to restrict the operating

conditions accordingly.

Temperature was measgsured by means of a trailing
thermocouple at the inlet region of the contact. It was
found that the system heated up by the action of the high
pressure oil pump. Some control over the oll temperature was

possible by means of a heating element and water cooled coils

located in the o0il sump,

The test discs were run under flooded conditiomns,
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Fig. 5.2 Block diagram of electrical circuitry.
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the oil being recirculated and returned via an oil filter.
The o0il used for all the tests was a formulated industrial
0il conforming to D. Eng. R.D, 2487 with a diacid ester base

and containing antioxidant and corrogion inhibiting additives.

The mating discs ran on a track 6émm, wide and one
disc was chamfered at an angle of 4° on both sides of the
running track to reduce plastic flow. The discs were of

EN39B steel and were finished by grinding circumferentially.

5.2 Electrical circuitry,

The electrical arrangement is shown schematically
in Fig. 5.2. The potential applied to the discs was supplied
by a 1.5volt dry battery through a dividing network and it
was set at 15mV, The output from the discs was amplified by
the d.c. amplifier and this drove a simple switching circﬁit.
This circuit had two outputs, the first of which went into
an electronic frequency counter, and the second drove an
averaging circuit and x-y plotter, The time constant of this
circuit was measured from its decay curve and was about 2.7
seconds. It is emphasised that there was no interference
between these two outputs. This was tested by applying
various known frequencies to the input and examining thé
counter display both with and without the averaging circuit
connected, This simple circuit performed surprisingly well
when tested for frequency response and linearity. A pulse
generator was connected across the input and known mark-space
ratios fed into the circuit at frequencies from 10Hz to 50 kHz
(the limit of the generator). Both frequency response and

linearity were within 2% of full scale and lay within the
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errors of estimating mark to space ratio on an oscillosccpe.

Electrical noise produced by the three large
motors on the test machine initially caused considerable
obstruction to the proper functioning of the circﬁit. This
could be demonstrated by disconnecting one side of the battery
while running and observing counts on the frequency meter,
This problem was eventually overcome by careful earthing and
the use of screened leads throughout. The circuit was

triggered by a disc resistance of about 304,

5.% Experimental results.

5,%,1 Running-in phenomena.,

The discs were run in at fixed speed and the
load was increased in 1001lb. steps. The specimens were run
for twenty minutes at each load for the lower loads and at

forty minutes each at the higher loads.

At the higher loads, the application of the next
increment caused the contact time fraction to rise to 100%.
Furthermore, the count rate drovpned to zero for a short time
indicating that any excursions that occurred from the contact
voltage were faster than the frequency 1limit of the system.
Typically this state continued for about twenty or thirty
geccrds after which low count rates appeared, increasing
rapidly with time., The contact time fraction gradually

dropped from the 100% level over the running-in period,

Removal and re-application of the applied
potential for short periods of time did not appear to change

ﬁhe measured values appreclably.
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5.3.2 Load and speed varlationd.

The range of working loads and speeds was very
restricted, as mentioned above, and it was not possible %o
cover the full range of values of contact time fraction by
controlling a simple variable. A typical load variation is
shown in Pig. 5.3, and Fig. 5.4 shows the variation with

speed at two fixed loads.

A problem encountered was the heating up of the

test o0il by the high pressure pump, particularly at high

loads. In order to reduce this effect, measurements were
taken as quickly as possible starting from the highest loads
and working down. The actual value measured was taken as

the average over the second half minute at the test conditions.
Local fluctuations did occur but were generally small compared
with the values measured., A small amount of electrical mains

hum was also present on the recorder input.

At low loads a surprisingly high amount of contact
was often observed, This appeared to be peculiar to this
test machine and might have been due To slight misalignment
artificially increasing the local contact pressures. This
effect was not investigated further but loads were kept

sufficiently high to avoid this region.

5.%3.3 Rate of contact measurements.

Fig. 5.5 shows the mean and standard deviation
of rate of contact interruptions. Each point represents the
average of fifteen measurements. It can be seen that contacts
initially increase with load then rapidly fall off as

multiple contact occurrences become more frequent.
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Fig.5.5 The variation of count rate with load.
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The electrical circuit registered a count when

the discs switched from a contact to a no-contact state,

5.%3.4 Repeatability of results.

Whenever experiments along the lines of those
outlined above were performed, the general behaviour of. the
variables was always as reported. The actual value of contact
time fraction varied considerably from run to run under the
same nominal conditions. One effect that was consistently
observed was that if the discs were left in the o0il flooded
chamber for a long enough period of time (typically over a
weekend) a contact inhibiting film appeared to develop on
the discs., After ten or fifteen minutes of running the

contact resumed values closer to those normally encountered,

Apart from this effect there was still a variation
that could not be ascribed to any obvious cause, sgch as
continued running in of the discs. Possible explanations
for this spread were chemical effects, slight changes in
relative speed between the discs or temperature variations.

As temperature could be varied (though not entirely controlled)
a series of experiments was performed to investigate this

further.

5.3.5 Temperature effects.

The averaging circuit was connected to one channel
of an x-y plotting table, and the other channel was taken to
the output of an electronic thermometer. The running
conditions were set up and the oil heater switched on before
connecting the plotter. Typical outputs are displayed in

FPig., 5.6. Several graphs'showed interesting behaviour in

>
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the region of 400-4500. A good example of this is shown in
Fig. 5.7. It was thought possible that this could be explained
by the formation of soap films at these temperatures. It is
interesting to note that Macpherson (91) sometimes observed

a drop in friction traces in this temperature range,

In an attempt to control temperature as a variable
'and examine the scatter of results a number of "steady-state"
experiments were performed. The disc machine was set running
and left under the set conditions for several houfs to attain

a state of equilibrium,

A sampling circuit was constructed to sample the
average contact time fraction and simultaneously trigger the
frequency counter. The sampling rate was about four times -

a minute, A typical output is shown in Fig. 5.8. The count
rate for the first thirty readings varied from 56.7 to l9.8x103
counts/minute., Towards the end of the experiment fhe

temperature dropped and the contact was reduced.

5,4 Treatment of results.,

It was intended to obtain surface topographical
characteristics from the discs as these parameters were
expected to play a most important part in electrical contact
phenomenum. These discs were, however, subject to considerable
surface damage when a high rate of sliding was accidentally
introduced under heavy loading. It was thought that these
surfaces would nof be representative of those prevailing when
the above programme was carried out. This misfortune precluded
a. theoretical treatment of electrical contact along the lines

adopted by previous workers with all tne inherent assumptions
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FPig, 5.7 Variation of ¥ with temperature.
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that such a theory would necessitate, With regard to the
experimental results obtained and the difrficulty of accurately
reproducing or maintaining a given set of conditions such a
theoretical approach would in any case be of very limited
value., What is ideally required is a method of analysis

whiéh measures some electrical parameter of significance:
rather than assumes one. The common assumption, for instance,
that electrical contacts persist for the Hertzian transit

time is particularly susceptible to criticism,

There seemed to be no promising line of research
from these results at the time so further work on the disc
machine was discontinued. However, theoretical progress made
at a later date and described in chapter nine, reveals some
interesting characteristics of electrical contact phenomena,
This theory was subsequently applied point by point to the
steady state experimental results, and the mean contact
duration was calculated according to the model described in
section 9.4. Some of these results are shown in Figs, 5.9
and 5.10. The calculated values of dwell time were widely
spréad and in general much shorter than the Hertzian transit

time,

5.5 Summary.

This series of experiments was performed with a
common lubricant and typical engineering surfaces. The
chemistry of the system has been largely neglected and it
was not deemed fruitful to study this at any length without
knowing the detailed composition of the o0il, It seemed |

necessary to test this method of studying lubricated contacts
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- under typical working conditions if it was to be eventually
of practical use. The temperature effect shown in Fig. 5.7,
the soaking effect described in section 5.3.4 and the results
of Millns (22) are a direct consequence of this philosophy.
Otherwise the results were in line with previous work in

that factors which increased contact width and reduced film
thickness increased the severity of electrical contact and

vice versa,

Increasing the load during an "asperity counting®
experiment caused the expected effect of an initial rise of
contact rate followed by a decrease as multiple contacts
dominate, although it is not known whether this is an inherent
property of the system or possibly caused by the increase in
the number of intervals between contacts becoming shorter

than that detectable by the equipment employed,

Running-in effects were noted in that an initial
increase in load could reduce the asperity count rate to
zero, but after a short time counts began to appear and to

increase rapidly.

Problems were encountered with reproducibility of
experimental conditions, which seem to limit the application

of tuls electrical technique to qualitative uses only.

A trheoretical approach, subsequently developed_
and described in chapter nine, is able to obtain quantitative

data. from some of the experiments performed above.. ..

It is interesting to note that Leaver et al. (26)

have more reéently observed a similar anomalous effect at
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low loads as that described in section 5.3.2. A possible
explanation for this is concentrafion of load at one end of

the line contact.

5.6 Direction of future work.

The experimental results seemed to shed no light
on the detailed process of electrical contacts and a new line
of research was undertaken. Work was transferred to a tapered
roller line contact rig designed by Wymer (40). This rig was
previously used for optical interferometric studies and it
was thought useful to retain this feature in subsequent work,
It was necessary to develop surface coating methods in ordqr '
to produce the necessary equipment and this work is described
in chapter seven., It was also necessary to find a method of
obtaining statistically significant data from the electrical
contact signals. This is described in chapter six together
with the electronic equipment that was designed and built to

do this Jjob.
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Chapter 6. Experimehtal approach.,

6.1 Introduction.

The aim of this series of experiments was to
stﬁdy'the electrical contact signal in greater detail than
has been reported previously. The emphasis was on the
examination on a statistical scale of changes in electrical
contact resistance, No particular physical significance is
placed on actual resistance values but large changes of
resistance are regarded as events, It was then hoped to
relate any statistically significant quantities to the

mechanical parameters of the contact.

The test machine in these experiments was deéigned
by Wymer (40) and comprised a tapered roller loaded against
a flat glass disc. Provision was made for observation of
film thickness by optical interferometry and although not of
primary importance to these experiments this useful facility

was retained.

In order to obtain the most physically consistent
electrical data an attempt was made to simplify the contact
to avold end effects at the extremities of the roller. A
special glass test disc was constructed with a conducting
annulus contacting the centre of the roller., The vexy
controllable technique of radio freguency (r.f.) sputtering
was employed in the fabrication of this disc to ensure the
best possible match between the surface of the disc and the

top of the conducting annulus.,

A technique for processing the electrical data

on a statistical scale is described in section 6.4 and
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essential electronic equipment was constructed to perform

this function.

The o0il used in these experiments was a paraffiniec

type, L74/1113, kindly supplied by B.P. Ltd,

6,2 Tapered roller test machine.

The general plan of the tapered roller thrust
bearing assembly is given in Fig. 6.1l. For electrical
insulation the two needle roller bearings were pressed into
Tufnol inserts., The drive sprocket was pressed onto a Tufnol
sleeve and the 1ower race of the ball thrust bearing was
insulated from the base plate. The cage retaining the tapered
roller was also insulated by means of a Tufnol insert, An
insulated wire passing through the cage made contact with a
mercury pool ingide the roller. A hollowed rod containing a
mercury pool was filitted to the shaft of the test disc and an
electrical contact was taken off by means of a co-axial cable,
Thus the roller and rotor assembly and the disc shaft were at
a floating potential with respect to the main frame which was
earthed to provide shielding. This system was tested by
lightly running a chromium coated disc without test oil which

indicated continuous electrical contact.

The system was loaded by a hydrostatic bearing
supported in a piston assemblj which was pressurised by
compressed air., This is shown in Fig. 6.2. The test disc
was able to tilt with respéct to its shaft as a soft rubber

insert connected the two pieces.

fhe thrust bearing was driven by a fh.p. shunt

wound d.c. motor which was mounted on resilient rubber
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supports to minimise vibrations. A speed reduction of 12.5:1
was effected by a worm gearbox and speed was measured by an
electronic tachometer triggered by a magnetic transducer in
close proximity to a 120 tooth gear. A thyristor circuit
gave speed control of better than 2%.

Temperature was measured by means of a chromel/
alumel thermocouple fitted through a hele in the cage assembly

behind the contact,

The dimensions of the blended roller used in
these experiments are as follows:
length 1.366cm, (0,.538in.)
maximum radius 0.457cm. (0.180in.)
minimum radius 0.365cm. (0,144in.)
The roller was superfinished by British Timken Ltd, to a
roughness of about 0.025um, (lpin.) c.l.a,

Murther details and a description of the optical
system may be found in (40).

6.3 Specification of glass test disc.

It was thought that the interpretation of electrical
contact measurements would be considerably simplified if the
effective contact could be reduced essentially to the two
dimensional case. The means of achieving this would be to
provide a conducting annulus on the glass test disc. This
conducting band must also be very thin to avoid any edge
effects on the oil film. Very good conductors such as gold
or copper tend to smear (92) when highly stressed. Harder
materials (e.g. chrome) have poorer conductivity and a thick

layer is required. The ideal solution is to excavate an
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- annular trough into the disc and then £ill it‘with'a

condﬁcting substance, To avoid serious stress concentration
at the edges the conducting material must be extremely close

to the disc surface, It is possible to deposit substances

to within measurable limits by the r.f. sputtering process,

It was felt that the thinnest possible film should be employed‘
but it was hoped that the sides of the trough would prevent

2 gold film from smearing, The adhesion of gold onto glass

is generally poor but an interposing layer of titanium or
chromium can considerably improve it. A cross section

through the conducting annulus is shown in Fig. 6.3,

&—.25cm, —>

chromic oxide

gold

chromium

Fig.6.3 Cross section through proposed disc. (Not to scale,)

The position of the annulus on the test disc is

shown in Fig. 6.4.

The etching and filling of the trough are
separate operations and it is essential that the same mask
be used for both., An attempt was made to etch the trough

by chemical methods. The disc surface was covered with a
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silicon Based dry film photo-resist, A suitable mask was
prepared, the film was developed and the annulus removed.,
The top surface of the disc was then etched in hydrofluoric
acid. The étching was extremely uneven and the annular
region took on a clouded appearance, In some arecas the
protective coating was penetrated. Fig. 6.5 illustrates the
etched glass disc. In view of this failure a more ambitious
'approach was adopted. By reversing the power connections in
an r.f. sputtering system it is possible to sputter away the
substrate. The use of a suitable mask enables patterns to
be etched. This line of developmént was pursued although
fraught with practical difficulties and is described in

chapter seven.

6.4 Processing of electrical data.

6.4.1 General approach.

The two quantities that are being examined in
this experiment are the duration of contacts and the intervals
between the onset of contacts. If, for instance, electrical
contacts persisted for the time taken for an asperity to
travel through the Hertzian zone then one would expect to
find a large number of contacts having this duration. One
might also expect the intervals between the onset of contacts
Ato be related to some surface topographical quantity such as
the average wavelength, Thus the problem falls into two
parts. Pirstly, statistically significant parameters relevant
to contact duration and spacing must be established., Secondly,
these must be related to the physical conditions inside the

contact,

It is necessary to obtain electrical signals
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Fir, 6,5 Test disc with chemically etched annulus.
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corresponding to the start and termination of éontact
resistance drops before further analysis is possible, The
resistance measurement circuit is connected to a high
frequency d.c., amplifier and thence to a trigger circuit
which cleans up the signal to give sharp switching between

two levels (Pig. 6.7). This signal is differentiated by a
circuit with a short time constant to give a signal comprising
alternate positive and negative pulses, idealised in Fig. 6.8,
The diode circuit of Fig, 6;6 splits the signal into two parts,
one consisting of positive pulses, the other of negative ‘
pulses only. The negative pulses are inverted and then both
signals are fed into similar monostable circuits to give

each pulse a fixed width.

Positive pulses only

Negative pulses

e N

only

Fig. 6.6 Signal dividing circuit,

The width of these pulses can be altered simultaneously'by
méans of a ganged potentiometer. The twin signals are
illustrated in Fig. 6,9. The "A" signal corresponds to the

onset of a contact and the "B" signal represents the
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contact

no contact

Fig, 6.7 Idealised waveform of asperity contacts.

Fig, 6.8 Differentiated sipgnal,

A -

Pig, 6,9 Outputs A and B.
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termination of a contact,

The most effective way to examine the spacing of
these pulses is to use the signals to start and stop a high
frequency oscillator connected to a pulse counter, These
counts would have to be stored in a memory and subsequently
collated. Unfortunately the sophisticated equipment necessary
to perform these functions was not available. However, the
main interest at the time was not in the complete distributions
of dwell times and intervals buf simply those values.most
commonly occurring which could be taken as representative.of
the contact conditions. Such information on dwell times can
be obtained by cross correlating signal A with respect to
signal B, Similarly predominant interval times will be
revealed in the autocorrelation of signal A, A Hewlett-
Packard correlator was avallable at the time of these

experiments and this was used in the manner described above.

The width of the pulses is an important parameter
in these experiments. When the pulse is long the frequency
response of the system is considerably reduced. If the
pulse is very short the power of the correlated signal is
extremely small, Then small deviations superimposed on a
constant recurring signal could render undetectable a peak
in the correlated output. Some examples are described here
to illustrate how the output varies with different inputs.
EXAMPLE 1. Contacts occur randomly but persist for a fixed
length of time t. The pulse width in signals A and B is 7.
The cross correlation of A delayed with respect to B is
illustrated in Fig. 6.10. If the pulse width t' is reduced,

the peak becomes narrower and shorter.



-129-

.

time delay

N
-
/
N
-

Fig. 6.10 Cross correlation function for example 1,

EXAMPLE 2, Contacts occur at constant intervals w and persist
for a constant time t. The value of t' is unchanged from
example 1, The cross correlation of A with respect to B now

shows peaks repeated at intervals of w. (Fig. 6.11l.)

time delay

N
-
X
=
N

Fig. 6,11 Cross correlation function for example 2.

If the intervals between contacts have a small variation
about %, successive peaks will be smaller and more diffuse.
EXAMPLE 3. Contacts occur at constant intervals % and persist
for a random length of time. The auntocorrelation function of
A is shown in Fig. 6.12. ZEssentially peaks are repeated at

intervals of ® but each successive peak gradually diminishés,
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partly because of the finite duration of the signal and
partly because of dwell times greater than % obscuring the

next contact.,

timedelay

——

N
=
N

Fig., 6,12 Autocorrelation function for example 3,

6.4.,2 Electrical circuitry.

The electrical circuitry is descrited in three
stages. The first stage amplifies the signal from the line
contact and then converts it into clean square waves. The
second stage differentiates this waveform which is then
divided into two signals, A and B, The B signal is inverted
s0 that both waveforms consist of a series of positive
pulses, Both A and B are fed into a similar third stage
which glves each pulgse a fixed width. The Schmidt trigger
ensures fast switching between voltage levels. The pulse
widths of the A and B signals may be varied together by a
ganged potentiometer and the heights of the pulses are

controlled by similar means,

The first stage circuit is shown in Fig, 6.13.

A 1.5V dry cell powers a potential divider which supplies

>
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Fig, 6.1% First stage of signal processing,
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10.3mVY to the contact. ™This is amplified by a differential
~amplifier in é long-~tailed cbnfiguration supplied from a
constant current source. The advantage of this type of
circuit is its high rejection of common mode signals, The
two low noise transistors in the amplifier were matched from
a large selection with the aid of a transistor curve tracer,
The voltage comparator is a commercially available unit
(Ancom 15A-la) selected for its high slew rate and good
frequency response., The two potentiometers were adjusted

for good switching from d.c. to 100kHz, A contact registered
when the electrical contact resistance.fell below about 1000%,
The output from the voltage comparator is fed into the

second stage and an auxiliary output can be connected to a

pulse counter,

The second stage is shown in Fig. 6.14, The
workings of this circuit have been described above, The
diodes used to divide the signal were of a fast germanium
type. Two outputs are obtained from this network, each of
which is connected to a third stage circuit, shown in Fig. 6.15.
The first two transistors are connected into a monostable
configuration. On receiving an input pulse, an output pulse
is produced of fixed duration, The length of this'pulse is
predetermined by the 100k Q variable resistor and can be set

from 5 to 500us.

The final pair of transistors are connected up
as a Schmidt trigger which improves the switching characteristics
of the circuit. The ganged potentiometer used to vary pulse

‘widths was not of a high precision type and a small



-13%-

+15V
12k§ Ok
> I M ‘ A °
Outputs to
100pF X third stagi?
| P < }l:éclog
B
From first
stage
Ok 100k 5k k k
Il > °
("
I\ 13V
-15

Fig. 6.14 Signal dividing and inverting circuit.
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Fig. 6.15 Monostable circuit and Schmidt trigger.
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discrepancy was observed when loung pulse widths were employed,

Each circuit separately exhibited satisfactory
behaviour up to 100kHz. The behaviour of the complete
system connected to the correlator is described in chapter

eight.

6,5 Summary.

A method has been described of searching forv
dominant periods in the duration of asperity contact dwell
tiﬁes and in the intervals between the onset of such contacts.
Electrical interface equipment was designed and constructed
in order to convert the signal into a form suitable for
analysis. An existing tapered roller test machine was

adapted to provide an essentially two dimensional contact,
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Chapter 7. Vacuum deposited coatings,

7.1 Introduction,

7.1.1 Vacuum systems.

Most vacuum systems need to be pumped down to a
pressure of at least 1074 Torr (1 Torr = 1lmm. of mercury =
10"3 atmospheric pressure) in order to ensure that air does
not play a noticeable part in the deposition process. I+t is
good practise to pump well below this for systems which
deposit at a slow rate, The pumping is normally done in two
stages, A mechanical rotary pump can reduce the system
pressure from atmospheric to at best about 10"2 Torr. Before
that stage is reached one would normally switch to an oil or
mercury diffusion pump backed off by the rotary pump.
Deposition may proceed when the residual pressure is low
compared with the expected vapour pressure of the coating

substance.

7.1l.2 Measurement of deposited films,

Various methods are employed to measure the
thickness of deposited material, These include optical
methods, the microbalance, stylus profilometry and accurate
weighing. Measurement of optical reflection or transmission
has the advantage of being possible while the deposition is
in process but is limited to thin and transparent films,
Steps must be taken to prevent contamination where the light
beam enters and leaves the vacuum chamber, Iransmission
measurements require that the substrate materiai and support

system be transparent,

The frequency of oscillation of a quartz crystal
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is utilised in the microbalance. The resonant frequency of
the crystal depends on its total mass., From the resonance
frequency change the mass accumulation can be calculated and
hence the film thickness. This can be used as a continuous
monitor during evaporation,'but the electric fields associated
with sputtering interfere with the sensitive electronic

circuitry connected to the crystal.

Weighing of a substrate before and after coating
is a reasonably accurate means of assessing thiékness. For
"best results a large substrate is necessary and any local

variations in thickness are not detectable by this technique,

The following two methods require the production
of an edge bounding the coating. This is accomplished by
either masking the substrate prior to deposition, orxr by

subsequently etching away part of the film,

Stylus profilometry can detect films 1008 thick
but difficulties were encountered with gold films, which
were scratched by the instrument head. TFor these measurements

the Rank Taylor Hobson Talysurf IV was used,

The optical interference microscope is a very
useful instrument for guaging film thickness. The particular
model used was the Varian A-scope interferometer which has a
resolution of about 408. In this device a monochromatic
light beam reflected from the sample interferes with a beam‘
reflected from a specially coated Fizeau plate, The test
piece is at a slight angle to the Fizeau plate and this angle

is varied to obtéin the most suitable fringe spacing. This



-138-=

spacing is compared with the fringe displacement at the step.

Fig. 7.1 illustrates the process.

Fringe
offset

Fringe
spacing

Fringe offset

Film thickness = X half wavelength

Fringe spacing

Fig., 7.1 Interferometric measurement of film thickness.

The production of a good edge is of paramount
importance here, and care is necessary to avoid ah edge with
excess deposited material. The samples were coated with
either gold or aluminium to make them sufficiently reflective

to obtain good fringe visibility.

7.1.% Coating techniques.

There are two main methods of vacuum coating,
evaporation and sputtering, and a process known as ion plating
which is a combination of both. Evaporation of metals is
normally performed by suspending loops of evaporant in the
form of wire from a coiled heating element., It is found
necessary to "flash evaporate" alloys to preserve stoichiometry,
as the partiai pressures of their constituents are not
-ﬁecessarily in the desired ratios. This is done by dropping

grains of evaporant on to a plate at a high temperature.
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Non-metals and powders are normally placed in a
conducting boat which is again heated by electrical current,
For materials with a high melting point resistive heating is
impractical and some alternative is necessary, usually an

electron beam source,

The mean free path of a particle is normally
longer than the source to substrate distance, so that

evaporation is essentially a line of sight process.

Reactive evaporation is a useful method for
depositing compounds. TFor instance, titanium dioxide can be

deposited by evaporating titanium in an atmosphere of oxygen,

The adhesion of coatings depends very greatly on
the cleanliness of the substrate but generally evaporated
films are regarded as having poor adhesion at ambient

temperature.

Sputtering relies on removal of imnaterial by
momentum transfer rather than by thermal agitation. A d.c.
sputterihg system can only sputter conducting materials. The
normal mode of operation of such a system is as follows. The
system is pumped down to an acceptable pressure then back-
filled with an inert gas (usﬁally argon) to about 10~ Torr,
A negative potential is applied to the target and a glow
discharge occurs between the target and the earthed substrate.
Positively charged argon ions are accelerated into the target
and knock out material which moves through the plasma. Some
of these particles strike the éubstrate where they may

remain, If a dielectric target were to be placed in the

-
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system the negative charge on one side would be quickly
neutralized, Thus the electric field would be concentrated

inside the dielectric making further sputtering impossibdle.

For this reason radio frequency (r.f.) sputtering
is needed. The dielectric target is exposed to a high
frequency oscillation. When the signal goes positive,
electrons are attracted towards the target and the vacuum
side of the dielectric gains a negative charge. When the
applied signal goes negative, the electric field reverses
and positively charges ions are attracted to the target. If
the alternating voltage were varying slowly enough the system
would simply undergo this cycle of charge transfer. At the
high frequencies used in sputtering there is not sufficient
time for the more massive ions to neutralize the negative
potential. The electrons are much more mobile and the target
acquires a net negative bias. Thus the situation is now
comparable with the d.c., system and the same sputtering

process occurs,

A difficulty arises in the case of exchanging
the insulating target for a conducting one. Now there is no
net bias as the target simply follows the applied voltage,
It is therefore necessary to include a blocking capacitor
between the target and the power supply. This allows a
conducting target to acquire a negative bias without changing

the situation appreciably for an insulating target.

Conditions in the r.f. plasma are such that
ionisation occurs more easily and it is possible to work at

lower pressures than d.c. sputtering allows, Typically these
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2

are in the range 1072 to 1072 Torr.

In order to obtain the most effective transfer
of power into the plasma it is necessary to include a matching
network between the power supply and the target. This
normally takés the form shown in Fig. 7.2. The variable
transformer Tl and capacitor Cl are ad justed so that a purely
resistive impedance is presented to the power supply.
Furthermqre, this resistance should equal the output impedance

of the supply. C, is the blocking capacitor.

To e — — R. f.
sputtering input
system

N
3

Fig. 7.2 R. f. matching network.

Sputter etching occurs when the electrical
connections to a sputtering system are reversed so tiiat the
substrate comes under ionic bombardment. This is extremely

useful as a cleaning process and as such is widely used.

Another variation is called bias sputtering,
where a small negative bias is applied to the substrate. A

combination of sputtering and sputter etching now occurs. If
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the bias is too high, of course there can be no depositiun,

The application of a magnetic field causes charged
species moving in the plasma to follow a helical path, thus
increasing the probability of ionising collisions and making
the process more efficient. This is referred to as magnetron
sputtering and there is a great deal of commercial interest

in it.

As mentioned above ion plating is a.hybrid process.,
The substrate is negétively biased and a plasma is induced.
The coating material is evaporated and passes through the
plasma before reaching the substrate. Ion plating combines
‘the higher rates of deposition of evaporation with the good

adhesion of sputtered films,

If an ion is accelerated through a much higher
voltage than is used in sputtering, it tends to embed itself
in the surface quite firmly. This is the basis of ion
implantation which is used for doping semiconductors in

integrated circuits.

7.1.4 Comvarison of sputtered and evaporated films.

Generally sputtered coatings have good adhesion
to the substrate whereas evaporated coatings are usually
described as poor, This can be ascribed to two possible
causes. Firstly the charged particles in the plasma may
increase the likelihood of chemical action. 3Secondly the
peak energy of sputtered species is considerably higher than
that for evaporation., Fig. 7.3 shows a comparison between

the velocity distributions corresponding to silver at 1800°¢
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and silver sputtered at 3kV. TFrom the graph the ratio of
velocity at the peak of the distribution is 10°+22/10% 7% = 6,3,

The corresponding ratio of energies is about 40 to 1.

Bias sputtering often improves the adhesion of
coatings as weakly adhered material is likely to be re-

sputtered or more firmly entrenched by "knock-on".

Sputtering is a very controllable process as
deposition rates vary with applied power and are constant

with time. This makes it most suitable for optical coatings.

One of the practical difficulties of sputtering
patterns is to obtain a good edge. Particles moving through
the plasma have random velocities so that material tends to
be deposited underneath masks if they are very slightly

raised above the substrate.

7.1.5 General.

More COmplete descriptions of surface coating
processes may be found in Maissel and Glang (93) and Andersen
and Chapman (94). The ion implantation process is not strictly
surface coating. It has been mentioned, however, because of
its possible importance in tribology in the surface hardening

of metals and improvement in fatigue 1life (95 and 96).

The rest of this chapter is concerned with r.f.
sputtering and sputter etching. Many of the difficulties
encountered were mundane but it is emphasised that this
technology is new, and most of the iﬁportant developments in

r.f. sputtering have taken place in the last decade (97).
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7.2 Deseription bf sputtering equipment.

The experimental work was done oﬁ a Materials
Research Corporation sputtering module no. R.D.2467, This
is shown in Fig. 7.4. Two targets may be in the machine at
any time, and a rotating "J" platform allows any of the
substrate tables to be poéitioned beneath either target. TFig,.
7.5 shows a detail of the vacuum chamber. The three substrate
tables are a heated stage, a water cooled bias or etch-
platform and an earthed plate usually used for pre-sputtering.
This is necessary for cleaning the target prior to deposition
and for raising it slowly to operating power without undue
thermal shock. A rotating shutter shields the unused target
during sputtering and the substrate during pre-sputter.
Power was supplied from an M,R.C. r.f. power supply with a

capability of 1.25kW.

"The normal sequence of operations was as follows,
(i) etch substrate

(ii) pre-sputter to clean target

(1iii) bring substrate into plasma

(iv) post-sputter if using high powers to cool

target gradually.

The gas normally used for éputtering was argon.
In a. few experiments a mixture of 95% argon and 5% oxygen
was used. When using pure argon the gas was passed through

a hot titanium getter to remove the last traces of oxygen.

7.3 Optical coatings in lubrication research.

7.3.1 Introduction.

Prior to the use of surface coatings good



Fig. T.4 General view of sputtering system.

Fig. 7.5 Vacuum chambexr,
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visibility of interferometric fringes depended upon the

choice of a suitable combination of oil and moving element,

Kirk and Archard (98 and 99) studied the contact
between crossed perspex cylinders, The fringes obtained
were very feint as the refraction indices of perspex and oil

are very similar,

Better results were obtained by Gohar and
Cameron (100, 101, 102, 10% and 104) using materials with a
high refractive index, These were diamond, sapphire and

gpecial glasses.

Much better visibility was obtained by Foord
et al. (105, 106 and 107) who used a semi reflecting chromium
coating in order to match the intensities of beams reflccted'

from both o0il interfaces,.

Dowson and Jones (108) employed dielectric
coatings in a study of lubricant entrapments. At the same
time Westlake énd Cameron (109, 110, 111, and 112), using a
multiple beam interferometric arrangement, also adopted
titanium dioxide coatings. Very clear fringes were obtained
although some problems were encountered with the coatings

peeling off under high loads.(112).

7.%3.2 Simple optics of dielectric coating for normal incidence.
Fig. 7.6 represents a substrate coated with a
- gquarter wavelength thick dielectric coating. This is separated

by an oil film from a metal roller,

A simple optical model is described for use in
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IR

2n 25,2

R IT.*?,"R

substrate

LSS

Rl’ Tl represent the coefficients of reflection and

transmission at the substrate/coating interface.

R,y

R is the coefficient of reflection of the metal surface,

T, pertain to the coating/oil interface,

Fig., 7.6 Ray diagram of simple optical model.
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choosing suitable materials for obtaining the best visibility
of fringes. All rays of magnitude RlR2 oxr higher order have

‘been neglected.

The intensity of the reflected beam from a
dielectric interface at normal incidence is given by
2
A b it
Hy + By °
If the incident ray is travelling from a rare medium to a
denser medium there is a phase change of © radians on

reflection,

The visibility V. of fringes is defined as

I - I .
max min

+ .
Imax Imln

where Ima and Imin have the obvious meanings. It can be

X
seen that the maximum value of this function is unity in the

case where the intensity drops to zero in the dark fringes.

In the situation above the largest possible

value of I is I I and the smallest possible

coating T Yroller

value is the difference between I and I Thus

coating roller®

the visibility is given by

v - ‘Icoating
S Iroller

or its reciprocal, whichever is less than unity.

In order to find the coating which gives the

clearest fringes it is necessary to compare I nd

coating a
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Iroller’ In the following calculations the light source is

assumed to be monochromatic and the effect of the finite
bandwidth of the light is ignored., Also there is assumed

to be negligible absorption in the dielectric media. Then

we have

N 2
IR1 G ITl R2

2m 2 2
T, R(1 + RR, + TZ_RRl)

ir

1 2

Glass and oil have similar refractive indices of

about 1.5 so we now put Ry = R, = R'.

R'[1 + (1 = R*")? |
R(1 - R")*[1 + RR'(1 + (1 - R?)?)]

Then VvV =

Fig. 7.7 shows V plotted against R' for various values of R.

The highly polished steel specimens used in
typical lubrication experiments have a wvalue for R of about
.69 (40). From Fig. 7.7 the best visibility is then obtained
for R' = 0.207 interpolating between the R = 0.6 and R = 0.7

curves. >
lll - uz
Thus TR = 0.,207.
1t M
1 + +.207

If pp = 1.5 thenmpy = 1.5 ——7557 = 4.00.

No common material has a refractive index as
large as this (except germanium in the infra red) and a
compromise is necessary. Titanium dioxide and chromic oxide
(CTZQB) have refractive indices of 2.65 and 2.55 respectively.
The corresponding values of R' are 0.077 and 0.067 and these
values yield visibility of .25 and .21 respectively. A

dompound coating could be used to increase the visibility
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of'fringes but would increase the likelihood of mechanical
failure. As some work on TiO2 has been reported, the optical
coating used in this work is Cr203 and a sputtering target

was fabricated by the arc plasma spraying process.

7.3.3 Practical details of sputtering Cr,0,.

This material was deposited at the powers of
300W to 4COW in an argon or argon/oxygen atmosphere. There
was no observable difference in the quality of coatings
deposited under this range of conditions and rates of
deposition of 30008 to 7,5008 per hour were obtained. Thin
coatings had a slight yellowish colouration and thicker
coatings displayed the green colour of the bulk material.
Adhesion was generally good but for best results it was
necessary to sputter etch the substrate, particularly in the
case of sapphire. Prior to being placed inside the vacuum
system samples were degreased in toluene and washed in

acetone,

The maximum diameter of specimen that could be
fitted inside the vacuum system was about 64". The coating
was not entirely even, being thickest in the centre and
thinnest at the periphery. The variation was less than 15%
up to 43" diameter and rather more at greater diameters.
This was not a serious problem in practice as the thickness
at any radius was constant so that the deposition time could
be varied to give the correct value for any parficular

working distance,

Allchurch (113) was the first to use a semi-

reflecting chromic oxide coating in lubrication research.'
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The substirate was a grooved sapphire disc used to study
spinning conformal contacts. Subsequently the coating was

- applied to many types of test specimens including sapphire
windows fitted inside a roller bearing race (114) and a
tapered roller bearing race. In all these test arrangements
the coating stood up remarkably well. Perhaps the most
severe test of its adhesion was performed by Hedley (115)
who ran a coated sapphire disc loaded up to.BO0,000 P.S.i
with 1% traction. In this test machine the sapphire cracked

with the coating still intact.

The excellent performance of this coating (far in
excess of the author's own modest requirements) has played
an important part in extending the working range of optical

EHL test machines.

7.4 Sputter etching of disc.

Certain difficulties arise when masking substrates
prior to sputter deposition. The mask must be in intimate
contact with the substrate, otherwise sputtered material
will undercut the mask and a diffuse edge will result. The
same problem occurs when sputter etching a pattern., Precision
masks can be constructed of thin metal foil but these distort
under ionic bombardment because of the heat generated. To
circumvent this problem, two masks were constructed from a
single piece of duralumin of half-inch thickness., They were
arranged to cover a six inch diameter circle except for an
annulus of 4% inches diameter and .1 inch in width. A thin
strip was cut out along a radius of the inner mask to

provide for an electrical connection from the annulus to the

-



~154-~

centre of the disc. 1In order to reduce shadowing of the
substrate the masks were tapered towards the annular region,

A spigot was also constructed to centralise the inner mask

on the glass test disc. The bases of the masks were finished
by lapping, to obtain the best possible contact with the

very flat glass substrate. Fig. 7.8 shows a cross-section
through the assembly. Masks as bulky as those described

above are rarely used in vacuum systems and practical‘problems

arose from their large charge and thermal capacity.

Outer mask

Inner mask

/N
A N

Glass disc Spigot Glass disc

Sputter etching platform

Fig. 7.8 Cross—-section through mask and subgstrate

assembly.

At powers below about 200W no etching of the
substrate was discernible. At the highest power (500W) a
rate of 150&/min was obtained. It was noted that the dark
space dipped over the annular region at high powers. After
a short time of etching the plasma became unstable and it
was increasingly difficult to match the system satisfactorily.
This was ascribed to charge storage on the masks. The first

disc was cracked when a discharge occurred between the
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substrate platform and a metal lug used to centralise the

outer mask. OSubsequently the outer mask was aligned by eye.

Several trials folloWed, each of which was
terminatéd by the shattering of the glass substrate.
Annealing of the discs did not alleviate the problem. The
masks required about an hour to cool sufficiently to be
handled., Clearly this was a thermal problem, either thermal
shock due to the application of high power to one surface,
or simply too high a temperature gradient between the hot
masks and the cooler substrate platform. In an attempt to
differentiate between these two effects a second disc was
placed beneath the test disc., It was argued that if the
trouble arose because of the rapid heating of the top surface,
only the top disc would be damaged. In fact it was the
bottom disc only that shattered, indicating that the cool
metal support platform was at least partially responsible.
In all further trials the test disc was raised above the

metal platform by small ceramic washers.

When, at last, specimens could be recovered
intact the etching was found to be uneven, presumably because
the outside mask assumed a positive charge .and repelled some
of the bombarding ions. The inside mask was earthed by the
centre spigot and. thus remained electrically neutral. Further
trials were performed without the centre spigot so that both
masks could assume the same potential. A side effect of
this change was *to focus the plasma through the hole in the
centre of the inner mask. A ceramic bead, inadvertently
left on the platform beﬁeath this hole, glowed orange when

500W of power was applied and this gives some indication of
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the local power concentration. It was now possible to etch
an even annulus into the disc, although at somewhat lower

rates than previously obtained.

The problem with matching the power still occurred
after about an hour of continuous running. Attempts to
rectify this had previously been disastrous and the mismatch
was taken as a warning sign. The sputtering process was
halted for a length of time and subsequently resumed. Rather
than run at full power continuously the system was held at
maximum power for a minute and then at low power for four

minutes. This process worked satisfactorily.

7.5 Sputtered chromium and gold coatings.

No problems were experienced with the adhesion
of chromium coatings which were sputtered in argon at 4OOW
power., Gold sputtered difectly on to glass had rather poor
adhesion and could be removed with adhesive tape. The
introduction of a 100W bias on the substrate platform led to
much better adhesion and a deposition rate some 55% of the
normal at 200W power. Gold cocatings several thousands of
Angstroms in thickness could not be removed with adhesive
tape when bias sputtered. In order to obtain the best
possible adhesion the gold coating was bias sputtered on the

final test discs,

The three operations of etching, chromium
deposition and gold deposition were performed without letting
the system up to air and Fig. 7.9 shows the completed

specimens.



Fig, 7.9 Two completed test discs.
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7.6 Summary.

A number of untypical practical problems were
encountered during sputter etching of the glass discs. A
disc was prepared and the gold coatings survived for about

ten hours of running time under light loads.

The chromic oxide dielectric coating, although
not so important to the author's work, has proved extremely

successful in optical EHIs research,.
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Chapter 8., Results of correlation tests.

8.1 Testing of equipment.

Fach of the circuits described in chapter six was
tested for frequency response and was found to be satisfactory
up to about 100kHz, At frequencies higher than this the
system still worked but thé amplification in the first stage
was reduced. This caused changes in the éwitching lévels
so that the resistance of a high frequency contact would
have to be less than the normal 1kQ level in order to register,
The system was assembled and connected to the correlator and
the response to an applied square wave was measuréd. The
output of channel A was autocorrelated and the result is
shown in Fig. 8.1. Strictly, the output should be a succession
of dots as the correlator functions on digital principles.

No facility was available for automatically raising the pen

from the plotting table and the dots were connected.

For Fig, 8.2 the output pulse was lengthened and
it can be seen that the peaks are higher and wider, These
results may be compared with Fig. 6.12. The reduction in
the heights of successive péaks referred to in section 6.4.1
is hardly perceptible as the sampling time was long compared

with the pulse width.

Fig. 8.3 shows the final output when the A and B
channels are cross correlated. The input.was again a square
wave, The slight flattening of the peaks of the cross
correlation function illustrates slight mismatch between the
pulse widths from channels A and B. This Fig. may be compared

with Fig. 6.10,.
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"o

333 ms. >

Test frequency 1l.5kHz, Pulse width 150ps,

Fig. 8.1 Autocorrelation test with narrow pulse.

Act. /N

¢ —3-33 ms. b

Test frequency 1l.5kHz. Pulse width 250us.

Fig. 8.2 Autocorrelation test with wide pulse.

Ccf. /N
& 3:33ms. >

Test frequency 1l.5kHz. Pulse width 250us.

Fig. 8.% Cross correlation test with wide pulse.
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8.2 Slip measurement.

Practical difficulties make the accurate
measurement of roller speed impossible. A measure of tdtal
slip can be achieved by comparing the speed of the test disc
- with that calculated from the driving flange. An attempt to
do this directly was made by sputtering a hundred chromium
strips around the edge of a test disc. A coaxial light
source and photocell was directed towards these strips, and
the output was taken togethér with the output from the
driving shaft speed transducer to the electronic tachometer,
This device compares two signals and finds their ratio.

This arrangement did not work reliably, probably because of
the thin covering of o0il from the hydrostatic bearing on the
chromium coating. An estimate of slip was then obtained in
the following manner. The disc was allowed to run for a
large number of counted revolutions. The output from the
tachometer was recorded for this period. The number of disc
revolutions was compared with that calculated from the
average of the measured driving flange speeds. Agreement
was always better than half of one percent. This does not
obviate the possibility that instantaneous sliding could
have occurred but this was only observed on a large scale
when starting up the system., Using a ﬁulley driven system
on the test disc, Wymer found that a wide range of mineral
oils gave less than one percent slip. Although slip
‘measurement is extremely important in asperity contact
research, it appeared that the approximate method described
above would be adequate, considering the small Hertzian

width employed in these experiments, and the criterion

developed in section 4.8.
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8.3 Bxperimental procedure.

The test disc, roller and driving plate were
washed in toluene to remove oils and then rinsed in acetone;
About ten cubic centimetres of test 0il were injected by
means of a syringe onto the driving plate and roller and
the system was assembled. The o0il pump was started and the
load adjusted by an air pressure control valve, The system
was slowly brought up to speed which was adjusted to give a
recognisable interferometric fringe colour. After a short
time optical measurements became difficult because of oil
contamination inside the piston assembly. However, no great
importance was attached to optical methods ih the early
stages as the first requiremenflwas to establish statistical

parameters of significance under any operating conditions,

Load values were calculated from a calibration
by Wymer (40), using recess pressure measurements of the

hydrostatic bearing.

The contact half width, b, was calculated from

Hertz formula (116)

b = 8WR
- TE' L

where W is the load, L the length of the contact, R the mean
radius of the roller and E' the reduced elastic modulus
(defined on page 59) for the glass and steel combination.
For this system |

EI

i

1.198x10 1 8/m? (17.38x10°1b/in?)

and R 4.11x10"°m (0.16181in)

]
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Speed and temperature measurements were recorded
and the electrical signal was then studied, The variable
electrical parameters were the duration of .the pulses
produced by channels A and B and the time between samples
on the correlator. This sampling time was varied between
3.33us. and 100ms. Finally, in order that the results bve
sufficiently representative of the test conditions, the
correlator was set to display the average of é number of

sampling periods, usually one thousand.

8.4 Results of cross correlation analysis.

The actual power present in the output signal
depends on the degree of correlation and also the input pulse
widths from channels A and B. It was found that the output
power was quite low compared with the test signals shown in
Figs, 8.1 to 8,3. Fig. 8.4, for example, has a vertical
magnification of one hundred compared with the earlier TFigs.
In subsequent Figs. where the initial peak is suppressed,
the vertical magnification is typically a further four or

five orders of magnitude,

Fig, 8.4 shows a characteristic output of the
cross correlation analysis. The initial peak decays away
and no comparable peaks follow. This indicates that a large
number of contact dwell times are shorter than the pulse
width. Fig. 8.5 has a more irregular "tail" and reflects
the effect of reducing the number of samples., In order to
examine the correlation after the initial peak the amplification |
was considerably increased. In subsequent Figs. the initial

peak is off the scale, Figs. 8.6,8.7 and 8.8 are typical
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Load 57.6 1b,
Speed 81 r.p.m.
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<——> Hertzian transit time 161us.

Fig, 8.4 Cross correlation analysis,

le——>» Pulse width 150pus,

Load 108 1b.
Speed 81.9 r.p.m,
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<———> Hertzian transit time 218us.

Fig, 8.5 Cross correlation analysis,
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of results obtained for the range of conditions investigated
with short pulse durations and sampling intervals. From

these results there is no evidence to suggest any corfespondence
betweén Hertzian transit time and asperity contact dwell

time,

8.5 Results of autocorrelation analysis.

Fig. 8.9 shows the behaviour that was found for
the autocorrelation experiments. VThe decay time for the
initial peak corresponds exactly with the pulse duration.
This must be interpreted as indicating random behaviour over
a wide range of delay times although there may be dominant
frequencies with a period very short compared with the pulse
width, This possibility was investigated for a range of
conditions and the results are shown in Figs, 8.10 to 8.13.
FSome periodic behaviour is evinced but appears to be related

to the pulse width rather than load or speed.

A few experiments were performed with direct
autocorrelation of the electrical resistance signal obtained
from the auxiliary output (Fig.6.13). It was expected that
some periodic component would appear on a suitable time
scale because of the short periods of higher contact that
occurred when the roller ran over the éold band connecting
the conducting annulus to the centre of the disc. This band
did not interfere to any large extent with the other
measurements as it represented only about 1%% of the working.
perimeter. The period of the peaks in Fig. 8.14 is very |
close to the time for one revolution of the test disc. TFig.
8.15 shows the second half of the first period on an expanded

time scale. There is no obvious component representing the
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Fig. 8.11 Autocorrelation analysis.
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Acf. A o Load 57.51b.
| Speed 36.7 r.p.m.

Disc period

N

10sec:

A\

Fig, 8,14 Direct autocorrelation of electrical

resistance signal.

Acf. A
Load 57.51b,

Speed 36.7 r.p.m,

Roller period

>

y4
N

AN
1 sec. >

Fig. 8.1% Direct autocorrelation of electrical

resistance signal.
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time of one revolution of the rcller,

8.6 General.

Incidental measurements of the count rate were
made by means of the auxiliary output and rates of up to
7,700 counts per séc. were observed. The variation of count
rates under the same nominal conditions was less than for
the disc machine experiments.reported in chapter five. A
subjective estimate of the observed variation is about 15%

between the highest and lowest values.

The test disc was used for about ten hours of
running time. Under low loads a small amount of wear of the
gold film took place as small flakes of gold were found on |
the rubber gasket when cleaning the system. This deterioration

became more marked as the load was increased.

8.7 Discussion and conclusion.

Several criticisms must be made of the foregoing
experiméntal work. Continuous monitoring of all the
experimental conditions was extremely difficult as it was
necessary to record many parameters by hand., Where possible
it is far better to record automatically the electrical
resistance signal and subsequently several methods of analysing

data may then be employed.

The idea of annulling the end constrictions of
the roller and studying a simplified contact may or may not
be justified in a practical context. It may be that dominant

frequencies are more apparent at the ends of the roller.

It is not thought that the gold wear particles
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exerted a significant effect on the electrical signal. After
the end of a short experiment under higher load most of the
gold was found on the rubber oil seal and very little inside

the contact itself. )

A problem with the analytical methods employed
in this work is that the answer has po be guessed approx-
imately before performing the experiment, because the
location of important frequencies is extremely dependent on
the fTime scale chosen to examine the signal. Apart from
the direct autocorrelation of the electrical contact signal,
" no dominant frequencies were observed., This suggests that
both the dwell times of contacts and the intervals between
the occurrence of contacts exhibit random behaviour, at least
in the ranges examined. This supports the results of
Christensen (48) shown in Fig. 2.13, that for nominal rolling
line contact, the dwell times of electrical contacts are
widely spread. This must compromise the common assumption
of flat parallel Hertzian areas and one speculates as to the
meaning of pure rolling condifions with rough surfaces in a

practical context.

In retrospect, the lack of any dominant
frequencies reléted to the onset of contacts is perhaps not
surprising. For example, consider a series of equally high
peaks on a lubricated rolling surface, in a straight line
parallel to the direction of rolling. These peaks are nearly
equispaced at interval -k but small variations in separation
occur. Then the distribution of separations may be of the

form shown in Fig. 8.16.
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Relatiwfe irequency

]
0 k
Distance between adjacent peaks

v

Fig, 8.16 Separation of peaks for model surface.

A similar train of peaks is now added, adjacent
to the first, but on average 180 degrees out of phase. An
element rolls against this surface and is short compared
with k in the rolling direction and wide in the transverse
direction., Then one expects the mean distance between
contacts to bve %, but a second random process is involved
and the variance of the intervals must be doubled. This

behaviour is indicated in Fig. 8.17.

RelativeA frequency

0 2k k

Distance rolled between successive contacts

Fig, 8.17 Distance between contacts for double row of peaks.
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If this process of adding extra peaks is
increased the distribution will increase in deviation and
the most commonly occurring separation will tend towards

the origin.

If it is true, under a given set of conditions,
that both the contact dwell time and the intervals between
contacts are randomly distributed, then it is possible that
a basis exists for reconstituting the original electrical
data from the observed electrical contact resistance
measurement., Such a basis is formulated in chapter nine
and its application to published results has most interesting
consequences. Thus, although the results of the experimental
work are negative in nature, a line of theoretical development

is suggested that proves extremely promising,
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Chapter 9. A basis for the interpretation of electrical

contact data.

9,1 Introduction.

A It has been shown in chapter three that the low
electrical resistance state observed in lubricated contacts
does not necessarily correspond to the collision of two
opposing asperities. It is likely however, that it does

correspond to the close approach of the two surfaces.

The work discussed in chapter two shows that the
fluctuation rafe and the contact time vary in a systematic
manner with the operating variables despite differences in
applied potential and current. No basis exists for
predicting the changes caused by a deliberate variation of

electrical parameters.

The theories of Tallian (42) and Johnson et al.
(52), although extremely valuable, do not lead to a |
practical device for monitoring conditions inside the
contact area. Both theories are confined to rolling contact,
and the assumption that the duration of electrical contact
is equal to the Hertzian transit time is particularly
suspect. The exponential behaviour of no-contact time with
the expected number of asperity collisions is a most
interesting insight on the part of Johnson et al. It does
not explain the data, for instance, of Furey (18) shown in
Pig. 9.1. The plot of log 1n(l -v) against log load
indicates a systematic deviation from any simple dependence

that one might expect.
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Ffig. 9,1 Plot of Furey's data on Johnson basis
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The development that follows treats the electrical
signal itself as a random variable, constructed of
individual contactsbwhich may or may not overlap. By this
means, the results above and other published results are

reinterpreted.

9.2 Theoretical approach,

It is necessary to consider an imaginary
experiment in which it is possible to detect every’individuél
asperity-asperity contact as it occurs. The word "contact"
is used loosely, to describe a drop to the low resistance
state. The lines marked in Fig. 9.2 represent the onset
of these contact events. They are taken to be infinitesimally
thin so that simultaneous events are impossible. With ideal
surfaces of regularly spaced identical asperities, one might
expedt these contacts to be evenly spaced. With real
surfaces which have random components both parallel and
perpendicular to the direction of motion this assumption is
unreasonable, and the intervals between the onset of contacts
must be given a statistical distribution p(®). Under a
given set of physical conditions the number of individual
contacts that occur in a sufficiently long time interval, %,
is denoted by C. If these contacts are now assigned a
finite width, t , governed by a distribution q(t) then it
is possible to derive expressions for the measured number
of contacts, C_, and the no-contact time, (1 -v), taking
into account overlapping contact events. This process is
illustrated in ¥Figs. 9.3(a) and 9.3(d). In Fig. 9.3(a)
the contact levels for simultaneous events are separated

for clarity.
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Fig. 9.2 Onset of contacts.
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(b) C,, compound contacts.

Pig. 9.% Idealisation of multionle contact occurrences.
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9.% No-contact time and count rate.

In the sampling time t, C events occur. These
are separated by C - 1 intervals, but there are two
interrupted intervals, at the start and termination of
the sampling period., TFor simplicif& the number of intefvals
is taken as C. In practical sampling times, C is a large

number and the effect of this approximation is negligible.

As the probability density of the distribution
of ® is p{n), the number of intervals between w and % + dwn -
in length is Cp(w)dx. TFor these intervals the no-contact
time is the sum of the products of all durationst , less

than %, and the amounts by which n exceedst , i.e.
!
Cp(%)du'[(lt—'t)q(T)dt.
0

Summing this quantity over the whole range of %,

t % |
t(1 -y) = Cf p(u)] (w=-1)g(t)drdn 9.1

Similarly, the number of contact durations less
than any interval length %, i.e. the number of counts that

register, is given by
"
Cp(x)dx] qg(t)ar.
o
This is now summed for all intervals w, thus:
t R
Cm = C{p(x)[) g(t)dtdn » ' 9.2

The functions p(n) and q(t) must be identified
before any further development is possible. One might
expect that the intervals between C events occurring at

random in time t would be described by an exponential



-180~

distribution. This was verified by a Monte Carlo method

described in Appendix A.
,The.general form of this dependence is
: p(x) = Ajexp( - Azu).

In order to be an acceptable probability distribution

function p(x) must satisfy the condition

..b
j p(x)dw = 1.
(o] .
_b
Thus Alfoexp( - A,Wdn = 1
A t
!
i.e. - K-gexp( A, W) ]o = 1
A

If Azt is sufficiently large, the second term in the
brackets may be neglected, and Al = A2. Now, the sum

of all the intervals must equal the total sampling time,

t. Thus
t
{)CAinexp( - Alw)d% = t.
1 t

i.e. - Cexp( - Alx)(x + K% = %

C ° |

Il(l ~ exp( — Apt)[At + 1]) = b
Again, if Alt is sufficiently large, then Al = %.
Thus p(n) = %exp( - %ﬁ). 9.3

It is now possible to obtain a general

relationship between Cm and v .

%
Tet Q(n) = f g(t)dz
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and let R(w)

]MQ('C)d‘c.

o]

Clearly R(0) Q(0) = o,

From-equations 9.2 and 9.3

2 &
0y = %f exp( - TQ()an
(o] i
2 rt "
and 1 -y = 95 exp( - %xjf (=1 )g(t)ar dn,
t°Js o
"
Now j'EQ(T)dT = wQ(xn) - R(n), integrating by parts.
(o]
" _
Therefore f (w=-1t)g(t)dt = wQn) - CKQ(%) - R(%)) = R(W).
(o] ) &
Thus 1 -y = 95-[exp( - %ﬂ)R(m)du
K .0

and integrating by parts,
C Cx € Cx
1-vyv = - ¥(exp( - %—)R(%)r - .[exp( - $—)dR).
‘ o (o}

C is sufficiently large for R(t)exp( - C) to be negligible

compared with the second ternm.

t
Thus 1l -y = %_fexp( - %ﬁ)dR
(o]
t
= %foexp( —%l‘)Q(u)dn = __ér__n
Thus c. = C1-y) 9.4

This holds for any simple function q(t).

Three special cases for the distribution of
contact durations, q(r), are now considered. They are
described by the headings "constantt", "circular
distribution" aud "exponential distribution". They
correspond naively to rolling line contact, rolling point

contact and sliding, with or without rolling.
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9.4 Constantt .

In this case the individual contacts are of
constant duration, t', although measured contacts may be
longer. The distribution of t is zero everywhere except
at T = 1' and is given by the delta function

alz) = 6(t ~-<").

The delta function is infinitely high and
infinitesimally thin at zero argument, in such a way that
its integral is unity. Thus when the range of integration
includes zero argument the value of the integral is unity.

-Otherwise the integral is gzero.

, p .
Thus _[q(t)dt 0 for p<t’
o .

1 for p>t'.

Thus equation 9.2 becomes

t .
Cm = ijh)fﬁﬁ-—tﬁmdw
= fp(u)du
and from equation 9.3
tC o
W
C, = C/TI-ngp( - —E—)dx

c(exp( - &) - exp( ~ 0)).

Since C is large, then to a good approximation

L
¢, = Cexp( - %l ) 9.5

Similarly equation 9.1 becomes

t
1l-v = % {P(%)lj(% ~1)6(x - t')d& dun.
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The only non zero values of this expression

occur when T = t' andu>1t', thus
t
l -y = %fp('u)(u-t')du
C2 Cu
= (u.— t')exp( - ——)du
= -/u.exp( - ?ﬁ Jexp( - %l Yan!
where W = uw -t
2 & =T
- C cx! Cx!
Thus 1L~y = t2eXp( -3 )l)u'exp( - % Jau!

' ' awt
= - fexp( - £& w'exp(—=F )

t - t'
'
_exp(_ C'K.

= exp( -:51"- ) = (1% 2t = 1) exp( ~ ).

The second term may be neglected since C is sufficiently

|}
large,thus 1 -y = exp( - %l ) 9.6

Comparison of equations 9.5 and 9.6 shows that 9.4 is
obeyed. The expression %1' occurs frequently and has a
physicél interpretation. Ct' is the total persistence of
asperity contact, with each contact counted separately
whether occurring multiply or singly. Thus %1' represents

the average number of asperities simultaneously in contact.

t
As an average %1 may take any positive value or zero.

Equation 9.6 compares directly with the
expression derived by Johnson et al. (52) described in

section 4.4.3, that 1 = y = exp( - m).

The exponent, m, is the expected number of
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asperities contacting at any time, If the contact width
is increased in the direction transverse to that of rolling,
one would expect C to increése proportionately. In this
ideal situation, contact only occurs at the leading edge

of the Hertzian area and ceases at the trailing edge.
Similarly, if the contact dimension parallel to the rolling
direction be changed then t' will vary accordingly and C
will remain the same., Thus, for line contact 1'«x W% and

C is constant. Clearly m Will‘vary as W%. It is shown

in section 9.15 that for a wide range of vy the constant
model may be extended to point contact. Then Ca W%, ' w*
and m will change as W%. Thus the dependence of micro-
contact points on load is not the same as that found for
dry contact by Greenwood and Williamson (70). These
results are in agreement with Johnson's conclusion in
section 4.4.3 that for rolling contact m is proportional

to Hertzian area at fixed film thickness.

The behaviour of Cm is worthy of further study as
it appears to go through a maximum as C increases. This
maximum may be found by differentiating equation 9.4 with

respect to C and equating to zero.

ac 1 " 1
Thus aﬁm = exp( - %1 ) - %1 x exp( - %l ) = 0O
. cz' _
i.e. . = 1,

Thus the maximum measured count occurs when € = 1+ Then,

At

from equation 9.6, 1 - y = exp( - 1) = ,%368, The
behaviour of y and Cm with increasing C is displayed in

Figo 90‘4.
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Fig. 9.4 Variation of Cpyand ywith C for constant duration.
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9.5 "Circular" distribution.

This distribution is formulated to describe the
probability density function of the durations of random
asperities through a circular Hertzian area, It is derived
as follows, with reference to Fig. 9.5 which represents a
nominal contact area of radius r. The distance 2L is the
Hertzian transit length for an asperity contact occurring
at a distance x from the centre line. This distance x, is
equally likely to take any value from O fo r. Thus the
distribution of x is given by p(x) = %. The probability
that some value L* lies between O and L is the same as that
of x lying between r and (r2 - Lz)%. Thus if q(IL) is the

distribution of L, then

L JATE
J a(m®ar* = -f p(x)ax
o} r
1
N (r? - 1°)%
T

and differentiating with respect to L

L
r(r2 - LZ)%.

q(L) =

This distribution has been derived in terms of
the dimensions of the contact area. It applies equally
well to durations of contacts since for a fixed speed U,
L = Ut. Thus, if L is now interpreted as =2 contact
duration, and r as the transit time through the widest
part of the contact, the same formula may be used to give

the distribution of dwell times.,

FProm this and equations 9.2 and 9.3,

2 (* TN
C_ = ——L{exp( - ——{{ dLdufor real
m ) T) TP - )P - _
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Fig, 9.5 Circular Hertzian Area.

An asperity contact occurring at a distance x
from the centre line persists for a distance 2L. The
distribution of x is constant since x is equally likely

to take any value between O and r,
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values of square root.

o 2 .
= %? fgxp( - %ﬁ)[r - (r2 - %2/4)%] dn

: 2
- o - & ol - 29 - x/a)Ba,

In this expression, if w>2r then the square root
term is set to zero. This may be explained by reference
to the 6riginal derivation of Cm. Ifw>2r all contacts
will occur separately and the term r - (r2 - u2/4)% simply
reduces to r. Thus the upper limit of integration may be
reduced from t to 2r without changing the real value of

the integral.

Thus ¢, = C- g%_£§§p( - %1)(r2 - %2/4)%du..
Ifm = 5% and dw = 2rdm

theﬁ ¢, = ©- g%izl:exp( _ 2%29)(1 - n2)%anm,
It A = 288

then Cm =

1 2 _12_
c(1 - - 1 - a
(1 Afo exp( - Am)( m<) m) } 5.7

I

¢(1 - AT(4)) (say)

This integral is not evaluated simply and a

series solution for this is described in Appendix B.

From equation 9.4, v = 1 - EE

AT(A) 9.8

The quantity A is dimensionless and represents
the ratio of the maximum contact transit time 2r to the

average time between the onset of contacts, %. In order
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to examine the behaviour of Cm as C varies it is necessary
to choose units of §§° Fig. 9.6 shows y and C_ as a
function of C with Cm and C in units of %E’ s0 that C has
numerically the same value as A. The integral I(A) is

tabulated in Appendix B (Fig. B.2)

c | C,, v
0.01 .0099 .0078
0.1 .0925 0753
0.2 L1711 .1445
0.3 2376 - .2081
0.5 .3398 .3204
0.8 4341 4574
1.0 . 4685 5315
1.35 | 4919 . 6356
1.4 .4925 . 6482
1.5 .4920 . 6720
2.0 4673 . 7664
5.0 2286 . 9542

10.0 .1036 .9896

Fig. 9.6 Variation of y and Cm with C.

This data is presented graphically in Fig. 9.7.
It can be seen that Cm has a maximum value at C = 0.7%
where y =~ 0,648, It is also clear that, given any value

of y a unique value of A is defined.

The mean value of the circular distribution is_

shown in section 4.7 to be % x diameter, In this case it

is %E or %%. The average number of contact points, m, is

(]

given by % X.%E i.e. TA.
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Fig. 8.7 Variation of C, and y for circular distribution.
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9.6 Expdnential distribution.

. . 't .
We now let q(t) aexp( - ;m) where t_ is the

mean value for duration of an isolated contact.

.b
Now Ja(x)ar = 1.
avi
Thus 1 = exp( - = )at
T
o m
1"
= - at exp( - %)
m o
If twt. then a = =
>t .
Thus  qlxr) = L exp( - = ).
Tm Tm

From equations 9.2 and 9.3 and the above equation:

the measured count is given by
177

n
- c Sy L T
C, = q]’texp( - % {[_t exp( - - Ydt dw.
5 'm m

o]

The inner integral is the same form as that

above and is simply, 1 - exp( - %L).

m
2 ,t
C
Thus c, = t—fo exp( - P - exp( - (& m))dx-
C C 1 ¢
= - Cexp( ~ ——)l ———exp( - K(E = Do
+ ? m o

The upper limits may again be neglected, and

' 1
o] =c<__._.._.__.
m t
. 1 + 5?_
1
c......_...._.....

From equations 9.4 and 9.9

9.9

1
Y o= 1-—"g
Ctm

1+ =
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y = —L— | 9.10

The expression '%E is again identified with the
average number of asperities simultaneously in contact,

since by.definition of Tp?

.t’
Ct, = Cftq('t)d‘r.
o
The variation of y and C  with C is shown in
Fig. 9.8 where C is in units of % . When Cm is measured
m

in these units Cm and y are numerically equal,

9.7 Comparison of models and method of appnlication.

The three types of variation of Cm’ each in

appropriate units, are shown in Fig. 9.9 as a function of Y.

For all the models C is found from equation 9.4,

The average number of simultaneous micro-contacts,
m, is found in each case from y by suitable manipulation

of eguations 9.6, 9.8 and 9.10.

The number of contact events C, occurring in
time t has been taken as constant in this analysis. In
practise it would be subject to statistical variation. In
a mechanical contact which isbrunning unsteadily this
variation will become larger. It may be that a better
guide to the conditions inside the contact is given by the
mean contact duration-cm. Fig. 9.10 shows m and T
expressed in terms of the measured quantities y and Cm for

+the three models.
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Model m Tm
(1) constant T - In(l -v) {v - 1)1p(1 -Y)
Cc
m/t
(ii) circular distribution 1A ' Aéé-—Y )
m/t
(iii) exponential diistribution Y Y
1 -y Co/t

Fig. 9.10 Contact points and mean duration.

The values of m depend only on y (and the
appropriate model) whereas T, &lso requires simultaneous
measurement of count rate. The To? derived from electrical
measurements may be used in conjunction with the theoretical
model of chapter four to examine surface topography and oil

£ilm thickness.

9,8 Physical basis and validity of assumptions.

The physical cause of the low resistance state
is discussed in chapter three, If, by the correct choice
of circuitry, it is possible to distinguish between
actual contact and quasi-metallic contact, then the
interpretation of electrical contact data is direct. One
would expect however that asperities as close as some
fraction of one micro-inch would have'some significant
interaction as regards,for instance, traction behaviour.
More experimental work is needed in this area before it
will be possible to link electrical contact data directly

with wear or friction.

It does appear that the low resistance state

corresponds to the close approach of asperities and is very
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sensitive to small separations. Elecfrical data may then
be interpreted in terms of the contact that will occur
when the oil film is slightly reduced in thickness. This
is extremely important as it implies. the existence of a
predictive element in the electrical signal. This point

is discussed later with relevance to the work of Czichos (49).

The assumption that the contact events are
distributed exponentially is valid as long as the contact
area is sufficiently large for a reasonable number of
asperities to have the possibility of breaking through the
0il film. At large values of % a small number of dominant
surface features may dictate electrical behaviour.
Otherwise this is a reasonable assumption, at least as
acceptable as the statistical assumptions made of surface

topography.

The "constant t" and "circular distribution”
models correspond nominally to rolling line and pdint
contacts and are clearly of theoretical importance. There
is some doubt as to whether or not the Hertzian area

transit time dominates electrical behaviour (cf. Fig. 2.15).

Christensen's measurement of sliding contact
durations (Fig. 2.16) suggests that an expouential
distribution of dwell times is appropriate. Fig. 9,11 shows
an exponential curve overlaid on Christensen's data. The
mean value of this distribution is about 5ups. which gives
better agreement with the value obtained in section 4.7.
Referring again to the rolling contact data in Fig. 2.15

an exponential distribution is a better approgimation than
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the constant duration commonly assumed. In most of the
- experimental data subsequently re-examined the exponential

model is used.

Electrical measurements made across the races
of bearings'are extremely difficult to interpret. Let
Ir’or represent an electrical contact between the rth
roller and the inner race and outer race respectively. The
contact event is then expressed in Boolean Algebra by the
composite event (Ilnol)U(IZnOZ)U(IBnOB)U‘"(Innon)’ whefe
n is the number of rollers. There is also the possibility
of roller-cage contacts., The author has made no attempt_.
to solve this problem and the electrical data havebeen
treated as for a simpler case. It may be that the contact
durations arising from this complex interaction follow a
simple law. Even then it is not easy to relate derived
quantities to conditions inside the bearing. However a
value of "m" has been calculated from the experimental data
of Leaver et al, (26) and Garnell (24) and shows systematic

variation.

The frequency respbnse of the counting system
has been ignored in the theoretical treatment above. The
effect of this will be to reduce the measured value of Cm
at high rates of fluctuation. It is possible to incorporate
this effect into the models above, but this has not been

deemed appropriate at this stage.

The above theory is now applied to some of the
results discussed in chapter two. The data for these

results have been taken from published graphs by means of
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a travelling microscope, or simply a ruler where appropriate.
Where graphs have been plotted on probability paper, the
published data wereScaled up onto full size probability
paper and the ordinates théreby obtained. The special cases
considered cover rolling and sliding in both line and point

contact as well as two types of bearing.

9.9 Roller bearing.

The data of Garnell (24) shown in Fig. 2.5are
not directly appropriate for reinterpretation as a relationship
must be found between the average contact resistance, R and
v. This is obtained with reference to Fig. 9.12 which shows

a simple potential divider having resistances R1 and R2

connected to a bearing with apparent resistance R.

Ry
———vYWAAMA-

2

— —>

Fig. 9.12 Test circuit (Garnell).

If v is the measured potential across the bearing

V(R1 + R2) ,
then 1 -v = TR where V is the applied
» 2
potential.
RR
R+ R
vV = 2 '
_ RR2
TR R,
R1 + R2 RR2

Thus l -y = R XRl(R + R,) + RR,
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R(Rl + R2)

RlR + R1R2 + R2R'

Ry,

Then Y = .
RlR + R1R2 + RR2

For the exponential distribution of contact

durations m = T Z‘Y (Fig. 9.10).
R R,
In this casem = R(Rl T ﬁz)

Thus m is proportional to the reciprocal of the apparent
contact resistance. The values of R1 and R, have been
taken as 200kQ and 10kQ respectively in Fig. 9.1% which
shows m plotted against A', the ratio of film thickness to

Y,

the sum of the c.l.a. rouzhnesses of race and rollers. The

gradients of the lines are different for the rough and

smooth cases and the equations derived from Fig., 9.13 are:
\' rough = .89 m 74

A! smooth = .90 m_‘254.

9,10 Tapered roller thrust bearing.

The data of Leaver, Sayles and Thomas (26) have

v
-Y
One would expect in this case that the oil film between the

been plotted in Fig. 9.14 aé "m" = T against speed U.
upper race and rollers is essentially the same as that of
the lower race and rollers, and that the surface finish

of both races is the same.

It is clear that y can also be interpreted as
the probability that there is contact at any given moment
in time and that the probability of two independent

systems giving contact at the same time is easily derived.
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log A

X Rough

Smooth

FPig. 9,13 Dirensijonless film thickness and "m" for roller

bearinz.
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If Y1sYo represent the average contact between a race and
the rollers one would expect the measured contact between
races to be Y1xYoo Since there should be no difference
between y, and yz'on a statistical basis the quantity m has

%
also been redefined as m = e—x——j-in Fig. 9.15 and this

z
should be a more realistic paia;éier to study. It can be
seen that the gradients of the highest and lowést loads
are similar and show a load dependence of approximately
WO'T. For the two middle loads the gradients are quite
different. The range of behaviour of speed with m is given
by U = km * where n ranges from .60 to 1.06. If film

thickness is taken as being proportional to UO'7, then

h = klm_p where p lies between 0,42 and 0.74,where k and

1

k— are some constants.

These differences are no doubt partly explained
by the changes in surface roughness during the course of
the experiment. 'Unfbrtunately only initial and final
values are given for surface roﬁghness and an interpretation

along these lines would be speculative.

The authors stress the importance of filtering
profiles in order to include in the roughness value, Om,
those wavelengths relevant %o the contact width. A plot

of L. and y for two loads has been redrawn in Fig, 9.16

Om

Om
Y% . . .
where m = Ma— The equations of the lines in this
L- h ~.50
figure are: for the high load 5 = 4,2m ° and for the
low load &= = 3.1m" %2,

9,11 Line contact-rolling.

The data of Christensen in Fig. 2.1l7 have been
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Dimensionless load,
w= 4,6 X 1072
9.19x 1072

il

0] w

1
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Fig, 9.16 Variation of corrected m with oil film thickness.
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Fig. 9.17 Variation of m with viscosity for rolling line contact.
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replotted in Fig. 9.17 as m against viscosity where m is
defined by bofh constant duration and exponential models,
The difference between the m values is small since vy is
fairly small. 1In each case the points are better fitted

by two parallel straight lines rather than by a single line,
There may or may not be reason for systematic deviation,
such as dislodgement of a thermocouple or perhaps some
chemical effect. A gradient has been obtained for comparison
purposes and using an empirical formula of Christensen's in
which film thickness is proporfional tp (viscosity)o‘s3 the
following proportionalities between m and f£ilm thickness

are obtained; |

ho m 02 (constant T )
he m 023 (exponential model).

From the simultaneous measurement of Yy and Cé,
values of | have been calculated as defined by Fig. 9.10(i).
These and the measured values of Tt are displayed in Fig. 9.18,
Both sets of points follow the same general pattern, but
it is surprising that the calculated values are generally
greater than the measured ones, The calculated guantity
represents single contacts whereas the measured T admits
multiple contacts as well. This discrepancy must be
explained either by deficiencies of the model or by
inaccurate measurements. The large difference that
Christensen found between Yy and the‘tCé product suggests
that the fluctuation rate as measured is too Jow, The
fact that this difference was more marked for sliding

indicates that the frequency response of the electrical
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Pig. 9.18 Comparison of calculated and measured contact

durations.
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system as a whole was insufficienw.

9,12 Line contact-sliding.

Czichos (49) investigated the amount of time for
which the contact resistance was less than 10Q and greater
than 50kQ in a sliding cylinder on flat device, From:
these results it is possible to define vy for contact
resistances (a) less than 10Q

(b) less than 50kQ.

This has been done in Fig. 9.19 where m
(exponential model) and speed variation are shown for
cylinders of two different roughneésses. The behaviour
is reasonably linear except for the extreme points where
errors in obtaining the data from the published work may
be significant. The gradients for both rough surfaces
are essentially the same and the variation is fairly well

described by ? « =008

as the coefficients of m for the
solid lines are closely in the ratio of the roughness values.
The broken lines are m values 1.5 and 3 times greater than
calculated for the rougher and smoother surfaces respectively.
It cén be seen that under these experimental conditions the

effect of increasing the acceptable resistance of a contact

is to observe many more contacts,

9.,1% Point contact-sliding.

The data of Turey (18) have been redrawn in
Figs., 9.20 and 9.21. For values of vy between .04 and .95
there is an excellent correlation between load and m,
described by

W = 31.5m0°692



Roughness [pin. clal 14 20

log speed
N : _
X
24 ~ Re < 10Q +
. X
\ R Re < 50kQ © x
~X
20
©

19 —
18 - 4
[
o}
i

17

16—

15 l ] l I I | | | ]
-003 -01 .03 1 -3 1 3 10 30 100
m—>
Fig.9.19 Variationof m with speed for sliding line contact.
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where W is the load in grams. The "S" shaped curve of

Fig. 2.2(a) becomes an acceptable straight line.

The transformation of Fig. 2.2(b) into Fig., 9.19
is not so convincing. There is significant deviation at
the highest speeds where the values of y and m may be
dominated by a small number of prominent surface features.
However, an equation was obtained for the line drawn in
FPig. 9.21 and the film thickness is related to m, for fixed

load, by the proportionality hea m—o'27.

9,14 Point contact-rolling with sliding.

Johnson et al. (52) noted that the data of Poon
and Haines (27) gave a good fit when plotted on a basis of

m = =1n{l-~7Y). This is shown in Fig. 9.22. A better
Y

fit is obtained using the exponential model where m = Ty
(Pig. 9.23). The systematic deviation at high contact is
reduced with the new model whereas the low contact points
are only slightly increased in value. The effect of the
limited frequency response of the electrical circuit used

in this experiment has been discussed in chapter three. At
the highest film thicknesses y will be artificially high

due to the long time constant. This is consistent with

the deviation found at the lowest values of m in Figs. 9.22

and 9.23.

The relation between film thickness and m for
Fig. 9.2% is hc n 0118 w6 constant of proportionality
is found as the film thickness measurements are in arbitrary

units.
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9.15 Point contact-rolling.

The experimental results of Tallian (Fig. 2.13)
for a 1001b load show a peak in count rate at vy - 0.63., The
results are not sufficiently accurate fo indicate which |
distribution is the most suitable for analysis. Both the
circular distribution and the constant t models have a
gentle peak and small errors in measurement can shift the
measured peak significantly. This could be the explanation'
of the earlier peak encountered in the case of the 501b
load (Fig. 2.12). PFrom Fig. 9.9, the count rate for the
circular distribution is about 1.3 times greater than that
for the constant t model, for y from O to 0.5. The deviation
from linearity is less than 2% over this region. Thus by
chooging t' = %%3 ~ 1l.54r the simpler model will
describe this part of the distribution quite well. It is

not surprising that this value of t' is close to the mean

duration for the circular distribution which is %% =~ 1.57r.
The difference between count rates increases gradually with
vy, reaching about 1.5 for y = 0.95, After this point

the difference is more marked. However, for a large range

of v the distributions are very similar and for simplicity
of working the results that follow have been treated
according to the constant T model where m = =1n(l -v).
Fig. 9.24 shows Tallian's experimental points for 1001b

load. The equation % = %m-o‘242 yields values of film
thickness within 3% of the experimental points. Fig. 9.25

is a replot of data taken from Tallian et al. (42) for 1821b
load. The equation of the line in this case is & = 176m 024>
Tallian observed that in some cases v varied with applied
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potential, Fig. 9.26 shows the effect of halving the
normal applied potential to 50mV. Although lineérity is
not apparent in this case, the m values are consistently
two to three times lower with the lower potential. The

load in this experiment was 501b,.

9,16 Interpretation of results.

The results of section 9.9 to 9.15 are now
colla ted, The wvariation of m with film thickness is shown

in Pig. 9.27.

Experimental Exponent of m. Comment
configuration ,
1. Roller bearing - 0,17 Electrical
- 0,25 measurements across

inner and outer races.

2. Tapered roller - 0.42 Y corrected for one
bearing to - 0.74 race and rollers

contacting. Toad

dependent.
3. Rolling line - 0,53 Exponential model.
contact - 0,55 Constant T model.
4, Sliding line - 0,08
contact
5. Sliding point’v - 0,27
contact
6. Rolling/sliding - 0.12
point contact
7. Rolling point - 0.24 1001b, load.
contact - 0.27 1821b. load.

Fig. 9.27 Dependence of m on film thickness.
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The data on load dependenceare not explicit in
most cases discussed above. From Garnell's data a variation
of m o wE may be inferred from the constancy of R(W)%.

From Furey's data mq Wl‘45. Other experimental work does

not indicate a simple relationship between m and load.

The exponents of m in Fig. 9,27 vary by an order
of magnitude. The rolling and sliding results for point
contact show similar variation although there are major
differences in the experimental variables and the similarity
may be due to the interaction of several factors. One of
the surfaces used by Furey was ground to a finish of about
10pins. whereas Tallian used superfinished specimens. The
load in these two experiments differed by two orders of

magnitude.

The data of Czichos for sliding line contact
and of Poon and Haines for rolling with sliding in a point
contact show a stronger m dependence on film thickness than

any of the other experimental arrangements considered.

Theré is no obvious connection between the
exponent of m and the roughness of the surfaces used by
different workers. For instance, Christensen, Tallian and
'Poon used very smooth surfaces while those of Furey and
Czichos were considerably rougher. Leaver et al. have
stressed the significance of filteping data obtained from
surface profiles in ofder to include only those frequencies
relevant to the appropriate contact width. Another
important point in boundary lubrication must be the effect

of part of the nominally contacting surfaces being altogether
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free of any hydrodynamic pressure. In this case the
deformation of the surface should perhaps follow the laws
for dry contact., With very rough surfaces the curvature
of the dominant features may be sufficiently high for the
independent generatidén of lubricant films. In this "mini-
EHL" process the electrical behaviour would be dominated
by the finer surface features or "micro—aspérities". This
process may qualitatively explain the results of Furey in

‘Fig. 2.3,

Electrical behaviour is dominated by the peaks
on the contacting surfaces. Y‘here the surface is random
the peak height distribution is simply related to the height
distribution. Ground surfaces are not Gaussian in nature
and the heights of the major peaks may well have less
scatter than one would expect from the c.l.,a. roughness
value., A small reduction in film thickness would then
bring many more points into contact than with a random
surface. This couid explain the low exponent of m found
in Czichos’ results, which can be rewritten m m(&?)—lz’S.
At low film thicknesses most of the major peaks would be
in contact so that a further reduction in thickness would
cause m to vary more slowly than previously. This may
explain the deviation of the rough surface behaviour found
in Fig. 9.19 at low film thicknesses and that of the highest
load in Fig. 9.20 although part of this could well be caused
by éxperimental error. There is no reason to expect a '
simple power law dependence of m on oil film thickness
but the linearity of Figs. 9.20, 9.23, 9.24 and 9.25 is

remarkable,
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At the beginning of this chapter it is argued
that for rolling contact maArea. For sliding contact the
duration of a contact is determined by the time taken for
asperities to slip past each other. From section 4.9 this
time appears to be a function of film thickness and surface
topography. If the surface foughness is unchanged by load
and the film thickness virtually unchanged then this.time,
Th? will be constant with load., The number of contact
‘occurrences C', should be proportional to area., Then
C'tnﬁr W* where n = % for point contact and 4 for line
contact. The value of n found from Furey's experiments is
"about twice that expected., The conclusion from this must
be that the available number of contact points is increased

- by elasticdeformation of the surfaces.

Clearly there are important differences between
all the experiments discussed. The wide variation of
electrical behaviour reflects this although, at this stage,
defying definitive interpretation. The direct use of the
approach discussed in this chapter is in monitoring
conditions in the test machines that show the best correlations.
For instance,.the equation % = %m-0'25 gives a measure of
film thickness to within 18% for all of Tallian's published

results discussed above., In most cases the agreement is

within 10%.

Another possibility is the monitoring of surface
topography changes during running by measuring vy and Cé

and using the equations in Fig. 9.10 to find The

The passage of wear particles and any other
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conducting material through the contact would‘be reflected
by anomalously high values of y and low values of Cé. If
a wear factor is interpreted as the probability that an
asperity collision produces a wear particle, then an
estimate of the rate of collisions occurring throughout

Cl

the contact given by T ?'Y

will no doubt be of use.
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Chapter 10. Conclusions.

10,1 Introduction.

A representative review is given in chapter two

of the research that has been effected into elecfrical
resistance measurements applied to lubricated contacts. From
this it is clear that such measurements are extremely sensitive
to small changes inside the contact. Tallian's work (42) best
exemplifies fhe critical dependence of contact resistance on
separation. For vy = % in Pig. 2.13, a 10% change in v
corresponds to a film thickness change of about 508, The
experimental work in chapter five indicates that chemical
effects may also be detected by measurement of v. A definitive
interpretation of electrical measurements in a lubricated
contact must await better understanding of conduction
mechanisms through oils and the electrical characteristics

of particular oil and additive combinations. This does not%,
however, exclude the possibility of a relative quantitative
approach to the interpretation of eléctrical data, The drop
to the low resistance state may perhaps be interpreted as
corregsponding to a critical separation between the two
nonminally contacting surfaces. The fact that the number of
these contacts varies with external circuitry may not be too
important. If a change in the series resistor is reflected
by an alteration in the critical separation, one might expect
t0 observe the same relative changes in the electrical signal,
properly interpreted, caused by a changing environment.
| Prior to this work no basis for the direct interpretation of
"the electrical resistance signal has been formulated, even on

a relative scale,
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The model proposed by Johnson et al. (52) has
been discussed at length in chapter four. It is instructive
to examine some of the physical assumptions made in this
paper. They are briefly:

1., flat parallel Hertzian area.

2. no change in surface topography except at
contacting asperities, i.e. no interaction
between adjacent asperities.

3. Gaussian distribution of surface heights.
From this if follows that peak heights are
distributed normally and that both distributions
are related.

4, a law relating fhevcontacts observed to those
actually occurring taking into consideration
multiple and overlapping contacts. The

m

relation y = 1 - e = was assumed.

Of these 1 above must be suspect particularly at
high loads., The constriction region in both point and line
contacts must be expected to play an important part in
electrical conduction as it represents areas of closest

approach of the two surfaces,

Little is known about the elastic behaviour of
rough surfaces in lubricated contact and the supposition of
constant surface topography except at micro-contact points
is as good a guess as any. The investigation of behaviour

different from 2 above is a daunting proposition.

Assumption 3 is reasonable for surfaces finished

by processes involving random action, for example lapping or
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bead blasting. It is not reasonable for other finishing
processes sudh as grinding or milling., It is less restricting
to assume that the peak height distribution is Gaussian,
although this may not be simply related to the distribution

of all surface heights,

10.2 Basis of new approach.

The main premise for the new approach described
in chapter nine is that asperity collisions occur at random.
This may be unreasonable for a rolling surface finished by
grinding transverse to the direction of rolling, but the
situation becomes more complicated when two such surfaces ]
interact. A certain amount of support for this idea is given
by the experimental work in chapter eight., Once this
assumption is made and a suitable distribution identified,

the result of equation 9.4 is immediately obtained.

No explicit behaviour of surfaces in contact is
assumed. The distribufions of contact duration that are
examined in sections 9.4, 9.5 and 9.6 must however be justified
in physical terms. Thus the two rolling models stem from
similar ideas to those expressed in 1 and 2 of the preceding
section. The sliding model distribution of dwell times was
obtained in section 4.7 for nominally flat rough surfaces,

An exponential distribution fits Christensen's measurements

(Fig. 9.11) of dwell time extremely well, close to the origin.

No mechanism of physical contact is assumed and
the model is valid for as long as the distribution of dwell
times is exponential, even if the parameters of the distribution

should vary.
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10.% Applications of the new model.

When the most suitable of the three special cases
described in chapter nine has been chosen, it is a simple
matter to calculate the average number of contact points, m,
from a measurement of the contact time fraction, y. The
examples in chapter nine show the results of this for some
published research. It is remarkable that many of the
examples show simple power law dependence of m on film
thickness, speed or load, 'Perhaps even more remarkable is
the range of values which has been obtained for the exponent
of film thickness, x, in the equation m o h¥, Values of x
lie between 1.3 and 12.5. It is likely that this large
discrepancy must reflect important differences in the manner
in which the various types of surface behave under increasingly =
severe conditions. A qualitative argument is put forward in
section 9.16 for the high value of x obtained from Czichos'
work (49), but it is clear that a great deal of work in this

direction is needed,

Apart from such fundamental work on the nature
of the contact of lubricated surfaces a much more practical
application is evident. The excellent correlation between
values of m and some simple power law .dependence on film
thickness evinced in chapter nine suggests that thig approach
could be used with considerable accuracy to monitor film
thickness "on-line", 1In thié respect it is extremely
satisfying that the results for changes in applied potential
difference or acceptable contact resistance shown in Figs.,
9,19 and 9.26 reveal very similar dependence on speed. It

would, of course, be necessary to calibrate the system
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beforehand for a range of loads and probably for every oil

and additive combination.

The load dependence of m that one would expect
from simple premises ignoring o0il film thickness changes is
that m c (nominal area of contact). The data of Furey (9.20)
show that mcac W1'45. The difference between this and the W
dependence on nominal contact area must be ascribed to changes
in film thickness or surface topography or both, Indeed, if
the éxponent x has a high value, the variation of m with load
.may be more dependent on changes of film thickness rather

than nominal contact area.

Another application for this new approach is in
the field of wear. Archard (117) has interpreted the wear
coefficient as the probability of an asperity collision
forming a wear particle. In support of this, values of the
wear coefficient greater than unity are not found (118).
Equation 9.4 allows, for the first time, an estimate to be
made of the number of asperity collisions occurring throughout
the contact area, If a correlation can be found between
actual contact rate and wear rate, an electrical method of

estimating-wear emerges.

Reasonable agreement has been frund in chapter
nine between the measured mean duration of electrical contacts
and that predicted from simple model surfaces undergoing
sliding., This suggests the possibility that, under otherwise
steady operating conditions, modification of surface
topography may be detectable while running tests, This could
be done in conjunction with the proposed wear estimation

technique,
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10.4 Suggestions for further work.

There are three main limitations to the use of
electrical resistance techniques in lubrication studies.,
First, the lack of understanding of conduction mechanisms
inside typical lubricated contacts makes direct physical
interpretation of resistance measurements impossible.

Second, the passage of wear particles and other debris

through the Hertzian zone causes spurious contacts to register.
Third, the limited frequency response of the system as a

whole reduces the accuracy of measurement of count rate and
contact time, particularly when slidiﬁg behaviour dominates,
These are three areas for further study. Basic conduction-
mechanisms may best be studied by slow speed work similar

to that of Tallian (46). A certain amount of information may
be gained on a more practical time scale by the study of a
system with variable discriminator levels and controlled

contact current. This is discussed in chapter three (p.38).

Careful design of electronic¢c equipment will
extend the frequency response of measuring equipmenf into
the 10MHz region without difficulty, although the electrical
properties of the test elements must also be considered.
Ultimately, a theoretical correction will have to be applied
to the known response of any measuring equipment in order to
estimate the frequency of events occurring outside the

measurable range.

The problem of spurious contacts caused by
extraneous matter in the test oil is more difficult to

circumvent. That such events occur seems likely from
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observations of dwell times much longer than the Hertzian
transit time (46 and 48) even under conditions of rare
electrical contact. At the moment it is not known how
seriously this problem restricts the accuracy of measurement.
If found to be important, a possible solution might be an
electronic device which rejects any dwell times that are

statistically unlikely to be caused by multiple contacts.

The four applicafions described in the precediﬁg
section are all worthy of further study. They are again,
briefly:

1. Study of the behaviour of the number of contact
points, m, under a wide range of load and speed
for different surface finishes,

2, Examination of the accuracy of film thickness
estimation by the methods outlined in chapter
nine,

3., Wear rate estimation.

4, Study of mean contact duration and surface

topography under sliding conditions,

In connection with the sputtering work described
in chapter seven, a line of development was briefly pursued
that is of interest. The aim was to ﬁroduce model rough
surfaces with controlled wavelength and height. This was
performed by sputtering chromic oxide through readily
available grids on to a very flat glass substrate, The
random component of movement of depositing species ensured
that the features produced would not be sharp sided, but
have gentle slopes. Fig. 10.1 shows Talysurf traces of
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surfaces prepared using coarse grids and finer surfaces with

a peak separation of about 60um. were also produced.

These surfaces could be used to study basic
rough surface phénomena, for instance, the effect of traction
on surface roughness or the effect of asperity height or
spacing separately on oil film thickness. These model
surfaces are most suitabie for use in conjunction with optical
interferometry as their regular spacing allows interferencé
fringes to be identified. This is not possible with
practically prepared rough surfaces which have a random
gtructure. These surfaces might also be used to examine
the effect of surface roughness on adhesion as reported by

Fuller and Tabor (119).

10,5 Main contribution of this work.

A basis has been proposed and developed for the
interpretation of electrical resistance measurements in
lubricated contacts. No attempt has previously been made
to interpret such an electrical signal directly. The results
of applying this theory to published results show great
practical significance, and it may be used to study the
nature of the contact of lubricated rough surfaces on a

scale that has not previously been possible,

Many of the suggested areas for future research

are now being pursued,
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Appendix A. The distribution of intervals between C random

events occurring in time t.

This distribution was analysed by a numerical
method using fthe random number generator of a digital
computer. In each trial a hundred numbers between zero
and unity were evolved and then placed in ascending order.
An interval was obtained by subtracting each of these
numbers from the succeeding one. For a total of four
thousand trials the probability p(N) that an interval lies
iﬁ the Nth band of width 0.01 was obtained. To test for
an exponential distribution W was plotted against logp(N)

(Fig. A.1). Clearly this is a good appfoximation.

A somewhat more rough and ready method was used
to check the variation of C with T!', A series of 250 four
digit pseudo-random numbers was obtained from 1ogarithms
of gravimetric constants of the elements; These were
arranged in ascending‘order and the number of non over-
lapping events (Cm) was tabulated as t' was increased., In
this example t = 10,000, C = 250 and T' was increased
in units of four. These results are shown in Fig. A.2.

. .t,
The line represents Cm = 250exp( - 16)"

It is clear from these examples that an
exponential distribution of intervals is a good avproximation

if C is sufficiently large and events occur at random.
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80 N

Fig. A.l Distribution of intervals between random events.
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Appendix B. Evaluation of integral j'exp( - Am)(1 - mg)%dm.
e]

A series solution is adopted for this integral
as simpler methods do not suffice. If the above integral

is denoted by I(A) and the exponential term is expanded,
(AM)2 _(am)°? 2y%
then I(A) (l Am + =/ o+ ...)(l - m“)*dm,

If these integrations are performed separately

the (n + 1)th term is given by In(A) where

1 ’ '
I.(a) = f Lﬂﬁ(l - m?)Zan.

Now put m = sin u, then dm = cos u. du and
Ty
_ - A" .. N 2
In(A) = =7 j;51n u cos“ u du
- A n T‘:Ig
= L_ET_J“,[ (sin® w - sin™? w) au B.1
b (o]
Jo :
The integral sin™ u du is a standard form given
(o]
1
(m)Zr(25-2)
for n>-1 B,2

7 o (E52)

The Gamma function (n) is defined as

fos _
M(n) = j'exp(—x)xn lix and has the property
[o]

that Pr(n+ 1) = nr(n) B.3

Thus if n is a positive integer then
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r(n) = (n-1)t,
All other relevant values of the Gamma function may be

found using the recurrence relation defined above and the

fact that

X
r(i.s) = .
From equations B.1l and B.2,
n+1l n+3%
qan | & (==
STOR VLl -l < B )
n n! 2 l_,(n+2 (n+4)
2

(Eil) n+l (n+l)

() B (D

Applying B.3 to the second term,

g-Afln% P(ngl) 1
' > *
n! 2 P(nEZ) n+2

I,(8)

If both denominator and numerator are now

multiplied by a factor of 3%, then

ot (a2 P(5°)
() = Sl (55 B.4

If the coefficient of A" is written as C,» then
n

In(A) = C. A~

Finally summing all the In

' © 1) n
I(A) = ¥ I = % CA".
o (o]
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The first forty-two values of C_ are tabulated

in Fig. B.1l.

kY
. - Tﬁ r‘ 195
From equation B.4, C, = 55 —=575
Now M(1.5) = %ana r(2) - 1, thus 0, - L.
n% (2
Similarly Cl = ToXo1 2.5)
Y
WS 1
4x1.,51M(1.5) T3
o . Cn
It is easily shown that C ., = mr2) (negy and

subsequent values are generated, using this relation, from

CO and Cl.

To obtain the values of the integral I(A) it is
now only necessary to find the sum %’CnAn. The coefficients
of An have been found to nine figure accuracy and it would
lead to error to use these values for A greater than about
ten, Once the maximum value of CnAn has been reached the
terms decay fairly rapidly. The table (Fig. B.2) shows

the value of I(A) for some chosen values of A. As A tends

to zero, I(A) tends to %.



7.85398164
9.81747704
4.09061543
8.52211549
1.06526444
8.877203%63
5.28404978
2.35895079
8.1908013%6
2,27522260
5.17096045
9.79348571
1.56946886
2.155863%82
2.56650455
2.67344224
2.45720794
2.00752283
1.46748745
9.65452266

5.74673968

Fig. B.
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-13
~16

10

10

10720

10—29
-32
10722

10_41

10_44

10748

Coefficients in integrals I .

-24

10701

-3.33333333
-2.22222222
-6.34920635
-1.00781053
~1.01799043
-7.11881422
-3,65067400
-1.43163685
-4.43231222
-1,11085519
-2.29990723
-3.99983865
-5.92568690
-7.56792707
-8.41816137
-8.22889674
-7.12458592
~5.50161075
-3.81262006
=2.38437777

-1.35245478

10”2+

10~
1074
107°

10~7

10—10

10

10714

10—17

-19

=31

10—37
10_40

10746

10"52
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IS o w
.01 7821
.10 7530
.20 . 7225
.30 .6937
.50 . 6407
.80 .5718

1.00 o 5315

1.35 . 4708

1.40 . 4630

1.50 . 4480

2.00 .3832

5,00 .1909

10.00 .09896

Fig. B.2 The integral I(A).
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